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ARTICLE INFO ABSTRACT

Article history:

Nanobubble is a rising research field, which attracts more and more attentions due to its potential
applications in medical science, catalysis, electrochemistry and etc. To better implement these
applications, it is urgent to understand one of the most important mechanisms of nanobubbles, the
evolution. However, few attentions have been paid in this aspect because of the methodology difficulties.
Here we successfully used dark-field microscopy to study the evolution process of single nanobubbles
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Nf’“‘)b”bble ) nanobubbles in this system can exhibit three distinct states representing different sizes, which can
zggiis?:mpart'de transform among each other. These transitions are not direct but through some intermediate states.

Further kinetic analysis reveals complicated mechanisms behind the evolution of single nanobubbles.
The results acquired from this study can be applicable to nanobubble systems in general and provide
insights into the understanding of mechanisms affecting the stability of nanobubbles and their
applications.
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Nanobubble was originally thought to be very unstable because
of the high inner pressure according to Young — Laplace equation.
However, in the past twenty years, breakthroughs have been made
in the solid-liquid interface [1-12], the generation, detection, and
application of nanobubbles in solution [13,14]. Attractively, nano-
bubble has many special properties, such as small size, ease of
release from the tissue, enhanced gas dissolution capacity.
Therefore, it exhibits many potential applications in medical
science [15,16], surface cleaning [17], wastewater treatment [18],
catalysis [1,2,19,20], optically heated nanoparticles [21-23] and
electrochemistry [2,3,19,24]. More and more attentions have been
attracted by this rising research field.

The research of nanobubble mainly includes five aspects, i.e.,
generation [12], detection [4,10,25-29], stability mechanism [30-
32], application [1,2,15-19] and evolution of nanobubbles
[25,27,33]. In past twenty years, great achievements have been
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made in the first four of them. However, few attentions have been
paid in the last aspect, i.e., the evolution of nanobubbles. Actually,
the evolution of nanobubbles is very important, and has strong
relationship with the other four aspects of nanobubble research.
Therefore, there is an urgency to conduct more research on the
evolution of nanobubble.

The process of evolution is very heterogeneous, and requires the
study at single-nanobubble level. However, current techniques,
such as AFM [4,10,26], in-situ FTIR/IRS [34], quartz crystal
microbalance etc. [28,29], have some limitations of time and/or
spatial resolution in detecting single nanobubbles. Only very few
nanobubbles have been studied with a high spatial resolution <
0.2 nm (height), but a low time resolution of 500—800 ms (time for
acquiring one image) [33,35]. The time resolution is the minimum
time interval between two adjacent frames of images taken in the
same area. High time resolution can capture small nanobubbles
and their detailed changes. In order to understand the evolution
further, it’s better to detect the single nanobubbles in real time and
in-situ with high time resolution and proper spatial resolution. It is
also necessary to detect a large number of single nanobubbles in a
time to get high statistical significance.

Recently, we successfully applied dark-field microscopy (DFM)
to detect single nanobubbles that generated on hundreds of single
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Fig.1. Three distinct states of single nanobubbles monitored via dark-field microscope (DFM). (a) A microfluidic cell with Pd-Ag nanoplates catalyzing the dehydrogenation of
HCOOH. (b) Scattering image of the Pd-Ag nanoplates. The insert is a zoomed-in SEM image of a single nanoplate. (c) An example scattering intensity vs. time trajectory at
1.67 mol/L HCOOH. (d) The intensity histogram of the trajectory in (c) and three different states were resolved by the fitting with a mixture of Gaussian functions (red curve).

Pd-Ag nanoplates from formic acid dehydrogenation with a high
time resolution (50ms) [1]. Using the same approach, we
investigated the details of the evolution of single nanobubbles
and made new discoveries that some nanobubbles in this system
have three distinct states showing the change of nanobubbles in
different sizes. Furthermore, we found rather than direct
transitions, these three states transform among each other through
some intermediate states. We built a kinetic model and assigned
relative energy levels to different states to discuss the possible
nature and mechanisms of the observed transition pathways.
These results successfully indicate complicated mechanisms
behind the evolution and stability of single nanobubbles.

We used DFM (Fig. 1a) to detect the nanobubbles from the gas-
generating catalysis of formic acid dehydrogenation on single Pd-
Ag nanoplates (Fig. 1b). The scattering intensity versus time
trajectories could be obtained for each nanoplate (Fig. 1c and SI.1
section in Supporting information). We also measured the contact
angle of the Pd-Ag nanoplate interface, which depends on formic
acid concentration (Fig. S1 in Supporting information). The green
dots in Fig. 1c represent the low intensity state without any
nanobubble, while the red and blue dots represent high intensity
states with nanobubbles. Besides the two-state behavior in our
previous study [1], we can resolve three states in the intensity
histograms of some individual trajectories as the example in Fig. 1¢
by applying Gaussian mixture model fitting on the distribution of
intensities for each trajectory (Fig. 1d and Fig. S2 in Supporting
information). Such three-state behavior only exists in part of all Pd-
Ag nanoplates (~2%) and some fractions (~11%) of a trajectory of
one nanoplate. For each HCOOH concentration, we could find more
than 30 fractions for further analysis. Each fraction has several
hundreds to thousands of events.

Because the scattering intensity of nanobubble is correlated
with its size, we could assign the different levels of scattering
intensities to different sizes of nanobubbles. As shown in Fig. 1d,
the lowest intensity level (Sp) is the state without observable
nanobubbles; the middle intensity level (S;) is the state of
relatively small nanobubbles; and the highest intensity level (S,)
is the state of relatively large nanobubbles. The observation of the

three states of nanobubbles on the same Pd-Ag plates implies a
more complicated process of the gas-generating catalysis.

The trajectory in Fig. 2a shows that one state can sustain for
a while, and then transform to another state. When we
inspected many trajectories, we found that each pair of the
three states can transform between each other. Therefore, a full
transition map can be established for this system (Fig. 2b). The
transitions between Sp and S; (S;) indicate the formation and
dissolution of small (large) nanobubbles. And the transitions
between S; and S, indicate the size increase and decrease of
formed nanobubbles.

For each transition, there is an important parameter, i.e., the
waiting time (t), which can be extracted from the scattering
intensity trajectories (Fig. 2¢). As shown in Fig. 2¢, the waiting time
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Fig. 2. Transitions between the states in each pair of the resolved three states of
nanobubbles. (a) Fraction of a scattering intensity trajectory from experiment with
the transitions among different states. The dots are from experiment, and the red
line is an idealized trajectory. (b) A full transition map to describe the transitions in
this system. (c) A model trajectory to illustrate the waiting times of all six
transitions.
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(7)is defined as the time length of S; (i=0, 1, 2) for the transition of
Sito S;(j=0,1, 2, and i # j). The time lengths of S; (i=0, 1, 2) have
different physical meanings. Different lengths of waiting times of
So (to_1 and tg_,,) represent the incubation time to generate a
small or large nanobubble. Different lengths of waiting times of S;
(t1_0 and ty_3) and S, (72 and t,_7) represent different
stabilities of small and large nanobubbles, respectively. A longer
waiting time for S; or S, means a more stable nanobubble.

In order to understand the transition process of nanobubbles
better, we combined many waiting times from multiple scattering
intensity trajectories (Figs. 3a-f) and studied their distributions.
Figs. 3a-f show that the waiting times for all transitions are very
heterogeneous and generate broad histogram distributions. Based
on the full transition map (Fig. 2b), we first used the simplest
direct-transition model (DM) to fit the histograms of all the
transitions (blue curves in Fig. 3). The single exponential function
(Eq. 1) as follows:

f(t) = AwkqaCexp(—kqCt) (1)

where A is the scaling factor, wy is the weight of transitions of Sg to
S1, k4 is the transition rate constant, Cis the concentration of formic
acid, and ¢t is the actual waiting time. The equations for other
transitions as well as the derivations are given in SI.6 section of
Supporting information. All the fittings of waiting time histograms
in this paper are global fittings for the data across three formic acid
concentrations: 1.00 mol/L (Fig. 3), 1.67 mol/L (Fig. S3 in Supporting
information) and 3.00 mol/L (Fig. S4 in Supporting information).
These substrate concentrations would not affect the generation
and evolution mechanisms of nanobubbles. Since the concentra-
tion effect is reflected in the parameter C, the global fittings in this
system would keep the rate constants consistent across different
concentration conditions and reduce the fitting errors for better
interpretation.

For some of the transitions (Sp—S; and S,—S;), the fitting
results by direct-transition model are close to the actual
distributions (blue curves in Figs. 3a and f). However, for the
other four transitions (So—Sz, S1—So, S1—S5, and S,—Sy), the fitted
curves are quite off (Figs. 3b-e). These increase-decrease behaviors
also exist under the conditions with other formic acid concen-
trations (Figs. S3 and S4). Therefore, these increase-decrease
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H. Wang et al. / Chinese Chemical Letters 31 (2020) 2442-2446

behaviors represent the general mechanisms behind the state-
transition processes of the nanobubble system [36-40].

Based on this assumption, we proposed a more precise kinetic
model (intermediate-state model-1, i.e., IM-1) (Fig. 4a). This model
contains three distinct intermediate states (I, I1, and I,) for three
corresponding ordinary states (Op, O;, and O, representing stable
states of Sy, S, and S,). Therefore, each apparent state observed in
our experiments contains two sub-states, i.e. one ordinary state (O)
and one intermediate state (I). All ordinary states have to go
through the specific intermediate states before transforming into
other ordinary states. We used this model to build equations to fit
the waiting time histograms of all transitions at all different
HCOOH concentrations globally (Eq. 2).

_ k] CWl kz
ft)= Am(exp(—kzt) — exp(—kiCt))

2)
In above equation, k; and k, are the rate constants, other
parameters in above equation have similar meanings as those in
Eq. 1. The equations for other transitions as well as the derivations
are given in SI.7 section of Supporting information. For most of the
transitions (So—S1, S1—So, S1—S> and S,—S;), the fitting results are
very close to the actual distributions (Figs. 3a, ¢, d and f). The fitting
quality comparisons of DM and IM-1 are shown in Table S1
(Supporting information).

However, for the other two transitions (So—S, and S,—Sg) the
fitted curves are still deviated from the actual distribution of
waiting times (green curves in Figs. 3b and e). These deviations also
exist in the results at higher formic acid concentrations (Figs. S3
and S4). Therefore, the simple intermediate-state model (IM-1) is
not precise enough to describe all the transitions. The deviations
indicate that the transitions between Sp and S, (no nanobubble and
large nanobubble) have more complicated pathways than other
transitions.

We assumed that the transitions between Sy and S, (i.e., Sop—S»
and S,—Sp) have two intermediate states, while others have only
one. These transitions can only exist in two situations (Ip—I; and
I,—I;) as shown in Fig. 4b. This assumption is based on two
reasons: First, it provides transition pathways containing multiple
intermediate states (Og—Iy—I;— O, and O,—I,—I;— Op) that can
release some constraints in IM-1 when fitting the histograms of
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Fig. 3. Waiting time histograms of transitions for 1.00 mol/L formic acid concentration. (a) So—Sy, (b) So—S2, (¢) S1—So, (d) S1—S>, (e) So—So, and (f) S,—S;. The blue, green and
red curves are the fitting results using direct-transition model, intermediate-state model-1 and intermediate-state model-2. The simple arithmetic average waiting times for

all the transitions are: (a) 0.23s, (b) 0.25s, (¢) 0.325s, (d) 0.31s, (e) 0.21s, (f) 0.20s.
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Fig. 4. Two intermediate-state models to describe the transitions among different states of nanobubbles. (a) Intermediate-state model-1 (IM-1). (b) Intermediate-state
model-2 (IM-2). Each state contains two sub-states, i.e., ordinary state and intermediate state. The ordinary states are drawn in solid circles, while the intermediate states are
drawn in dashed circles. Arrows with the same color form a complete transition pathway from one ordinary state to another ordinary state as shown at the bottom of the

scheme.

So—S, and S,—S, transitions; second, the limitation in transition
directions among intermediate states (Io—I; and I,—I;) can avoid
too much increase in the complexity of the kinetic model.

Based on the assumption, a new model named as intermediate-
state model-2 (IM-2) was built in Fig. 4b. Different from the
transitions in IM-1, each of the two transitions, i.e., So—S, and
S»—Sp, in IM-2 has two intermediate states. Therefore, IM-2
presents new equations for the two special transitions (So—S, and
S2—Sp) in SL.8 section of Supporting information, while IM-2 has
the same equations as IM-1 for the other four transitions (Sp—Ss,
S1—So, S1—S, and S,—S;). For example, for the waiting time
histogram of transitions So—S,, Eq. 3 was applied:

_ A1 =wy)(1 —wy)kiCkaky [exp(—kyt) exp(—k;Ct)
fley =4 *aC—ky) [ ke —k) (ks —kiC)
1 1
+(’(4 — I(]C B k4 — ’<2)€Xp(fk4t):| (3)

The parameters in above equation have similar meanings as those
in Eq. 2. The derivations of Eq. 3 and another equation for
transitions S,—Sp are given in SL8 section of Supporting
information. The fitting results using IM-2 are shown with red
curves in Fig. 3. For the transitions So—S, and S,—Sg, the global
fitting results using IM-2 (red curves in Fig. 3) are significantly
better than those using IM-1 (green curves in Fig. 3) with improved
R-squares from 0.66 (IM-1) to 0.89 (IM-2) for Sp—S, and from 0.64
(IM-1) to 0.94 (IM-2) for S,—Sy, as shown in Table S1 of SI.5 section
of Supporting information.

These fitting results supported our assumption that the
transition pathways of Sp—S, and S,—Sy may include multiple
intermediate states, and there could exist additional transitions
among different intermediate states. Fitting the histograms of
waiting times globally by IM-2, we extracted all the rate constants
of transitions (Table S2 in Supporting information) and calculated
the average life times of intermediate states (Iy, I, and ;) are
~150 ms, ~60 ms, ~40 ms, respectively. We explored whether the
formic acid concentration plays a role in the probabilities of
different states and transitions (Fig. S5 and SL10 section in
Supporting information). And the energy levels of different states

are also discussed in Fig. S6 and SI.11 section in Supporting
information.

According to the intermediate-state model above, the three
intermediate states are necessary for all the transition pathways.
During the Sy state, some very small bubbles were generated on a
single Pd-Ag nanoplate, which are too small to be detected. When
the density of these small bubbles reached a certain threshold, they
merged together to form a single and larger bubble in order to
reduce their total surface energies. Therefore, a complete pathway
from one apparent state to another apparent state, through an
intermediate state, is formed. The similar mechanism may also
apply to the transitions between S; and S,. Therefore, the
experimentally observed “abrupt” changes actually reflect the
hidden “gradual” formation and size-change of nanobubbles from
multiple centers.

In this research, we successfully resolved three states of the
evolution of single nanobubbles generated on single Pd-Ag
nanoplates from formic acid dehydrogenation reaction by DFM.
The three states could transform among each other through their
corresponding intermediate states. We built an intermediate-state
model to describe the kinetics of the evolution of nanobubbles and
properties of the intermediate states. The model reveals that the
evolution of nanobubbles is very complicated for different sizes of
nanobubbles. Our discoveries here are very helpful for the
fundamental understanding of the properties of nanobubbles
and the implementation of their applications.Declaration of
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