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Abstract: Water electrolysis with a fast change of polarity generates a high concentration of bulk
nanobubbles containing Hy and O, gases. When this concentration reaches a critical value, a
microbubble pops up, which is terminated quickly in an explosion process. In this paper, we
provide experimental information on the phenomenon concentrating on the dynamics of exploding
microbubble observed from the top and from the side. An initial bubble with a size of 150 um
expands to a maximum size of 1200 pm for 150 ps and then shrinks in the cavitation process.
The sound produced by the event is coming from two sources separated in time: exploding bubble
and cavitating bubble. The observed dynamics supports expansion of the bubble with steam but
not with Hy and O, mixture. A qualitative model of this puzzling phenomenon proposed earlier is
refined. It is demonstrated that the pressure and temperature in the initial bubble can be evaluated
using only the energy conservation law for which the driving energy is the energy of the combusted
gas. The temperature in the bubble reaches 200 °C that shows that the process cannot be ignited
by standard combustion, but the surface-assisted spontaneous combustion agrees well with the
observations and theoretical estimates. The pressure in the microbubble varies with the size of
the merging nanobubbles and is evaluated as 10-20 bar. Large pressure difference between the
bubble and liquid drives the bubble expansion, and is the source of the sound produced by the
process. Exploding microbubbles are a promising principle to drive fast and strong micropumps for
microfluidic and other applications.

Keywords: microbubbles; combustion; nanobubbles; electrolysis; sound; microsystems

1. Introduction

When water is decomposed electrochemically by normal DC electrolysis, hydrogen and oxygen
gases are released on different electrodes in the form of well visible bubbles. On a timescale of
1 ms gas bubbles with diameters of 10-1000 um were observed [1,2]. The current density in this
process [3] is typically not larger than 1 A/cm? and the relative supersaturation [4] does not exceed 100.
These limiting parameters are reached when a significant part of the electrode surface is covered with
bubbles preventing further current increase [3,5,6]. Screening of a nanoelectrode surface with a single
nanobubble was observed recently [7] as a clear manifestation of this effect.

In contrast with the DC electrolysis, the alternating polarity (AP) process demonstrates essentially
different behavior [8]. If the polarity of electrodes is switched sufficiently quickly (with frequency
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~100 kHz), the Faraday current density can be as high as 100 A/cm? and the relative supersaturation
in a thin layer above the electrodes is estimated as ~1000. Despite the high current and supersaturation,
no visible bubbles are observed. Apparent gas disappearance was explained by formation of very
small bubbles [9], which do not scatter visible light. The size of these bubbles was measured with the
dynamic light scattering [10] as 60-80 nm. Due to small size, the Laplace pressure in these nanobubbles
(NBs) is high (about 40 bar), which results in a large effective supersaturation.

Nanobubbles have been actively investigated in the last 20 years [11-13] because of their
exceptional stability. However, the main interest is directed to surface NBs existing at the solid-liquid
interface. Bulk NBs, which are relevant to this paper, are investigated much less. They have been
produced mechanically [14,15], by DC electrolysis [16], or by ethanol-water exchange [17]. They have
been observed by scanning electron microscopy from freezefracture replicas [14], by phase microscopy
and polarimetric scatterometry [18], or using a new NanoSight instrument [17,19]. Modeling of these
tiny objects has been undertaken [20]. Investigation of individual bulk NBs is complicated by their
small size and absence of fixed positions.

On the other hand, the AP electrolysis generates so many NBs that one can easily observe collective
effects produced by them. Liquid enriched with NBs changes the refractive index around the electrodes
that can be observed by shading techniques [10] or even by direct observation of optical distortion [21].
The latter method allows estimation of the concentration of NBs [22] that can be as high as ~102 m—3.
When this concentration is reached, the NBs are nearly touching each other and the medium is rather a
nanofoam than a liquid.

If one increases further the amplitude of AP pulses, an interesting phenomenon occurs [23]. In the
medium, a microbubble (MB) pops up with an initial size of about 40 pm; in 50 ps, it grows to a size
of 300 pm and disappears completely in 400 pus. The event is accompanied by an audible click and
for continuous application of the electrical pulses the clicks are repeated nearly periodically in 50 ms.
Qualitative interpretation of the phenomena includes merging of close-packed NBs with formation of
an initial MB containing stoichiometric mixture of Hy and O, gases. In this mixture, the combustion
reaction is ignited spontaneously, presumably via the surface-assisted mechanism [24,25] responsible
for ignition of gases in NBs. The process releases significant energy, part of which is radiated as sound.

Spontaneous combustion of H; and O, gases in NBs was proposed to explain gas disappearance
in the AP electrochemical process [9]. It was demonstrated that one can use this effect as a driving
principle for a fast and strong microactuator [26] to drive microfluidic and other microdevices in
autonomous regime. However, according to the classical theory combustion in small volumes has to
quench due to fast heat escape [27,28]. To explain combustion in NBs, a surface-assisted mechanism
has been proposed [24] that includes as a key element dissociation of H, molecules on charged centers
on the gas-liquid interface. The nature of these centers is not quite clear, but the existence of the
surface-assisted dissociation explains well low-temperature character of the observed combustion in
NBs. This conclusion was independently confirmed by molecular dynamics calculations [25].

In this paper, we provide experimental information on the dynamics of exploding microbubbles
and propose a model that gives not only qualitative understanding of the effect but is able to estimate
pressure and temperature in the bubble immediately after the combustion reaction.

2. Experiment

2.1. Materials and Methods

In contrast with the first observation of exploding MBs [23], we used the samples with circular
electrodes fabricated on Si substrates. Instead of a thick copper layer, the electrodes were made of
thin film titanium. It makes explosions more stable and more powerful; the sound produced by
the explosions is more pronounced. These electrodes demonstrated the best durability for the AP
process [26], which is especially important for microdevices using AP electrolysis. Several other
materials such as Pt, Au, W, Cu, and Fe have been investigated as thin film electrodes. However, all



Energies 2020, 13, 20 30f18

the tested materials were not able to withstand a high overpotential with fast changing polarity during
a reasonably long time. The electrode disintegrated on the time scale specific for each material. At the
moment, Ti demonstrated the best stability, but, possibly, there are other options, for example, stainless
steel [29].

The electrodes were fabricated on an oxidized silicon wafer and consisted of two metal layers
deposited by magnetron sputtering. The bottom layer was 0.5 pum thick Al. It was necessary to
reduce the resistance of the contact lines. The working layer was 0.5 um thick Ti. The electrodes were
patterned by UV lithography and wet etching of Ti and Al The connecting lines were insulated by an
8 um SU-8 photoresist layer. Fabricated electrodes are shown in Figure 1a. The outer diameter of the
structure was 350 um.

After fabrication the wafer was divided into samples with a size of 8 x 20 mm?. Wires were
attached to the contact pads by conductive epoxy, and the joints were insulated with silicone sealant.
The sample was fixed on the bottom of a Petri dish (see Figure 1b) or in a specially made transparent
cuvette (see Figure 1c) filled with an electrolyte. The electrolyte was a molar solution of sodium sulfate
(NapSQy) in distilled water.

100 pm

Camera

4

Figure 1. (a) Optical image of the electrodes, top view. The contact lines are covered by the SU-8 layer.
(b) Petri dish with a sample inside. It is used to observe the process from the top. (c) Cuvette filled with
the electrolyte, where the sample is installed vertically, to observe the process from the side. (d) Scheme
of the setup: 1 is the fast camera, 2 is the Petri dish filled with the electrolyte with a sample inside, 3 is
the microphone, 4 is the amplifier, and 5 is the Picoscope.

To produce an explosion, series of square voltage pulses of positive and negative polarity were
applied to the working electrode while the other one was grounded. The frequency of the pulses
could be as high as 500 kHz. High frequency of pulses 2100 kHz is a distinctive feature of the AP
process that guarantees generation of only nanobubbles. The highest frequency is preferable since it
minimizes damage of the electrodes. The upper limit was restricted by electronics and for this reason
it is not known if the process itself limits the highest frequency. The driving signal was provided by
a homemade PC-controlled signal generator (for details, see [26]). The voltage and current flowing
through the electrodes were recorded by a PicoScope 5000. The square voltage pulses are the best
choice to drive the process since only high overpotential is able to generate high density of nanobubbles
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needed for explosions. Sinusoidal pulses can also produce the explosions, but with less efficiency
because part of the time the potential is not sufficiently high.

Fast dynamics of the microbubbles was observed with a high speed camera Photron FASTCAM
1024PCI. The camera was triggered synchronously with the driving pulses. The sound produced by the
explosion was recorded at different distances from the sound source by a microphone synchronously
with the current.

2.2. Results

If single polarity pulses are applied to the working electrode, water decomposition stops very
quickly because the anode is coved by a continuous layer of titanium oxide. For alternating polarity
pulses, the process proceeds with a high current and the gases (H; and O,) are produced. The gases
are collected in the solution in the form of nanobubbles with a size of 60-80 nm [10]. When the voltage
amplitude becomes larger than U > 10 — 12 V, one can hear distinctive clicks. The process driven
by the pulses with the amplitude U = 14 V and frequency f = 500 kHz was recorded at a frame
rate of 23 fps (see Video S1). The video shows series of explosions accompanied by clicking sounds.
The frame rate is too low to resolve the exploding bubbles. For that, we used the fast camera at a frame
rate of 10,000. The events were observed from the top and from the side. In the latter case, the special
cuvette shown in Figure 1c was used, where the sample was positioned vertically. Six successive
images of the exploding bubble are shown in Figure 2 for both top and side views (for full video, see
Videos S2 and S3). From these images, one can see that a bubble grows above the electrodes, reaches a
maximum size of ~1 mm, and then shrinks. Only Image 3 is looking more or less contrast because the
process develops too quickly even for 10,000 fps. The first images in both columns were made just
before the explosion. In the left image, one can notice a dark halo near the central electrode. This is the
area where the concentration of NBs is especially high. The lateral size of the area is of about 150 pm;
it is nearly invisible above well reflecting metal. In comparison with the explosion, the halo is formed
during a very long time (about 30 ms) and is a precursor of exploding MB.

For the first time, the explosion of microbubbles was observed by Postnikov et al. [23]. In this
study, due to the use of thin film Ti electrodes, it was possible to produce more powerful explosions
and investigate the dynamics of the process in more detail. Moreover, here, the exploding bubble was
observed from the side for the first time. It demonstrates that, during the expanding and shrinking
phases, the bubble exists in the form of a hemisphere attached to the substrate.

A Dbetter impression of the involved timescales gives the current flowing through the
electrochemical cell. This current is shown in Figure 3. A sharp decrease of the current indicates
the formation of the MB that covers the electrode area. It happens in 20 us and then the electrodes
stay nearly dry during 250 ps. Retreat of the bubble in the final stage happens even more quickly,
in just 10-15 ps, and then a new smaller bubble grows. The shrinkage process resembles very much
the cavitation including the destructive effect on the electrodes and on the substrate (see Figure S1).
The time resolved current at different stages of the process is shown below the main graph. One can
notice that not only the amplitude but also the shape of the current changes. It is worth mentioning
that the appearance of the exploding MB cannot be related to an electrical breakdown. In this case,
the process would be characterized by a sharp current rise but not current decrease. Additionally,
one can exclude significant generation of water vapor by Joule heating of the electrolyte. For the
same electrodes, a direct measurement of the temperature rise just below the threshold of exploding
microbubble formation was smaller than 10 °C [10].
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Top view Side view

Figure 2. Successive images of the MB explosion separated by a time interval of 100 us. Development

of the process observed from the top (left column) and from the side (right column) are shown.
The driving pulses have an amplitude of 14 V and a frequency of 500 kHz.
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Figure 3. Current through the electrochemical cell. Position of the fast video frames that were recorded
at 73,000 fps synchronously with the current are shown by the black circles. The position of the very
first frame (before the bubble starts to grow) is shown by the red cross. The time resolved currents at
different stages of the process (indicated by the arrows) are shown below the main graph.
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A special explanation has to be given to the residual current observed during the explosion. When
the bubble covers the electrodes completely, the current does not drop to zero. This is due to presence
of 8 um-thick insulating SU-8 layer that is visible in the upper part of Figure 1a as a broken horizontal
line. When the bubble moves over this line, a liquid bridge stays in the corner in front of the layer that
connects the electrodes. Therefore, even when the bubble covers the electrodes completely, the current
can flow through this liquid bridge.

One has to note that for Ti electrodes the average current per pulse is reduced during a few
minutes but then reaches a steady state. A special investigation [30] showed that the current decrease is
related to growth of titanium oxide layer and during this growth there is disbalance between oxidation
and reduction processes. Finally, the balance is reached due to presence of cracks and pores in the
oxide layer. Explosions are possible at all stages but the threshold amplitude is larger (about 15 V)
in steady state. In comparison with normal electrolysis, the scan rate is incredibly high and reaches
108 V/s during the change of polarity. In this case, the total current includes the charging-discharging
effects responsible for the peaks in the beginning of each pulse. Some details on the current behavior
in the AP process are presented in [8].

Based on images in Figure 2, one can assume that the bubble grows axisymmetrically. With this
assumption, we can follow the detailed dynamics of the bubble growth with the fast camera. For that,
we set the image size to 16 x 256 pixels that corresponds to a frame rate of 73,000 fps. Each frame
is a narrow stripe oriented horizontally and having its left end near the center of the electrodes
(see Video S4). In this way, we were able to observe development of the bubble edge with a time
increment of 13.7 us. Since the video and the current are recorded synchronously, the position of each
frame can be marked in the current (black circles). The radius of the growing bubble extracted from
the video frames is shown in Figure 4 by the black circles. The initial radius of the bubble Ry cannot be
determined from these video frames. As an estimate, we used the halo size that gives Ry ~ 75 um.

This value is indicated by the red cross. The initial expansion rate of the bubble was estimated as
11 m/s. In 150 ps, the bubble radius reaches the maximum value 600 um and then starts to shrink.
At the final stage (at t = 270 ps), the shrinkage becomes very fast as it should be for the cavitation.
The minimum bubble radius cannot be resolved with our frame rate. Then, a new expansion cycle
starts with a smaller amplitude due to dissipation. In the current, we can see two additional cycles but
can resolve only one in the video.
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Figure 4. Radius of the exploding bubble as a function of time. Black circles show the values found
from the video frames. The red cross corresponds to the first frame and shows the expected value of
the initial radius. The images in the insets show the first and the sixth frames.

The sound was recorded by the microphone synchronously with the current. The driving pulses
have an amplitude of 14 V and a frequency of 500 kHz. To exclude the crosstalk with the driving
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pulses, the sound was averaged over a period of 2 us. The averaged sound signal at a distance of
a = 3 cm (in air) from the source is shown in Figure 5. The moment of time when the current starts
to decrease is taken as the beginning of the explosion corresponding to the moment t = 0. If the
sound is generated by the explosion, it has to appear with a time delay of t, = a/vs ~ 88 ps, where
a = 3 cm is the distance from the source to the microphone and v; ~ 340 m/s is the speed of sound
in air. This moment is shown by the left vertical dashed line. The second vertical line corresponds to
the moment when the sound from the cavitation bubble [31] has to reach the microphone. It is clear
that the signal between the vertical lines is generated solely by the explosion, but the signal on the
right from the second vertical line is produced by both sources. Note that the cavitation produces
stronger sound than the explosion. To all appearance, this is because the shrinking bubble reaches
the size smaller than Ry, in which the pressure is larger than in the initial bubble. The two sources of
sound were separated here for the first time and the time delay ¢, unambiguously relates the explosion
and the sound.
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Figure 5. Sound signal at a distance of 3 cm from the sample. The signal is averaged over 2 us time.
The vertical red lines show the moments when the sound from the explosion (left line) and from the
cavitation (right line) has to reach the microphone. Only the sound of explosion exists between the
red lines.

Fourier transform of the signal demonstrates the frequency composition of the sound. The power
spectral density (PSD) of the signal is shown in Figure 6 in the audible frequency range. The main line
corresponds to the sound frequency f; ~ 10.8 kHz and has a full width of 0.8 kHz. As was already
stressed earlier [23], the exact position of the main line depends on the surrounding objects and most
importantly on the size of the Petri dish. For the sound shown in Figure 5, the sample was placed in
a circular Petri dish with a diameter of D = 34 mm. Since the Fourier spectrum mix the sounds of
explosion and cavitation, we cannot use PSD to estimate the amplitude of the sound coming from
the explosion.



Energies 2020, 13, 20 8 of 18

200 T T T T

PSD (mV?/kHz)
= =
o ul
o o

a1
o
T

frequency (kHz)

Figure 6. Power spectral density of the sound in Figure 5 presented in the audible range (circles).
The solid blue curve is the best fit of the main frequency line with the Lorentzian line.

3. Theory

3.1. Qualitative Model

Due to fast change of the polarity in the AP process, the gases are not spatially separated as
it occurs in the DC electrolysis. That is why the liquid is filled with the stoichiometric mixture of
hydrogen and oxygen. The gases are collected in NBs forming a cloud above the electrodes [10],
but no microbubbles able to strong scattering of light are observed. The cloud consists of separate
H, and O, NBs, which are in dynamic equilibrium. The equilibrium is established because the gas
produced by the electrochemical process is terminated in the surface-assisted combustion reaction that
is ignited spontaneously in NBs. If a NB contains mixture of gases, it ends up as a smaller H; or Op
nanobubble. The bubbles filled with one of the gases are collected in the system. Occasionally, two
NBs containing different gases merge; the stoichiometric part turns back to water but the remaining
gas forms a smaller NB.

With the increase of the voltage amplitude, the concentration of NBs increases and finally reaches
a critical value such that a large number of NBs merge at the same time. The critical concentration can
be associated with the close packing of spherical NBs, for which the volume fraction of gas is fy ~ 0.74.
Dynamic light scattering demonstrates that at fixed frequency the size distribution of the bubbles is
narrow [10]; therefore, it is safe to assume the uniform distribution. The merging can be initiated by
the diffusion exchange of the gases via liquid membranes. The diffusive exchange proceeds quickly
between the bubbles with different gases and slowly between the bubbles containing the same gas.
The timescale for the fast process is estimated as ;7 ~ h?/D ~ 1ns, where h ~ 1nm is the thickness
of a liquid membrane between two NBs and D ~ 10~% m?/s is the diffusion coefficient for the gases
in liquid. The minimal thickness & of a stable liquid membrane is defined by the disjoining pressure
in the liquid film [32]. The diffusion is driven by high concentration difference of one gas, say Hy,
in the neighboring bubble filled with O,. On the contrary, in the case of the bubbles with the same
gas, the concentration difference is low and the diffusive exchange is going slowly. The initial size
of a MB that is formed as a result of the merging is defined by the space domain with the highest
concentration of NBs. The estimate for the radius of the initial MB is Ry =~ 75 um as was discussed
above. Note that in the earlier experiment [23] this radius was considerably smaller (15-25 pm). In our
case, the size increase of the initial MB is due to the use of thin film titanium electrodes that provide
more homogeneous generation of NBs. It results in more stable and more powerful explosions.

The initial bubble with the radius Ry contains a stoichiometric mixture of Hy and O; at pressure
that is defined by the pressure in the constituent NBs Py = P, + 27/, where P, is the ambient pressure,
7 is the surface tension, and r is the average radius of NBs. For r = 40 nm, this pressure is Py = 37 bar.
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The surface tension in the MB cannot balance this pressure. Here, two scenarios are possible. If there is
no chemical interaction between gases, the bubble starts to expand due to pressure difference inside
and outside of the bubble. The expansion can be described by the Rayleigh—Plesset equation [33] for
the time-dependent radius R(t), in which we can neglect the viscous and surface tension terms:
RR + 3 R2 — M/ (1)
2 pi
where “dot” means the time derivative, P is the pressure in the bubble, and p; is the mass density of
the liquid. Let us note that, as long as we neglect viscous effects, the equation describing a bubble
in infinite liquid is the same as the equation for a hemispherical bubble on a solid substrate. This is
because, due to symmetry of the problem in infinite liquid, the normal component of the velocity in
the middle plane is zero. The same is true for a hemispherical bubble as the boundary condition on the
solid substrate [34].
For a gas-filled bubble, which is in thermal equilibrium with liquid, the pressure can be presented as
P(t) = Py(Ro/R)3. In this case, the solution of Equation (1) presented in terms of the normalized variables,

_ _ R iR}
g_ / y_ T= PH,

@)

is shown in Figure 7 by the thick solid curve. Only increasing part of the curve is plotted together with
the experimental data (circles) corresponding to Rg = 75 pm. One can see that the maximum radius
of the bubble is smaller than the experimental one. It is obvious also that the time scale 7 is at least
five times smaller than the observed time scale. We have to conclude that the expansion of the bubble
filled with hydrogen and oxygen is not supported by the observed dynamics. There is independent
experimental evidence that the gases in MB formed by merging of many NBs get into the chemical
reaction. In Refs. [26,35], formation and disappearance of such MBs were observed in closed volumes
covered with a flexible membrane. After many cycles the membrane always returned to its initial
position indicating complete termination of Hy and O, gases in the chemical reaction.

1 1 1 1 1
0 5 10 15 20

E=tir

Figure 7. Normalized radius of the bubble as a function of normalized time for H; and O, gases
that do not react (solid line). Only the increasing branch of the solution of Equation (1) is presented.
The experimental data corresponding to the initial radius Ry = 75 pm are shown by the circles.

Therefore, we consider as realistic the second scenario when the reaction between the gases
proceeds first and then the bubble containing steam starts to expand. Immediately after the merging,
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the gases fill in the volume f;Vj, where V) = 271’R8 /3 is the volume of MB (hemisphere). The rest of
the volume (1 — f)Vj is filled with liquid in the form of nanodrops (NDs), which appear as the result
of the nanofoam breaking. The timescale for formation of NDs by coalescence of NBs is defined by the
balance of viscous and surface tension effects [36]: Typ = 47tyr/y ~ 5ns, where 57 =~ 1073 Pa-s is the
viscosity of liquid. For close packing of spheres, there are three free volumes per sphere. It is assumed
that each free volume forms a ND with a radius 7/, which is related to the radius of NB as

o (5t)”

One has to stress that, due to these NDs, the surface-to-volume ratio in the MB is of the same
order as for a single NB:

So _ 9 (1-f\** 3
VOT(3fo) @

’
This large ratio is favorable for ignition of the surface-assisted reaction between the gases [24].
Since the total area of NDs is much larger than the area of the side walls of MB, the nanodrops

play the role of the reaction centers. The average distance between NDs is d = r(471/9fo)'/3, i.e.

smaller than 2r but larger than 2r’. In these conditions, it is expected that the surface-assisted reaction

between H; and O, gases will happen on the combustion timescale of 7., ~ 20 ns that is defined by

a combination of the involved reaction constants [24]. The energy that is released in the combustion

process is

2 P
& = N|AH,|, N = k%fovo (5)

where AH, = —242k]J/mol is the enthalpy of the reaction and we are using the ideal gas law to express
the number of molecules N in the MB. When very small NBs merge, the pressure Py can be so high that
one has to use a more general equation of state that takes into account the van der Waals interaction
between gas molecules.

The energy (Equation (5)) produced by the reaction is distributed in the final MB, which contains
the reaction product (steam) and NDs. Due to presence of NDs, the time needed to reach the thermal
equilibrium between the liquid and steam is defined by the heat diffusion in steam over a distance
d between NDs. This time is estimated as 7,; ~ dz/ x ~ 1ns, where we take for the estimate the
heat diffusion coefficient [37] x = 1.8 x 107 m?/s in saturated steam at T = 200 °C. This time is
shorter than the reaction time T¢o;; ~ 20 ns and we conclude that the NDs and steam are in equilibrium
inside of the final MB. In this case, the pressure in the MB is completely defined by the steam-water
equilibrium curve P, (T) [38].

Such a MB can be described by Equation (1) with P(t) = Pe(T) only at the beginning of the
expansion. This is because at later moments of time the heat produced by the reaction escapes to the
bulk liquid via the bubble walls. The rate of the heat transfer is defined by the relation

d7Q — 4:7TR2kl(T0 - TR)/

dt NG
where k; and ); are the heat conductivity and heat diffusion coefficient of the liquid, respectively,
and Tp and Ty are the temperature in the bubble after the reaction and temperature of the liquid far
from the bubble, respectively. Integrating this expression over time at fixed R and Ty, we can find
Q(t). The timescale for heat losses is defined by the condition Q(t) < &,. For the initial bubble radius
R = Ry = 75 um and pressure Py = 37 bar, one finds for the reaction energy &, ~ 1.9 x 10~ J. Using
for the estimate Ty = 200 °C, k; = 0.6 W/m/K, x; = 1.5 x 1077 m?/s, one finds for the heat losses
Q(t) ~ 2.2 x 1075/t ], where t has to be taken in microseconds. Comparing Q(t) and &,, one can
conclude that the heat losses become important at t 2> 1 ps. This time can be compared with the
characteristic time in the Rayleigh—Plesset Equation (2) T = 7.5 ps. It means that the heat losses become

(6)
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important before the bubble starts to expand, but long after the chemical reaction is completed and
the thermal equilibrium is established. Therefore, there is a well-defined state of the MB, in which
the bubble has not yet expanded, but the chemical reaction is already over and the steam-liquid
equilibrium is established. We are interested in the determination of this state. Knowledge of the
pressure and temperature in the bubble immediately after the reaction allows answering two questions:
(1) Is the pressure in the bubble large enough to be responsible for the bubble expansion? (2) Is the
temperature low enough to exclude the normal combustion of the gases?

The above-described main steps explaining formation of exploding MBs are shown schematically
in Figure 8. This simple model does not take into account the detailed dynamics of the process, but this
dynamics is not necessary for determination of the pressure and temperature in the final state.

0, bubble H; bubble liquid drop

O O

close-packed NBs MB initial MB final

drops 2H, + 0, =

merging

spontaneous
diffusion reaction
Typ ~ D nS Teom ~ 20 ns
2y L
74% gas+26% liquid P=%+7- P =P

P L=
Figure 8. The scheme explaining formation of exploding microbubble. Densely packed NBs merge
and form an initial MB filled with H; and O, mixture of gases. This mixture is ignited spontaneously
due to high surface-to-volume ratio in the MB. The gases turn to water vapor producing a significant
energy. The thermal equilibrium is reached in the final state before the MB starts to expand.

3.2. Energy Balance

The initial MB is defined as the bubble before the explosion. The pressure in this bubble is P = Py
and the temperature T = Ty is equal to room temperature. Internal energy of the initial MB includes
the gas enthalpy H, and the total enthalpy of liquid drops H;, which are

Hy
H

no(Tr) fohg(Tr) Vo,
n(Tr)(1 = fo)hi(Tr, Po) Vo, ?)

where 1y and 1; are the concentrations of gas and liquid, respectively; ¢ (Tg) = 8.6 k]/mol is the
enthalpy per gas molecule, which is nearly the same for H, and O, molecules; and h;(Tg, Pp) is the
enthalpy of liquid water that can be calculated [37] as 1.6P + 1900 ] /mol (here P, is in bar). The total
internal energy of the initial MB is

Ein = Hg + H; — PV (8)

The final MB is defined as the bubble of the same radius Ry containing the reaction products
(water vapor) and water NDs. Of course, pressure and temperature in the final state are different. Since
the thermal equilibrium between NDs and steam is reached very quickly (7; ~ 1ns), the pressure
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and temperature are related to each other and the state in the final bubble is completely defined by
temperature Ty. This temperature can be found without detailed knowledge of the dynamics using
only the energy conservation law.

The energy balance equation is &, + & = &, where & is the internal energy in the final state.
In this state, the volume fraction of gas f differs from that in the initial state f) because partial
vaporization or condensation of the NDs can happen. It can be presented as

np —Neff Niot
= = , 9
f m—ng " )
where the gas (vapor) ng and liquid 7, concentrations are taken at T = Ty and the effective

concentration of water molecules n,f is defined via the total number of water molecules in MB,
which is the same for the initial and finial states. The latter is because we neglect energy and mass
exchange via the sidewalls of the MB on the timescale shorter than ty = 1 pus. From the initial state,
one finds

nerr = 2no(Tr) fo/3 +ni(Tr) (1 — fo)- (10)

Note that for calculation 7, two Hj and one O, are counted as two H>O molecules.
Similar to Equation (7), we can define the enthalpy of vapor and liquid in the final state

Hy = ng(Ty) fho(Tf) Vo,
Hy = m(Te) (1~ Hlu(Tr) V. (11)

Here, all the values ng, 1;, h;, and the enthalpy of vapor &, can be taken from the vapor-liquid
equilibrium tables [38]. Additional energy is spent on vaporization of NDs:

AH], = [ng(Tf)f - 2n0f0/3} Ahy(Tf) Vo, (12)

where Ah, is the enthalpy of vaporization per molecule. The second term in square brackets shows
that the vapor formed in the reaction does not contribute. Now, we can construct the internal energy
in the final state as

& = Hg + Hj + AHy — PfVy, (13)

where Pr = Pp(Ty). In &;, and &f one has to include also the terms containing surface energy of

NDs. However, the surface tension effect is very small. From Equations (4) and (5), the ratio ¥So/&; is

estimated as 1%. Actual difference of the surface energies in the initial and final states is even smaller.
Let us present the energy balance in the following form:

& = (Hg — Hg) + (H] — Hy) + AHg + (P — Pf) Va. (14)

This equation says that the energy produced by the reaction is spent on gas heating (first term),
on heating of the NDs (second term), on partial vaporization of these NDs (third term), and on the
pressure change in the bubble (fourth term). Normalizing each of these entries to the reaction energy
&, wedefineas E; (i =1,2,3,4):

H, — H, H —H
Fp=-% 8 g1 15
1 3 2 3 (15)
AH] Py — Pr)V,
E; = U/ Es = M (16)
gr Er

One has to note that the enthalpies per molecule ¢(Tr, Py) and ;(Tg, Py) in the initial state and
the enthalpies for the equilibrium steam-water state h,(T), h;(T¢), and Ahy(Ty) in the final state
of MB are taken from the data tables [37,38] that already include intermolecular interaction. On the
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other hand, the number of gas molecules N in the initial bubble (or gas concentration ng at Tr) is
calculated via the equation of state. This number enters all the terms in the energy balance equation
(Equation (14)) and depends on the model used for description of the equation of state. Below (see
Figure 9), we compare the ideal gas law with the Peng—Robinson equation of state [39] to demonstrate
that the deviations from the ideal gas are not very important while merging NBs are larger than 20 nm
in diameter. Influence of intermolecular interaction on the combustion dynamics at high pressure was
considered earlier [40]. In our case, this dynamics is not important since for the energy balance we
consider only the initial and final states.

To check the deviation from the ideal gas law, we follow the procedure used in Ref. [40], but present
the Peng—Robinson equation in a slightly different form

kT ¢ A 2
P_B{lé_kTB1+2§—§2]’ 17

where B = 0.0778kT, / P, has the meaning of a minimum volume taken by a molecule and the variable
¢ = NB/V is the ratio of the minimum volume taken by N molecules to the volume of the system.
The parameter A is defined as A = 0.4572(k?T?/ P.)a(T) and the function «(T) is given by the relation

a(T) = [1 +ya(1— \/T/Tc)r. (18)

Here, 7, = 0.3746 + 1.5423a — 0.269942 and a is the acentric factor of the molecule. Equation (17)
can be applied to a gas with the critical pressure P, and temperature T, consisting of the same
molecules. In our case, the initial bubble is filled in with the stoichiometric mixture of hydrogen and
oxygen. To adjust Equation (17) for a mixture of gases, one can define the parameters A and B as

A =Y j=12XiXj\ [ AiAj and B = };_1 , x;B;, where ; is the fraction of ith gas. For the stoichiometric

mixture of Hy, and O, (x; = 2/3, x» = 1/3), we have found A = 0.0452/Ni and B = 1.7627 /N4,
where Ny is the Avogadro number. For these parameters and temperature T = Ty, we have found
the pressure as a function ¢, which is shown in Figure 9 by the black curve. For comparison in the
same graph the pressure for the ideal gas law (P = kT¢/B) is shown by the red line. The horizontal
dashed blue line corresponds to the pressure P = 145 bar in the initial MB that is formed by merging
NBs with the radius r = 10 nm. This size is considered as the lower limit for the AP process while the
observed radius of NBs is in the range ¥ = 30 — 40 nm [10]. The inset demonstrates that in a wider
interval of ¢ these two functions deviate strongly. In the figure, it is obvious that the ideal gas law
describes pressure in the range of interest P < 145 bar quite well and there is no need to use more
general equation of state.

All relative contributions E; in the energy balance equation (Equation (14)) defined by the relations
in Equation (15) and (16) are shown in Figure 10a as functions of temperature for the radius of
merging NBs = 20 nm. The energy balance is reached when the total normalized energy E;p; =
Eq + Ey + E3 + E4 is equal to one. The temperature Ty at which it happens is what we are looking for.
As one can see, at low temperatures, heating of NDs dominates, but, at high temperatures approaching
the critical point of water (T, = 374 °C), the vapor contribution becomes more important. On the
contrary, the terms related to the partial condensation/vaporization of NDs and to the pressure change
are always small. It is worth mentioning that the normalized energies E; do not depend on the size of
MB since all the entries in Equations (15) and (16) are proportional to Vj.
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Figure 9. Pressure given by the Peng—Robinson equation of state (Equation (17)) for stoichiometric
mixture of Hy and O (black curve). The red line shows the pressure for the ideal gas law. The horizontal
blue line shows the pressure level in the merging NBs of the smallest size (r = 10 nm) considered in
this paper. The inset demonstrates the same pressure in the larger range of the parameter ¢.
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Figure 10. (a) Normalized energies E; (each marked by the index i) as functions of temperature.
The total energy Eyy is the sum of all the terms. The graphs are presented for the NB radius r = 20 nm.
Thin dashed lines show the solution of the energy balance equation. (b) Pressure in the final MB (left
axis) and temperature (right axis) as functions of the radius of merging NBs.

Figure 10b shows the pressure and temperature in the final MB as functions of the size of merging
NBs. The temperature is close to the critical value when the NB radius is equal to 10 nm. For the NBs
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emerging in the experiment [10], we have found Ty = 220.8 °C and P = 23.5bar for r = 30 nm and
Tr =185.5°Cand P = 114 bar for r = 40 nm.

We see that the temperature in the final MB can be significant at least on the timescale f ~ 1 us, but
itis still lower than the autoignition limit T > 400 °C of conventional combustion [41,42] when the chain
branching reactions are started. Moreover, the autoignition can occur only at low pressure P < 100 mPa
that is not the case for the exploding bubble. It supports our initial guess that the combustion observed
in MBs is the surface-assisted process similar to that in nanobubbles. Nevertheless, the pressure at
T = Ty is high enough to induce inflation of the bubble and explain the sound effect produced by the
exploding MB.

4. Discussion

In the standard combustion theory, explosion of gases inside of a MB is not possible due to fast
heat escape via the walls. The smallest volumes, where combustion of gases was observed, were
underwater bubbles with a diameter of 2 mm filled with oxygen and acetylene mixture [43]. Moreover,
to ignite the reaction in these bubbles, one has to apply a significant energy. The process analyzed in this
paper proceeds in much smaller bubbles and occurs spontaneously without the ignition. We attributed
the combustion reaction between O, and H; gases to the surface-assisted reactions [24]. To be operative,
this mechanism demands high surface-to-volume ratio S/V ~ 107 m~!. This ratio is naturally high for
NBs but not for MBs. In our model, high S/V ratio in MBs is realized due to presence of nanodrops,
which are the key element of the model. Thus, the surface-assisted reactions are able to explain both
combustion in NBs and combustion in MBs formed by merging of NBs.

In general terms the surface-assisted mechanism assumes formation of free radicals on the
gas-liquid interface. Generation of OH radicals was observed in water solutions from collapsing
microbubbles filled with air, oxygen, or ozone in absence of external dynamic stimuli [44,45].
Generation of radicals was related to negative charges at the gas-liquid interface. It was proposed [24]
that these surface charges play the role of active sites for dissociation of gas molecules. Dissociation
of H, molecules on the active sites triggers series of the reactions between H; and O; resulting in
water formation. This series includes only barrierless or low-barrier reactions so that the combustion
becomes possible at room temperature. This mechanism explains the experimental data on combustion
of hydrogen—oxygen mixture in NBs including combustion in MBs considered in this paper. As shown
above from simple energy conservation arguments, the temperature in the exploding MB does not
reach the values to generate the radicals thermally. In this sense, we can say that the reaction follows
the “cold combustion” path.

The nature of dissociation on the active sites is not well understood. Existence of negative charges
on the gas—water interface is not disputed, but the nature of these charges is still debated [46,47] and
the precise dissociation mechanism is an open question.

The energy balance described in Section 3.2 provides the initial state in the MB immediately after
the reaction. It is important that the details of the reaction dynamics do not influence the pressure and
temperature in the initial bubble. Knowledge of these characteristics is crucial in two aspects. First, it
shows that the standard combustion cannot be responsible for the explosion. Second, it plays the role
of the initial condition for the dynamics of expanding MB and shows that a high pressure in the bubble
filled with steam and water nanodroplets is the reason for the sound generation and bubble expansion.
The initial condition (temperature and pressure) can be used with the Rayleigh—Plesset equation in
combination with the heat transfer equation. Solution of this system allows in principle to predict
the dynamics of expanding bubble observed experimentally. However, due to complexity of the heat
transfer process, the complete solution of this system is a separate problem that is not considered in
this paper.

Exploding MBs present a significant practical interest. One of the promising applications is an
actuation mechanism to drive microelectromechanical systems and specifically microfluidic systems.
It was already demonstrated [26] that the explosion of a MB in a closed chamber covered with a flexible
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membrane gives the deflection of the membrane that is 20 times larger than the deflection produced in
the same process without generation of the MBs. This is an attractive regime to drive micropumps.
Moreover, if it were possible to realize the same mechanism of combustion for gases produced from
external sources, this “cold combustion” mechanism would be a physical basis for a truly microscopic
internal combustion engine.

5. Conclusions

We investigated formation and explosion of microbubbles generated in the alternating polarity
water electrolysis. Development of the process in time is described by the current through the
electrochemical cell. This dynamics is supported by the fast camera observations that demonstrate
explosive growth of the microbubble that covers the electrodes and reduces the current. In 150 ps, the
bubble reaches a maximum size of 1200 pm and then starts to shrink in the same way as any cavitating
bubble. The event produces a clicking sound, which was recorded and analyzed. The analysis shows
that two sources separated in time generate the sound. The first sound comes from the exploding
microbubble but 270 ps later the sound from the collapsing bubble is added. We refined a qualitative
model proposed earlier [23] to explain this puzzling phenomenon. In the alternating polarity water
electrolysis, a dense cloud of nanobubbles above the electrodes was observed previously with optical
methods. This cloud can be so dense that nanobubbles start to merge and form a microbubble with
an initial size of about 150 pum. This microbubble contains mixture of hydrogen and oxygen but also
nanodrops as remnants from the merging process. Surface-to-volume ratio in such a microbubble
is very large and is of the same order as for a separate nanobubble. High surface-to-volume ratio
is a signature of the surface-assisted combustion that happens spontaneously at low temperature.
This combustion explains the explosion of the microbubble. It was possible to predict the temperature
and pressure in the microbubble immediately after the combustion using only the energy conservation
law. The temperature in the final state Ty =~ 200 °C is indeed not sufficient to explain the process by
standard combustion. On the other hand, the pressure in the microbubble reaches a value as high as
P(Ty) = 10 — 20 bar, which is sufficient to generate audible sound accompanying the microbubble
explosion with the following inflation of the bubble, as observed experimentally. The exploding
microbubbles generate a high pressure increase that can be used as the driving principle for fast and
strong microactuators.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1996-1073/13/1/20/s1,
Figure S1: Damage of the substrate by cavitation, Video S1: Exploding bubbles: general view and sound; Video S2:
Bubble growth (top view); Video S3: Bubble growth (side view); Video S4: Detailed dynamics of a bubble.
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