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Chapter 1

Introduction

Bubbles are commonly observed in daily life, and in numerous natural and
industrial processes. They exist in various media and range from meters to
micro/nanometers in size (Fig. El!) Typical examples are soap bubbles with
interesting colorful surfaces floating on air; bubble clusters in boiling water,
or beverages such as sparkling wine, beer and soft drinks. In nature, exam-
ples involving bubbles are numerous and sometimes they can lead to dramatic
effects. For instance, volcanic eruptions due to the sudden gas release in high
temperature can result in environmental damages even casualties [1,2]. The
volcanic gases converted into sulphuric acid aerosols can affect the global at-
mosphere, and cause unseasonable weather including cool summers and colder-
than-normal winters [2]. Apart from the occurrence of bubbles in nature, bub-
bles are also found in various industrial technologies, such as mineral flotation
with bubbles selectively carrying particulate species [3,4]; Delivery of drugs
by targeted microbubble destruction [5]; Enhanced imaging with microbubbles
acting as contrast agents [6,[7]. Conversely, bubble formation are undesirable
during material processing, and bubbles have to be removed in molten steel
or glass via vacuum degassing. Therefore, it is essential to understand how
the bubbles form, why they possess particulate properties and how to create
them in desired scale or get rid of them.

1.1 Surface nanobubbles

Interfacial bubbles are gaseous domains on a solid surface (usually hydropho-
bic) immersed in liquid. The existence of surface nanobubbles was predicted
by Parker et al. in 1994 as they detected the ’long-ranged interaction’ at
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Figure 1.1: Examples of bubbles in nature and life. (a) Bubbles in an iced
lake. b) Soap bubbles in air. (c¢) Bubble carrier for water treatment. (Dutch-
watersector website) (d) Bubbles in beer. Images of a, b and d from Pinterest
website.

~100 nm length scale [E] In 2000, Lou et al. provided direct evidence for the
existence of surface nanobubbles [E] They reported the first atomic force mi-
croscopy (AFM) images of nanobubbles on a mica surface immersed in water.
These nanobubbles have a spherical cap shape with a height of 10-100 nm and
a footprint of 100-1000 nm (Fig. ), and are often referred to as interfacial
or surface nanobubbles (NBs).

Over the past two decades, these NBs have attracted scientific interest and
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scepticism due to their special properties [@f] They have a contact angle of
~5-20°, which is much smaller than their macroscopic counterparts. Moreover,
the celebrated Epstein-Plesset theory predicts a lifetime of NBs in the order of
microseconds [] However, experimental results reveal a surprising stability
of these bubbles, which can survive for more than several hours and sometimes
even weeks [, @] A variety of questions remain to be answered regarding
these bubbles: Are they really gaseous? How do they form? Why can they
stably survive?

(b) Liquid

Substrate

Figure 1.2: (a) Surface nanobubbles on a polystyrene substrate. (Captured in
lab) (b) Schematic diagram of a surface nanobubble.

In classical nucleation theory, surface NB formation belongs to heterogeneous
nucleation, which originates from the imperfections of the system. Surface
defects of a wall (cracks/pits) or impurities in the liquid act as nucleation
sites for the bubbles. Heterogeneous nucleation of surface NB requires very
high Laplace pressures, which requires highly gas supersaturated liquids. The
existence of surface NBs in ambient conditions can be rationalized by the
presence of gas pockets entrapped in crevices on surfaces, referred to as Harvey
nuclei. Based on the crevice model proposed by Harvey and Atchley et al, the
trapped gas forms bubble nuclei, and these bubble nuclei can then grow by
diffusion of gas from the surrounding oversaturated liquid [@]

Despite the nuclei playing a pivotal role in surface NB formation, less stud-
ies have been devoted to the origin and dynamics of nuclei. Several re-
searchers used structured surfaces to probe the nucleation process and the
stability of NBs. Using nanopatterned hydrophobic and hydrophilic surfaces,
Agrawal et al. found that interfacial NBs only nucleate on hydrophobic do-
mains [] Checco et al. reported the entrapment of air in 20 nm wide
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nanoholes on nanopatterned surfaces using transmission small-angle X-ray
scattering (SAXS) [L8]. However, it remains unclear under what exact condi-
tions air entrapment and bubble nucleation can occur. In this thesis, we will
try to unravel NB nucleation mechanism by investigating the entrapment and
dynamics of bubbles in micro/nanostructured surfaces.

Governing diffusion equation

In order to explain the aforementioned properties of interfacial bubbles, several
theories have been used to study the diffusion problem of a gas bubble in a
liquid-gas solution [14]. The most well-known model is the Epstein & Plesset
model, which describes the diffusion dynamics of a spherical gas bubble in a
liquid. Considering that the transport of dissolved gas between the bubble
interface and liquids obeys the diffusion equation ¢; = DV?c, where c is the
concentration field, ¢ is time, and D is the diffusion constant, Epstein & Plesset
derived the following equation,

dR D (P 27 1 1

— = <+—coo> <+ > (1.1)

dt pg \ku  kuR R /xDt
where p, is the density of gas, « is the surface tension, c, is the gas concen-
tration far from the bubble, and kj; is Henry’s constant, i.e. the ratio of gas
solubility cs and ambient pressure Fj.
The Epstein-Plesset equation shows that the lifetime of nanometer-sized spher-
ical bubbles is in the microsecond range, and spherical gas bubbles can only be
diffusively stable in case co, = ¢s. This finding seems in strong disagreement
with the experiments. However, Lohse and Zhang adopted the Epstein-Plesset
theory to spherical-cap shaped surface nanobubbles and showed that pinning
is essential ingredient to explain the long term stability of the surface nanobub-
bles [19]. In the quasisteady, diffusion-limited case, the gas concentration field
¢(r, z) around the bubble satisfies

dc = DV%e =~ 0, (1.2)

where 7 and z are the radial and vertical coordinates, respectively. In the far
field of the bubble ¢(z — 00) = ¢, while at the plane surface z = 0, the no
flux condition dc¢/0z = 0 applies.

The calculation of the diffusive shrinkage/growth of surface bubble is analo-
gous to Popov’s seminal exact solution of the “coffee stain evaporation prob-
lem”, which is also a diffusion controlled system [20]. The change in mass of
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the bubble per unit time, i.e. dM/dt, in the case of diffusive shrinkage or
growth is given by,

dM T 4osin @\ cq
dt:—QLD[(Po-i- 7 )P()_Coo:|f(9) (1.3)
with o) — sin 6 °°1+cosh20§t b 0\eld 1.4
0= ) e el -0 (1.0)

in which the p, is the gas density, M is the mass, L is the footprint diameter
and 6 is the contact angle from gas side.
The bubble mass M is given by,

EL300539—3COS¢9+2

M —
pgS 3sin® 6

(1.5)
Accordingly, for pinned surface nanobubbles, the ordinary differential equation
for 6(t) is given by,

dao 4D cq 9 L. .

% = —ﬁ;g(1+cosg) f(e) |:L SIDQ—C y (16)
where the critical lateral extension L. = 40 /Py, the oversaturation level ( =
1 — coo/cs. Using the above dynamical equations, surface nanobubbles are in

stable equilibrium if,

_ 2y
(= IR sin 6. (1.7)

Pinning effect

It is well known that surface nanobubbles exhibit contact angles that do not
agree with what one would expect on the basis of Young’s relation. In addition,
during bubble growth/shrinkage, the ubiquitous heterogeneities on surfaces
can lead to sticking of the contact line, i.e. pinning and thus affect the shape
of the bubbles. This results in different boundary conditions for the diffusion
processes across the interface and thus to mass transfer rates for the shrinkage
or growth of bubbles. Figure B shows two typical modes of bubble shrinkage,
the constant-contact-angle mode (unpinned) and the constant-contact-area
mode (pinned). In the constant-contact-angle mode, the bubble shrinks with
a constant contact angle and decreasing footprint diameter. The Laplace
pressure increases with decreasing volume of the bubble. The increase in
Laplace pressure results in an increase of the dissolution rate of the bubble.
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In contrast, in the case of the constant-contact-area mode, the bubble shrinks
with a pinned contact line. The Laplace pressure decreases for decreasing
bubble volume resulting in a decrease of the dissolution rate of the bubble.

(a) (b)

Figure 1.3: Schematic diagram of a shrinking bubble in (a) constant-contact-
area mode or (b) constant-contact-angle mode.

1.2 Plasmonic microbubbles

The irradiation of a noble nanoparticle at its plasmon resonance frequency re-
sults in a very efficient heating of the nanoparticle due to the plasmonic effect.
In contact with a liquid, plasmonic bubbles form due to the liquid vaporization
in the vicinity of the nanoparticles [21,22]. The formation of plasmonic bubbles
is a complex process and involves heat transfer, phase transitions, long-range
hydrodynamic forces etc. [23-25]. Plasmonic bubbles are of key importance in
many applications, such as biomedical diagnosis and cancer therapy [26-30],
material science [31-33], and catalytic reactions [21,34].

The dynamics of plasmonic bubbles has been extensively investigated for dif-
ferent arrangements of nanoparticles, laser powers, gas concentrations and
many others [25,835-89]. A previous study revealed that plasmonic microbub-
ble nucleation and evolution in water can be divided into four phases: an
initial giant vapor bubble (phase 1), oscillating bubbles (phase 2), a vaporiza-
tion dominated growth phase (phase 3), and finally, a gas diffusion dominated
growth phase (phase 4) [25].

In spite of the numerous studies, efforts have been mainly put on plasmonic
bubble formation in pure liquids. However, in practical situations plasmonic
bubbles nucleate in binary, ternary or even multicomponent liquids. This
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introduces additional forces and effects, e.g., Marangoni forces come into play
in case of concentration gradients along bubble interfaces, which results in rich
physicochemical hydrodynamics and phenomena. In a recent study the effect
of the exact composition of a binary liquid on the bubble nucleation dynamics
has been investigated [40]. It is found that the amount of dissolved gas in
the binary liquid determines the nucleation temperature of the initial giant
bubbles. The bubble volume mainly depends on the various physicochemical
properties of binary liquids, such as boiling point and latent heat. However,
the long-term growth dynamics of plasmonic bubbles in binary liquids and
ternary liquids remain unclear.

Marangoni flow

Surface tension plays an important role at the micro/nanoscale. A gradient of
surface tension can cause mass transfer along an interface, 7.e. the so-called
Marangoni effect. In the plasmonic bubble system depicted in Fig. @, there
exists a temperature gradient in the bubble surrounding liquid due to the
heating of metal particles. As the surface tension of the liquid decreases with
increasing temperature, a thermal Marangoni flow will develop toward the
low-temperature side. For plasmonic bubble formation in multiple component
liquids, selective vaporization occurs in the vicinity of the three phase con-
tact line due to different liquid boiling temperatures, resulting in a tangential
concentration gradient along the surface. The surface tension gradient due to
concentration difference induces a solutal Marangoni flow along the surface.

A guide through the thesis

In this thesis, we investigate the entrapment of interfacial nano/microbubbles
on structured surfaces, and the effect of gas and multiple liquid components
on plasmonic bubble dynamics. The thesis is organized as follows:

In Chapter 2, we studied the entrapment of nanobubbles at the solid-liquid
interface on nanostructured hydrophobic surfaces. We find entrapped protrud-
ing nanobubbles at small nanopits, planner nanobubbles at medium nanopits
and no gas entrapment on large nanopits. The morphology and density of the
trapped surface nanobubbles depends on the type of nanostructures.

In Chapter 3, we investigated the evolution of entrapped microbubbles on a
hydrophobic structured surface with microwells. We find that the microbub-
bles form on the microwells and then dissolve in the constant contact angle
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Thermal Marangoni flow

Solutal Marangoni flow

Concentration
gradient

ctdc \

- A A A A A A A &

Figure 1.4: Schematic diagram of solutal Marangoni flow (a) and thermal
Marangoni flow.

mode. We also quantify how a high gas undersaturation enhances the disso-
lution process by varying the gas undersaturation level.

In Chapter 4, we studied the effect of gas saturation on plasmonic microbubble
nucleation and growth dynamics. We find that the bubble nucleation temper-
ature depends on the gas concentration and the long-term bubble growth is
governed by gas diffusion.

In Chapter 5, we studied the plasmonic microbubble formation in binary
water/ethanol solutions. We find that plasmonic bubbles exhibit ethanol
concentration-dependent behavior. We reveal the mechanism of the forma-
tion of the unstable bubbles in binary liquids at low ethanol concentration,
and the sudden bubble shrinkage during stable bubble growth in liquids with
high ethanol ratios.

In Chapter 6, we investigated plasmonic bubble nucleation in ternary liquids
consisting of ethanol, water, and trans-anethole oil. We find that oil (trans-
anethole) droplet plumes are produced around the growing plasmonic bubbles.
The nucleation and self-organization of droplet plumes depends on the ethanol-
water relative weight ratio and hence Ma.

Finally, we conclude and summarize the work presented in this thesis.



Chapter 2

Entrapment of interfacial
nanobubbles on
nano-structured surfaces

Spherical-cap-shaped interfacial nanobubbles (NBs) forming on hydrophobic
surfaces in aqueous solutions have extensively been studied both from a fun-
damental point of view and due to their relevance for various practical appli-
cations. In this study, the nucleation mechanism of spontaneously generated
NBs at solid-liquid interfaces of immersed nanostructured hydrophobic sur-
faces is studied. Depending on the size and density of the surface nanostruc-
tures, NBs with different size and density were reproducibly and determinis-
tically obtained. A two-step process can explain the NB nucleation, based on
the crevice model, i.e., entrapped air pockets in surface cavities which grow
by diffusion. The results show direct evidence for the spontaneous formation
of NBs on a surface at its immersion. Next, the influence of size and shape of
the nanostructures on the nucleated NBs are revealed. In particular, on non-
circular nanopits we obtain NBs with a non-circular footprint, demonstrating
the strong pinning forces at the three-phase contact line.

'Published as: Yuliang Wang, Xiaolai Li, Shuai Ren, Hadush Tedros Alem, and Detlef
Lohse, Entrapment of interfacial nanobubbles on nano-structured surfaces, Soft Matter. 13,
5381-5388 (2017). Experiments are done by Li, analysis and writing are done by Li, Wang,
and Lohse, supervision by Wang, and Lohse. Proofread by everyone.
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2.1 Introduction

When hydrophobic surfaces are immersed into aqueous solutions, spherical-
cap-shaped interfacial bubbles can be obtained on these surfaces [10]. These
gas nanobubbles, having heights between 5 and 100 nm and diameters be-
tween 50 nm and 800 nm, are normally referred to as surface or interfacial
nanobubbles (NBs). They have great potential in numerous applications,
such as drug delivery and ultrasonic tumor imaging enhancement [41], mineral
flotation and separation [4,42], or nanostructured surface fabrication [43-{45].
Though it remains a challenge to distinguish them from nanodroplets and blis-
ters [IL0, 46], it meanwhile has been proven that they can last for hours and
even days [10,47-49]. This stability is explained by pinning of the contact
line which allows for a stable balance between gas oversaturation in the liquid
and the Laplace pressure in the NB [10,[19,49-51]. The stable equilibrium is
achieved by gas diffusion through the interface.

By definition, the formation of interfacial NBs is heterogenous nucleation.
Its mechanism has been conjectured by Harvey et al. [16] and quantified by
Atchley et al [52]. Basically, it is the entrapment of gas in crevices on sur-
faces. These bubble nuclei then can grow by diffusion or in case of strongly
reduced pressure by gas expansion. Experimentally, for macro-sized bubbles,
several experimental techniques have been applied to quantitatively validate
this bubble nucleation model, such as a Berthelot tube, centrifugation, shock
wave, acoustics, etc [63-56]. These techniques mostly focus on the reduction
of liquid pressure to a negative value to find the cavitation pressure threshold.
However, less studies have been performed on the nature of the crevice which
is necessary to lead to NB nucleation, though on the microscale some studies
were recently performed [57-59].

On a nanoscale, Checco et al. investigated the entrapment of air in 20 nm
wide nanoholes on nanopatterned surfaces, employing the transmission small-
angle X-ray scattering (SAXS) method [[18]. By comparing the scattered X-ray
peak intensities from the sample surfaces in contact with air and water, they
conjectured that the water only partially enters the nanoholes for about 5-10
nm, with the rest of volume occupied by air, independent of the nanohole
depth. However, the authors could not visualize the air entrapment with the
SAXS. Therefore, it is not clear how exactly the water-air interface looks like.
Moreover, it still remains unclear under what exact conditions air entrapment
can happen.

Generally speaking, there are two approaches to make interfacial NBs [[10],
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namely the solvent exchange method [J] and the spontaneous formation of
NBs at immersion of dry samples [60]. Until now, it is still challenging to
form NB in a reproducible and controllable way [[10]. Among the different fac-
tors that influence NB formation [47,61-63], surface structures must play an
important role, due to their role in pinning. With nanopatterned hydropho-
bic/hydrophilic surfaces, Agrawal et al. [17] and Bao et al. [64] found that
NBs only nucleate on hydrophobic domains. Recently, a similar study was
conducted by Wang et al. on surfaces covered with nanopores [65]. Also they
found that NBs will nucleate on hydrophobic areas. Although numerous ef-
forts have been put on the topic [10], until now there is no method which can
achieve fully reproducible and controllable NB formation.

In this study, we are trying to get closer to this goal of reproducible and con-
trollable NB formation on solid-liquid interfaces by studying how NBs form
on immersed nanostructured surfaces. The NB nucleation on hydrophobic
surfaces with different nanostructures will be investigated. Experimental ev-
idence of spontaneous entrapment of gas in surface nanostructures will be
provided. Moreover, the study will reveal the crucial role of pinning and im-
plies that the size, density, and even the morphology of NBs can be controlled
through surface nanostructures.

2.2 Methods and Materials

Sample preparation

The polystyrene (PS) surfaces used for nanobubble (NB) nucleation were pre-
pared by spin coating thin films of PS on silicon (100) substrates. Before
spin coating, the substrates were sequentially cleaned in sonication bathes of
piranha, acetone, and then water. PS particles (molecular weight 350 000,
Sigma-Aldrich) were dissolved in toluene (Mallinckrodt Chemical) to make
the PS solutions. Three PS surfaces (sample 1, sample 2, and sample 3) were
prepared to obtain nanopits with different sizes and shapes. The PS con-
centrations for the three samples were 0.05%, 0.1%, and 0.05% (all weight),
respectively. The selected speeds of spin coating for the three samples were
200 rpm,1000 rpm, and 500 rpm, respectively. Two types of nanostructures,
namely nanopits and nanopores, were fabricated on the three samples to study
NB nucleation. First, on nanopits: For spin coated PS films, the decreasing
thickness will cause inhomogeneous coating of the films [66,67]. By delicately
controlling the PS solution concentration and spin speed during spin coat-
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ing, nanopits of different sizes were spontaneously obtained on sample 1 and
sample 2.

On sample 3, nanopores were fabricated with assistance of NBs, as first re-
ported in our previous study [43] and later by Janda et al [68]. When PS
films were immersed in water, small bubbles disappear with time and gen-
erate nanopores on sample surfaces [43]. Similar results were also reported
on graphene surfaces [69]. Recently, by applying negative pressure, Janda et
al. obtained nano pinholes and nano protrusions, respectively, on thinner and
thicker PS films, respectively. The NB caused generation of nanostructures on
PS surfaces is mostly due to the presence of surface forces at the three phase
contact line and the high inner pressure of NBs [70].

Through experiments, we found that the type of NB assisted nanostructures
is strongly related to two factors, namely the NB size and the thickness of the
PS films. Nanostructures tend to form namely on ultrathin PS films (with
thickness from 3 nm to 7 nm). This is mostly because the polymer chain
entanglement density is greatly reduced with decreasing sample thickness, as
motivated theoretically [71,[72] and shown experimentally [73,[74]. This will
lead to a much lower elastic modulus and fracture strength of ultrathin PS films
as compared to their bulk values. During our experiments, smaller NBs (less
than 50 nm in diameter and thus with much higher inner pressure, assuming
constant contact angle) mostly disappear and lead to formation of nanopores
on ultrathin PS film with thickness around 3 nm. Bigger NBs (larger than
80 nm) last longer and will lead to the formation of nanoindents, even on a
relative thick PS film.

Sample 3 was first immersed into DI water and smaller NBs (with width less
than 50 nm) were formed on the surface. After that, NBs disappeared and a
porous PS surface was obtained. Water was then removed from the sample
and the sample was kept in an oven for 4 h at a temperature around 50 °C to
remove the remaining water. The experiment in fluid was performed to study
NB nucleation.

AFM Measurement

A commercial AFM (Resolve, Bruker) operating in tapping mode was used for
imaging the sample in both air and deionized (DI) water. A silicon cantilever
(NSC36/ALBS, MikroMasch) with a quoted tip radius of 8 nm and stiffness
of 0.6 N/m from the manufacturer was used for the scanning in air and DI
water. The measured resonance frequencies of the cantilever in air and water
were about 55 kHz and 16 kHz, respectively. While imaging in air and liquid,
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the drive frequencies were slightly lower than that of the selected resonance.
A scan rate of 2 Hz with a 0° scan angle was used. All experiments were
performed at an ambient environment (temperature: 26 + 1 °C).

In all three experiments, the sample surfaces were first scanned in air by
tapping mode AFM (TMAFM). Then they were immersed into DI water to
perform liquid imaging. The image scanning began immediately within 10
minutes after immersing the surface into water. For sample 1, the scanning
persisting for more than 5 hours. For sample 2, the scanning last for more than
10 hours. The free oscillation amplitude of the cantilever at working frequency
was about 290 mV. The larger setpoint oscillation amplitude of about 280 mV
(namely 96.5% of free amplitude) was applied for liquid imaging to minimize
disturbance of AFM tips to NBs.

2.3 Results and Discussion

2.3.1 Results and Discussion

The spontaneous nucleation of NBs was first studied on nanopits fabricated on
spin coated polystyrene (PS) films on silicon substrates (sample 1 and sample
2). On sample 1, the width of the nanopits was in between 50-100 nm. On
sample 2, their width varied from about 50 nm to 250 nm. The effect of the
nanopit size on the NB entrapment was then investigated on the two samples.
The tapping mode AFM (TMAFM) image of sample 1 in air is shown in Fig.
a. On the surface, nanopits with typical diameter of 80 nm and depth of 4
nm are visible. The probability density function (PDF') of the nanopits’ depth
and width is discussed in the Appendix (see Fig. @) After the sample was
immersed into DI water, NBs were generated by spontaneous air entrapment
in the nanopits (Fig. ). The nanopits were covered by NBs, such as at the
location selected by the blue dashed box. After that, NB coalescence [[75-77]
was performed by applying a higher scan load (TMAFM setpoint: 80% of
free oscillation amplitude) in the area in DI water. Smaller NBs were moved
and coalesced to generate a bigger one, as shown in Fig. Ellc. Therefore the
nanopits become visible again after the coalescence process.
The coalescence of NBs makes it possible to compare the sample surface in air
and in DI water with and without NBs. Figure R.1/d shows the 3D mesh plots
of the same selected area in air (left), in water with an entrapped NB (middle),
and in water after coalescence (right). From the figures, it is obviously that
there was a NB entrapped in the nanopit.
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(a) Pit in air (b) NB in DI water (c) NB in DI water after coalescence

10nm

-10nm

Trapped NB Pit after moving NB away

Figure 2.1: Nanobubble nucleation on smaller nanopits. (a) AFM images of
nanopits on a PS surface in air. On the surface, nanopits with diameter in
between 50-100 nm are visible. (b) AFM image of the same area obtained in
DI water. Nanopits can entrap NBs. (¢) AFM image of the same area after
NB coalescence was performed. Small NBs were coalesced to generate a bigger
one (see in upper left corner of image) and the nanopits now filled with water
become visible again in DI water. (d) Comparison of 3D mesh plots of the
areas with a blue square selected in (a-c). One can clearly see the topography
of the nanopit in air (left), an entrapped NB in the nanopit (middle), and
again, the water filled nanopit (right). Note that in the area selected by a
green dashed square in (a-c), three NBs remained after high load scan, though
with reduced size compared to the ones obtained in (b). This is thought to
be due to the existence of the large nanopit in the selected area. As reported
previously, the concave surface structures help to stabilize NBs, leading to
an increased NB immobility [66]. The enlarge 3D plot of the selected area is
shown in the Appendix (Fig. R.9).
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On sample 2, nanopits with a larger range of width were obtained. The width
of nanopits varies from about 50 nm to 250 nm. The PDFs of width and depth

are again shown in the Appendix (Fig. R.§). The influence of the nanopit size
on the NB nucleation process can thus be investigated. The TMAFM image
of sample 2 in air is shown in Fig. a. Figure R.2b shows the image of

the sample after immersion in DI water. The surface was again covered with
spontaneously generated NBs. Compared with those obtained on sample 1,
the NBs obtained on sample 2 have relatively uniform size. We believe that the
uniform distribution of NBs on sample 2 is related to the spin coating speed
during sample preparation. Sample 2 was made with a high spin coating speed,
which can lead to an uniform roughness, thus resulting in uniform nucleation
of NBs.

One can see that there are now three types of air entrapment on sample 2,
as marked by 1, 2, and 3 in Fig. @a and b. The mesh plots of the three
selected areas are given in Fig. c, d, e, respectively. The first one is for the
nanopits with width larger than 150 nm, as shown in Fig. c. The width
and depth of the nanopit in water are the same as that in air, which means
there is no air entrapped in the pit. The second one is for the nanopits with
width in between 100 nm and 150 nm, as shown in Fig. @d. On this kind of
nanopits, planar NBs can be observed. From the cross section of the top AFM
image, the measured depth of the nanopit in air was about 15 nm. However,
the cross section of the profile becomes relatively flat in DI water, which is
believed to be the entrapped air. The third case is for nanopits of less than 100
nm in width, as demonstrated in Fig. @e. On these nanopits, regular NBs
with higher contact angle are generated, similarly as already done on sample
1 above, with similar nanopit extensions. In this study, these NBs are referred
to as protruding NBs.

The classification of planar and protruding NBs is based on the value of the
contact angle. The contact angles of the nanobubbles were determined from
the NB cross sections. Assuming that the NBs are spherical-cap-liked objects,
their contact angles can be calculated by measuring their height and footprint
diameter. However, it is well known that a topography image obtained from an
AFM is actually the convolution of the AFM tip and substrate morphologies
[78-80]. Therefore, the measured NB width needs to be corrected due to the
finite size of the cantilever tip radius. In this study, the details of AFM tip
deconvolution are included in the Appendix (Fig. @a). For the NBs with
width of 50-150 nm, the result shows that the apparent (uncorrected) width D
of NBs is about 2-4 nm larger than their actual value D’. This results in about
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Figure 2.2: Entrapped nanobubbles on larger nanopits. (a) TMAFM image
of nanopits with different widths on a PS film in air. (b) AFM image of the
same area obtained in DI water. NBs were spontaneously generated in some
nanopits on the PS film after the sample was immersed in DI water. (c-e)
Comparison of three selected nanopits of different sizes in air (top row) and
in DI water (bottom row) with cross section profiles. (c) A wide nanopit with
no NB entrapped. (d) A medium nanopit with an entrapped planar NB. (e)
A narrow nanopit with an entrapped NB of protruding profile.
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2% underestimation of NB contact angle, as shown in a comparison of the
corrected and uncorrected contact angles for protruding NBs in the Appendix
(Fig. p.14p).

With the corrected NB contact angles, the trapped NBs are classified into two
groups (please refer to Fig. (Appendix) for the detailed distribution of
contact angles for trapped NBs). In this study, the NBs with contact angles of
0° or even slightly less are referred to as planar NBs. The others are protruding
NBs, of which contact angles are normally larger than 10°.

(a) Cross Section of Planar NBs (b) Contact Angle of Planar NBs
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Figure 2.3: Geometric analysis of planar NBs. (a) Cross sections of all planar
NBs in Fig. @ Obviously, the real bubble shape corresponds to a mini-
mal surface (spherical-cap) and the wiggles originate from AFM measurement
noise. The blue thick curve is the average one of all the cross sections of NBs
with the same lateral range from -70 nm to 70 nm in the figure, which indicates
slightly concave cross sections of the nearly planar NBs. (b) Contact angle of
all the planar NBs with an average value of -3.7° £ 2.5°

To get a better understanding of the profile for the planar NBs, the cross
sections for all the planar NBs in Fig. are presented in Fig. a. The
profiles are mostly slightly concave. The blue thick curve in Fig. a is the
average one of all the cross sections of the same size, from which it is clear
that the cross section is slightly concave. The height H of planar NBs is thus
slightly negative, and correspondingly also the contact angle. The measured
contact angles for all planar NBs are shown in Fig. P.3b, with an average value
of -3.7° £ 2.5°.
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From the above result, one can see that the types of NB nucleation are directly
related to nanopit sizes. Air entrapment preferably occurs on nanopits with
smaller diameter. Moreover, the nucleation on nanopits can be divided into
three categories: no entrapment, planar NBs, and protruding NBs. For all
NBs, we counted the numbers of NBs entrapped in nanopits on sample 1 and 2.
A histogram of the three nucleation categories as a function of nanopit width is
shown in Fig. a. The histograms of these three kinds of NB entrapment are
fitted with normal distributions (dashed lines) in Fig. R.4a. For all nanopits on
the two samples, the results clearly show that the protruding NBs preferably
form on smaller nanopits with medium size of 60 nm. For nanopits with width
in between 100 nm and 150 nm, planar NBs are likely to be nucleated. For
nanopits with width larger than 150 nm, generally no NBs were entrapped.
Moreover, experimental results show that the size of the protruding NBs is
directly related to that of nanopits. Figure R.4b shows the correlation between
the width of NBs and that of the nanopits for the protruding NBs. The data
were fitted with a linear relation with the least square method. The slope of
the fitted line is 0.9246, which is close to 1. This indicates that the size of the
entrapped NBs is basically the same as that of nanopits.

Additionally, the contact angle (gas side) of the entrapped NBs is in between
5° and 30° and increases with the NB width, as shown in Fig. @c. We
hypothesize that these small NBs are in diffusive equilibrium. For NBs in
diffusive equilibrium, the stable equilibrium contact angle 6. is determined by
the air oversaturation ¢ through the equilibrium condition [10,[19],

L
inf, = (— 2.1
sin CLe (2.1)

where L is the pinning length and L. = 40/Py = 2.84 um, following from
surface tension o and ambient pressure FPy. The relation between sinf, and
the NB width L is given in Fig. R.4d. Again, the data were fitted with a linear
relation with the least square method. From the linear fit, we obtain (/L. =
2.9 yum~!, corresponding to a (local) air oversaturation of ¢ = 8.2, which does
not seem unrealistic to us.

The process of NB formation on nanopits can be thought of consisting of
two steps, as illustrated in Fig. . The first step is air entrapment in
surface cavities. Since PS is hydrophobic, the water will have a large advancing
contact angle (Fig. a) on the PS films. During the immersion, as the
fluid advances down to the bottom of the nanopits, by considering the narrow
lateral size of the nanopits and high advancing contact angle, air pockets will
be entrapped in the nanopits (Fig. R.5b and c). It is due to air entrapment in
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Figure 2.4: Statistic analysis of nanobubble entrapment on nanopits. (a)
Histogram of the three different categories of NB nucleation in DI water. The
protruding NBs and planar NBs preferably form on nanopits of 50-100 nm and
100-150 nm, respectively. However, when nanopits are larger than 150 nm,
there are no bubbles entrapped. (b) Size correlation between the entrapped
protruding NBs and nanopits. The size of nanobubbles linearly increases with
that of nanopits. (c¢) Contact angle of NBs as a function of NB width for the
protruding NBs. The contact angle increases with increasing NB width. (d)
sinf vs. nanobubble width L. According to Eq. (@), the slope is (/L. = 2.9

,um_l, corresponding to a gas oversaturation of { = 8.2.
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hydrophobic conical [@,@] and some other shapes of cavities [@], or in micro-
protrusions of immersed superhydrophobic surfaces | |, i.e., the crevices.
During entrapment, the water has to retain its position at the pit mouth
until the advancing contact angle of the fluid flow is obtained. As a result,
nanopits with narrow lateral length will get air entrapped inside and form an
initial gas-liquid interfaces. At this stage, the curvature of the advanced fluid
will be towards the entrapped air direction. The process obviously depends
on the degree of hydrophobicity, i.e., on the advancing contact angle. This
is consistent with the optical observation of the motion of the three-phase
contact line on micropillar decorated superhydrophobic surfaces [86].

(©

Figure 2.5: Illustration of a two-step formation of NBs. (a-c) Formation
of air pockets in surface cavities. (d and e) Air diffusion through liquid-air
interfaces.

The second step is the diffusive volume adjustment of NB originating from the
entrapped air inside the nanopit. It is well known that the diffusion of gas
from bubbles to fluid and vice versa plays an important role in NB dynamics
and NB stability [@,@,@] In this second step, the NB will grow out from the
nanopits due to the diffusion of the air out of the locally oversaturated water
(Fig. R.§d), provided of course it is oversaturated. The curvature of the liquid
interface inside the nanopit will start changing its direction outwards. Thanks
to the diffusive influx, the liquid-air interface will grow out of the cavities until
it reaches its equilibrium value determined by the air oversaturation in water.
For nanopits with larger width, it might need much higher diffusive influx and
the meniscus cannot so quickly appear above the nanopit mouth, i.e., diffusive
equilibrium may not be achieved.
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This two-step NB nucleation model is consistent with the experimental ob-
servation. Based on the experimental results, a schematic is presented to
illustrate the air entrapment on nanostructured surfaces (Fig. IE) There
are three different cases, as shown in Fig. a, b, and c, respectively. For
nanopits with a width of about 50 nm, NBs with protruding profiles can be ob-
tained (Fig. @a). For these NBs, the size linearly increases with the nanopit
width and in diffusive equilibrium the contact angle increases with increasing
NB width, according to Eq. (@)

(a) Protruded NB on nanopits
Si

(b) Flat NB (c) No nucleation

Figure 2.6: Illustration of three categories of air entrapment on nanopits.
(a) Protruding NBs on smaller nanopits. The size of the entrapped NBs
linearly depends on that of the nanopits and NB contact angle increases with
increasing NB size. (b) Planar NBs with a concave gas-liquid interfaces formed
in medium sized nanopits. (c) No entrapment. For larger nanopits, gas cannot
be entrapped and there are no NBs observed.

When the nanopit width is in the range of 100-150 nm, entrapped air with
flat liquid-gas interface can be obtained (Fig. @b) Although these nanopits
also entrapped air, the liquid-gas interface does not grow out of the nanopits.
Regarding the reason to the formation of planar NBs, one reason could be
that they are not in diffusive equilibrium yet. The diffusive timescalel is 7p ~
L?p/DcsC, i.e., o< L2, i.e., for larger pits it takes much longer to equilibrate.
In addition, for these medium sized nanopits, it requires more oversaturated
air to make the gas-liquid interfaces grow out of the nanopits and depletion
effects may occur. For even larger nanopit size beyond 150 nm, based on the
crevice model, the nanopits do not favor air entrapment and no NB nucleate
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(Fig. @c)

2.3.2 Are nanobubbles always spherical-cap-shaped?

The experimental results obtained from sample 1 and sample 2 reveals that
the size and position of the formed NBs could be tuned by modifying the
nanostructures. NBs are normally believed to be of spherical-cap-shaped,
as that shape is energetically the most effective one. However, stable NBs
also require pinning and thus their shape may also be tuned by that of the
surface nanostructures. Indeed, by surface energy minimization, Devi¢ et _al.
showed how chemical heterogeneities determine the shape of nanodroplets [87].
For a non-circular chemical or geometric surface pattern, it may indeed be
energetically advantageous for a NB or nanodrop (ND) to have a non-circular
footprint.

In this study, an ultrathin PS film (sample 3) was used to generate a porous
surface with irregular shapes of pores. The nanopores were fabricated with
assistance of NBs. As previous revealed [43], when an ultrathin PS film is
immersed in DI water, small NBs first disappear and leave nanopores on the
surface. The formation of nanopores is due to surface forces along the three-
phase contact line of the NBs and high inner pressure. With the decreased
PS film thickness (ultrathin one, in this case), its elastic modulus and fracture
strength will be reduced as compared to the bulk values. The interaction
between the film and the NBs will disentangle the PS chain and lead to the
formation of irregular shapes of nanopores.

A TMAFM image of the porous surface fabricated with assistance of NBs is
shown in Fig. R.7a. Unlike the circular shapes of the nanopits shown on sample
1 and sample 2, here the nanopores on sample 3 have irregular shapes. After
sample 3 was immersed into DI water, NBs were formed on the surface. The
height image is shown in Fig. R.7b. From the figure, we can see that the shape
of the NBs is very different as compared to the regular NBs on the circular
pits. This can be better seen in the phase image (Fig. c), which clearly
shows that the shape of NBs is no longer circular. Figures R.7d and e show 3D
mesh plot of selected areas in Fig. a and b, respectively. In the 3D images,
the nanohole is no longer circular and the NB is not spherical-cap-shaped any
more, but shows an irregular shape.

The existence of stable non-spherical-cap-shaped NBs highlights the relevance
of pinning for NB formation, namely here at the edge of the irregular surface
cavities on sample 3. On regular smooth sample surfaces with rms (root mean
square) roughness about 0.2 nm [77] or on the circular nanopits shown on
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Figure 2.7: Illustration of three categories of air entrapment on nanopits.
(a) Protruding NBs on smaller nanopits. The size of the entrapped NBs
linearly depends on that of the nanopits and NB contact angle increases with
increasing NB size. (b) Planar NBs with a concave gas-liquid interfaces formed
in medium sized nanopits. (c) No entrapment. For larger nanopits, gas cannot
be entrapped and there are no NBs observed.

sample 1 and 2, NBs are spherical-cap-shaped. Indeed, the shape of the NBs
is determined by two factors. One is the interfacial free energy of the NB,
the other is the constraint from the pinning of the three-phase contact line of
the NB. The pinning forces can be considerable. Tan et al. [@] found that a
pinning force up to 0.1 uN is required to unpin bubbles of several micrometers,
which corresponding to 5 mN/m unpinning force to detach bubbles. Similarly,
as in above mentioned numerical study of NBs and NDs on chemically het-
erogenous surfaces [@], also here the surface geometrical heterogeneity plus
the minimized interfacial free energy determine the shape of the NBs. On
sample 3, the three-phase contact line of NBs can only lie on the ridge area
of PS (see Fig. @a). In other words, the pinning sites provided by the ridge
area, together with the minimized free interfacial energy, determine the shape
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of the NBs.

The non-spherical-cap-shaped NBs indicate that the NB footprint is directly
related to the corresponding surface nanostructure to which it is pinned. NBs
can change their shape to adapt to that of the surface nanostructures on
substrates and they do not necessarily be spherical-cap-shaped. This implies
that not only the size and locations of the NBs, but also the shape of NBs can
be tuned by nanostructures.

2.4 Conclusions

In summary, the spontaneous nucleation of NBs on nanostructured surfaces
was investigated. Three categories of air entrapment were observed, namely
protruding NBs on nanopits with widths in between 50-100 nm, planar NBs on
nanopits with widths of 100-150 nm, and no air entrapment on nanopits with
diameter larger than 150 nm. The size of the entrapped NBs linearly increases
with that of nanopits. A two-step nucleation process was used to explain the
entrapment of NBs on surface nanocavities. Air is first entrapped by surface
cavities during immersion with the formed liquid-air interfaces. After that, air
dissolved in the locally over-saturated liquid diffuses into the air pockets. Then
the air pockets grow out of the cavities, determining the final volume of the
NBs. Moreover, air entrapment experiments on a porous PS surface covered
with irregular nanopores show that the shape of NBs can also be tuned by
surface nanostructures, due to their pinning effect. It is thus feasible to tune
NB size, position, and even morphology by varying surface nanostructures.

2.5 Appendix

2.5.1 Distributions of the width and depth of the nanopits on
samples

As mentioned above, nanopits of different sizes were obtained on PS films. For
sample 1, the distributions of the nanopits’ width and depth are shown in Fig.
a and R.8b, respectively. The nanopit width distributed from 50 nm to 100
nm. The nanopit depth mostly changed in between 1 to 6 nm. There was one
nanopit_with a depth of 12 nm, which reached down to the silicon substrate.
Figure R.§c shows the correlation between width and depth.
In the analysis of Fig. @, we found that three NBs remained on their initial
locations around a large nanopits after NB coalescence. In the area selected
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Figure 2.8: Width and depth distribution of nanopits on sample 1. (a) His-
togram of nanopit widths on sample 1. The nanopit width changed from 40
nm to 110 nm. (b) Histogram of nanopit depths on sample 1. The nanopit
depths distributed from 1 nm to 6 nm. The correlation between width and
depth is shown in (c).

by a green dashed box in Figgc, one can see that the three NBs remained
after NB coalescence. Figure shows the zoom-in mesh plots of the selected
area in Fig. a-c. As mentioned in the main manuscript, this is thought
to be due to the existence of the large nanopit in the selected area, providing
strong pinning sites. For sample 2, the distributions of nanopits’ width and
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Figure 2.9: A deep and large nanopit on sample 1. 3D mesh plots of the same
areas selected in Fig. . One can clearly see the topography of the nanopit
in air (a), in DI water (b), and after coalescence (c).

depth are shown in Fig. a and b, respectively. On the sample, one
can see that the nanopit widths mainly distributed from 50 nm to 250 nm.



2.5. APPENDIX 27

The nanopit depths distributed in two sections, 3-4 nm, and 10-13 nm. For
the nanopits of which depth located in the section section (10-13 nm), they
reached down to the bottom of the silicon substrate.
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Figure 2.10: Width and depth distribution of nanopits on sample 2. (a) His-
togram of nanopit widths on sample 2. The nanopit widths mainly changed
from 50 nm to 250 nm. (b) Histogram of nanopit depths on sample 2. The
nanopit depths distributed in two sections, 3-4 nm, and 10-13 nm. (¢) Corrre-
lation of width and depth.

2.5.2 Nanobubble Verification Experiment

Studies on surface NBs have been suffering from artifacts for years as explained
in [@, @] For the samples used in this study, there are potentially three
kinds of artifacts, namely solid particles, liquid objects [@], and blisters [@]
To value out such artifacts, several experiments were designed and conducted
to verify that the spherical objects we observed were indeed NBs. In this
Appendix, we report the result of several verification experiment.

Nanobubble Coalescence Experiment

The nanobubble coalescence experiment was performed to distinguish nanobub-
bles from solid particles and blisters. It is well known that nanobubbles can
move and coalesce to generate larger ones under higher scan load [@,@, @]
However, blisters and solid objects cannot coalesce. In this study, we per-
formed NB coalescence experiment on PS samples. The result for one of these
experiments is show in Fig. . Figure a is a height image of the sample
surface obtained with 96% setpoint value in TMAFM after the sample was
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immersed into DI water. One can see that nanobubbles with width about 100
nm were obtained on the sample surface. To conduct coalescence experiment,
we first apply 80% setpoint to scan the area. After that, the area was res-
canned with 96% setpoint. The resulting image is shown in Fig. b. One
can see that nanobubbles with much larger size were obtained with reduced
density. If the spherical objects were solid particles or blisters, they could not
be coalesced in this way. Therefore, one can conclude that the spherical-cap
like objects were neither solid particles, nor blisters.

Moreover, the NB volumes before and after the coalescence were measured
with a home-made NB image segmentation algorithm [[76]. To do so, the
AFM images of the NBs were first segmented. The results are shown in Fig.
c and d for NB images shown in Fig. a and b, respectively.
With the segmented NB images, the NB volumes were calculated. The total
volumes of NBs in Fig. a and b are about 3.7 x 10 nm? and 7.1 x 106
nm?3, respectively. The obtained result is in a good agreement with what we
reported recently [76]. The increased NB volume after NB coalescence may
partly be explained by the reduced Laplace pressure in the larger NBs, and
partly be by diffusion of dissolved gas into the merging process. A quantitative
analysis of these two effects is beyond the scope of the present paper.

Tip-Sample Interaction Experiments

The second approach to distinguish NBs from solid particles and blisters is an
amplitude-distance curve measurement above the spherical-cap-like objects.
During extension or retraction motion of an oscillating tip relative to a NB,
the amplitude of the tip shows gradually decreases with reducing tip-sample
separation distance [75,[77]. However, the oscillating amplitude of AFM tips
rapidly decreases once they get into contact with surfaces of solid particles or
blisters, very different from the behavior of nanobubbles. One example of the
amplitude-distance curve of AFM obtained on a spherical-cap like object is
given in Fig. . Figure a is an AFM height image of the PS sample
surface (sample 1). In the center area, there is a big spherical-cap-like object.
We measured amplitude-distance curves on the object and obtained two kinds
of curves. Here we took amplitude-distance curves obtained at two selected
points (marked as 1 and 2). The results are shown in Fig. 2.19b.

One kind of curve is the one obtained above the substrate (point 1 in Fig.
a). Once the tip contacts the substrate, the amplitude rapidly decreases
with decreasing tip-sample separation distance. The other kind of curve is
the one obtained above the spherical-cap like domains (point 2 in Fig. a).
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Figure 2.11: Nanobubble coalescence performed on a PS surface. (a) AFM
height image of the sample surface after immersed into DI water. (b) AFM
height image of the same area after a higher scan load was applied. Nanobub-
bles at lower number density, but much larger size were obtained, indicating
nanobubble coalescence. (c-d) NB image segmentation for NB height images
in (a) and (b), respectively. The green contours are detected NB boundaries
with a homemade NB segmentation algorithm.
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Figure 2.12: Amplitude-distance curve measurement on a spherical-cap like
object and sample substrate. (a) AFM height image of the sample surface
in DI water, showing a big spherical-cap like object in the center. (b) Two
typical amplitude-distance curves measured at point 1 and 2, respectively.

One can see that the obtained result is consistent with the one of our recent
investigation [@] As described there [@], there are typical snap-in period A
— B and detached period C — D, which corresponds to the position where the
AFM tip gets and loses contact with the object, respectively. The tip-sample
interaction further confirms that the obtained spherical-cap like objects were
not solid ones, neither blisters.

Degassing Experiments

To distinguish NBs from liquid contamination (PDMS droplets, for example),
we applied degassing experiments [[15, ,@] For a PS sample, we first imaged
the sample surface in air. The image is shown in Fig. P.13a. One can see that
the surface is flat without any spherical-cap like objects. After that, the sample
was immersed into DI water. We first obtained spherical-cap like objects on
the sample surface, as shown in Fig. b. Then, the AFM liquid cell with the
sample immersed in water was transferred into a vacuum chamber to degas
the water for over 4 hours. After that, the liquid cell was brought back to
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AFM and was re-scanned. The result is shown in Fig. c. One can see
that the spherical-cap like objects had all disappeared. This implies that the
observed spherical-cap like objects were actually gas bubbles and not droplets
of a poorly solvable liquid.

(@) Air (b) Add DI water

-1.5nm

() without degassing
Snm

-2nm -3nm

Figure 2.13: Degassing experiment. (a) A PS sample surface obtained with
tapping mode AFM in air. (b) Spherical-cap like objects obtained on the
sample surface after it was immersed into DI water. (c¢) AFM height image
of the same sample after the liquid cell (the sample remained in water during
degassing) was kept for 4 hours in a vacuum chamber for degassing. The NBs
have dissolved.

2.5.3 Deconvolution of Tip Radius and Correction of NB Con-
tact Angles

It is well known that a topography image obtained from an AFM is actually
the convolution of the AFM tip and substrate morphologies. Therefore, the
measured NB width needs to be corrected due to the finite size of the cantilever
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tip radius. In the case of the spherical-cap-liked NBs, the influence of the AFM
tip on the contact angles of the protruding NBs is illustrated in Fig. a.
In the figure, the dashed cross section is the directly measured one from AFM

(a) Sketches of tip correction (b) Contact Angle of Protruding NBs
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Figure 2.14: (a) Schematic sketch of the NB size correction through decon-
volution of the tip radius. (b) Comparison of the corrected and uncorrected
contact angle (CA) for protruding NBs. The difference between the corrected
contact angle and uncorrected ones is slight.

images, while the solid one is the NB’s actual cross section. From the figure,
one can see that the tip radius causes overestimation of the NB width. The
deconvolution of the AFM tip gives a corrected expression of the NB radius,
width, and contact angle, namely

Rl — LPrur g (2.2)

D' =/D? —8HRy, (2.3)

0’ = 2arctan (2H/D’) (2.4)
where D’ and D, ¢ and 0, R, and R., H and H (H' = H) are the actual and
apparent (uncorrected) values of width, contact angles, radius of curvature,

and height of the NB, respectively, and Ry, is the tip radius (about 8 nm in
this case).
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With Eq. (@), NB contact angle can be corrected. For the NBs with width
of 50-150 nm, we found that D is about 2-4 nm larger than D’. A comparison
of the corrected and uncorrected contact angle of NBs is conducted to eval-
uate the effect of finite size of tip radius on contact angle measurement, as
shown in Fig. b. From the result, one can see that the uncorrected CA is
slightly lower (about 2%) than that of the corrected one. The classification of
planar and protruding NBs is based on the value of their contact angles. The
distribution of contact angles for all trapped NBs is shown in Fig. . In
this study, the NBs with contact angles of 0° or even slightly less are referred
to as planar NBs. The others are protruding NBs, of which contact angles are
normally larger than 10°.
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Figure 2.15: Corrected contact angles for all trapped NBs (planar and pro-
truding). The contact angle for planar NBs is mostly less than 0°. The dashed
horizontal line in the figure divides the trapped NBs into two categories: pro-
truding and planar NBs.
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Chapter 3

Entrapment and dissolution
of microbubbles inside
microwells

The formation and evolution of immersed surface micro- and nanobubbles are
essential in various practical applications, such as the usage of superhydropho-
bic materials, drug delivery and mineral flotation. In this work, we investigate
the entrapment of microbubbles on a hydrophobic surface, structured with
microwells, when water flow passes along, and the subsequent microbubble
dissolution. At entrapment, the microbubble is initially pinned at the edge
of the microwell. At some point, the three phase contact line detaches from
one side of the edge and separates from the wall, after which it is further re-
ceding. We systematically investigate the evolution of the footprint diameter
and the contact angle of the entrapped microbubbles, which reveals that the
dissolution process is in the constant contact angle mode. By varying the gas
undersaturation level, we quantify how a high gas undersaturation enhances
the dissolution process, and compare with simplified theoretical predictions for
dissolving bubbles on a plane surface. We find that geometric partial blockage
effects of the diffusive flux out of the microbubble trapped in the microwell
lead to reduced dissolution rates.

Published as: Xiaolai Li, Yuliang Wang, Binglin Zeng, Yanshen Li, Huanshu Tan,
Harold J. W. Zandvliet, Xuehua Zhang, and Detlef Lohse, Entrapment and dissolution of
microbubbles inside microwells, Langmuir. 34, 10659-10667 (2018). Experiments and writing
are done by Li, supervision by Wang, Zandvliet and Lohse.

35



36

CHAPTER 3. SURFACE MICROBUBBLES



3.1. INTRODUCTION 37

3.1 Introduction

Submicron surface bubbles, namely nanobubbles at solid-liquid interfaces with
heights between 5 and 100 nm and footprint diameters between 50 and 800
nm, have extensively been studied over the last two decades [10]. The surface
bubbles play an important role in various chemical and physical processes
and have numerous potential applications [41], such as mineral flotation and
separation [4], transport in nanofluidics devices [90], nanostructured surface
fabrication [45,91] or application in the context of catalysis and electrolysis [92,
93]. So far various theoretical and experimental studies have been performed to
investigate surface nanobubbles [9,60] and their intriguing properties, such as
their stability, their small contact angle and collective effects [[10,46,77,88,094].
Surface nanobubbles can be obtained by several methods [[10], such as solvent
exchange [9], spontaneous generation at immersion [60], and electrochemical
or catalytic production [95], etc. However, it is still challenging to achieve full
control over the formation of surface nanobubbles.

To achieve such controllable generation of nanobubbles, it is essential to un-
derstand the formation mechanism. The so-called crevice model has been
proposed to explain the formation mechanism of nucleating surface micro and
nanobubbles, e.g. under pressure reduction [96,97]. According to this model,
gas is entrapped in crevices on surfaces and forms bubble nuclei. These bubbles
nuclei can then grow by diffusion of gas from the surrounding oversaturated
liquid or due to expansion upon a reduction of the liquid pressure. Numerous
experimental studies have been conducted at microscale to validate this nucle-
ation model. For example, techniques such as centrifugation, shock wave, and
acoustics were applied to drastically reduce the liquid pressure to a negative
value to find the cavitation pressure threshold [53-56]. These studies mostly
focused on controlling the liquid condition after gas entrapment. However,
the detailed entrapment process, namely the entrapment dynamics, in which
surface structures play an important role because they affect liquid flows and
provide pinning sites, was less studied.

Several previous studies have used structured surfaces to explore the nucleation
mechanism and controllable interfacial nanobubble formation [18,57,98,99].
With nanopatterned hydrophobic/hydrophilic surfaces, Agrawal et al. [17]
found that interfacial nanobubbles only nucleate on hydrophobic domains.
In our previous work [99], the in-situ entrapment of nanobubbles was ob-
served with an atomic force microscope (AFM). The size of the nucleated
surface nanobubbles is linearly correlated with that of the surface nanopores
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on hydrophobic surfaces, which supports that the nanobubbles form from gas
entrapment on the nanoscopic cavities. Although the entrapped nanobubbles
have been observed in these works, further investigation on the entrapment
dynamics is extremely challenging due to the limited temporal resolution of
the measurement equipments at nanosacle, e.g. AFM. Essentially, the en-
trapments of surface microbubbles and surface nanobubbles share the same
mechanism. Therefore, the investigation of nucleation dynamics of surface
microbubbles, which is experimentally feasible to be visualized, will lead us to
a better understanding of the nanobubble entrapment dynamics.

Recently, Langley et al [100] demonstated the entrapment based microbubble
formation and observed the dynamical process in their work. They studied
air entrapment by performing drop impacts experiment on nanoparticle dec-
orated surfaces. As the drops approach the solid surfaces, a central air disc is
entrapped due to deformation of the drop by the intervening air layer. After
the drops touch the sample surface, the liquid blocks the escape path for the
gas, leading to the entrapment of micro-bubbles in surface structures. The size
of the microbubbles depends on the lateral roughness variation. These results
confirm that bubble nucleation is mediated by gas entrapment and shed light
on the dynamics of the nucleation.

In this study, we aim to reveal entrapment and diffusive dynamics of surface
microbubbles. Our work can provide (i) a better understanding of the sur-
face bubble nucleation mechanism and (ii) a potential method of reproducible
micro- and nanobubbles formation. Here we investigate the temporal evolution
of the surface microbubbles entrapped by microwells on hydrophobic surfaces
using a confocal microscope. In order to study the effect of the microwell
diameter on entrapment and dissolution effectivetly, we prepared wells with
different sizes on one sample. We will show that the microwells can be used to
trap surface microbubbles. After that, the trapped surface microbubbles will
dissolve. The detailed process of microbubble dissolution, as well as factors
such as gas concentration and lateral size of surface microstructures on the
microbubble dissolution will be investigated in detail.

3.2 Experimental section

3.2.1 Preparation of sample and its characterization

Two solutions, PS-toluene and water-acetone, were prepared to fabricate the
structured polystyrene (PS) surface on a glass substrate. The PS-toluene
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solution was prepared by dissolving PS particles (molecular weigh 350 000,
Sigma-Aldrich) into toluene (Mallinckrodt Chemical) with a concentration of
1.0% (weight). The water-acetone solution was made by mixing water and
acetone with water concentration of 5.0%. The two solutions were first mixed
with a ratio of 1:3 (volume, PS toluene to water acetone). About 200 uL of the
mixed solution was then dropped on a piece of glass substrate (20mm x20mm).
The deposited droplet solution will rapidly spread over the glass substrate.
Due to the lower solubility in the acetone - water mixture as compared to in
toluene, PS precipitates from the mixed solution and deposits on the glass
substrate to form a film. Among the three different liquids (acetone, toluene,
and water), acetone has the highest evaporation rate, followed by toluene. Asa
result, the water droplets remain on the PS film after acetone and toluene have
evaporated within several seconds. Eventually, the remaining water droplets
will also evaporate within about ten minutes and the PS film with microwells
(at the locations where the droplets were) remains.

The morphology of the surface was measured with an AFM (Resolve, Bruker)
in tapping mode, as shown in Fig. a. The width of the microwells is in
between 10 um and 80 um. We confirm that the bottom of the microwells
is also coated by PS film by scratching it with an AFM tip (NSC36/ALBS,
MicroMasch). The thickness of the film at the bottom of the microwell is about
30 nm, whereas the film itself is in between 0.8 ym and 1.2 ym. It is noteworthy
to point out that there are other surface preparation techniques available that
are able to produce more mono-disperse distributions of microwells. In this
work it is of key importance to have mircowells with different diameters as we
want to study the effect of the bubble diameter on the entrapment and the
dissolution dynamics of the bubble.

To estimate the surface hydrophobicity, a water drop of 5 ul. was put on
the surface. The static contact angle of about 109° (on the droplet side) was
obtained using a video-based optical contact angle measuring system (Data-
Physics OCA15 Pro), see Fig. B.1b. This contact angle is slightly larger than
that of around 95° obtained on continuous PS films [76]. Such surface microw-
ells can be applied in many applications [101-103], including serving as cell
containers or scaffolds for cell growth [104,105], micro-reactors for chemical
reactions [106], and nucleation sites for photonic crystals [107,108§].

3.2.2 Water deposition and gas concentration control

During the experiment, the prepared micro-structured PS sample was clamped
in a home designed microfluidic chamber. Then 3 mL deionized water (Milli-Q
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(b) 2mm

Figure 3.1: (a) Characterization of the structured PS surface. Three dimen-
sional morphology of the sample surface obtained with AFM. Microwells with
different sizes were obtained on the surface. (b) A side view image of a sessile
drop on the sample surface, indicating a water contact angle of # = 109°+0.2°
degree.

Advantage A10 System, Germany) was deposited on the surface. This leads
to air bubble entrapment in the pits. The flow rates were controlled by a
motorized syringe pump (Harvard; PHD 2000). The temporal evolution of
the entrapped micro-sized surface bubbles was observed using a laser scanning
confocal microscope (LSCM, Nikon Confocal Microscopes Al system) with a
60x water immersion objective (CFI Apochromat 60XW NIR, NA = 1, WD
= 2.8 mm). To obtain the actual morphology of the structured surface, the
sample was first immersed into fully degassed water (the gas concentration is
0.2 measured by an oxygen meter (Fibox 3 Trace, PreSens)), and subsequently
was scanned with the confocal microscope.

To test the effect of the gas concentration on the microbubble dynamics, the
experiment was conducted in both (nearly) air equilibrated water (AEW) and
in partially degassed water (PDW). In the AEW experiment, a sample bottle
containing water was kept open in air for 10 hours. The measured gas concen-
tration in the nearly air saturated water is 96.0%. For the PDW, the milli-Q
water was degassed for 3 mins in a home-made vacuum chamber. After partial
degassing, the measured air concentration was 63.0%. For visualization, wa-
ter was labelled in yellow color with fluorescein isothiocynate-dextran (Sigma-
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Aldrich, molecular weight, 70000). During experiments, water flow rates from
0.5 mL/min to 3.0 mL/min were applied. All images were captured with the
confocal microscope.

3.3 Results and Discussion

3.3.1 Entrapment of surface microbubbles

When the flow front passes over the structured hydrophobic surface, air pock-
ets are entrapped in the microwells [52,82,109]. The air entrapment happens
due to the large advancing contact angle in combination with the surface struc-
ture size, as explained by the crevice model [52]. The entrapped air then first
remains in the micropits, as surface microbubbles are pinned to the edge of
the surface cavities.

We subsequently observed the diffusive evolution of the entrapped surface mi-
crobubbles in the microwells. To get the actual topography of the structured
surface before air entrapment, the sample was first immersed into fully de-
gassed water. The bottom view of the microwell is shown in Fig. @(a). The
circular areas with a green color indicate that no microbubble entrapment oc-
curred in the fully degassed water (or the entrapped microbubbles dissolved
immediately, see below). After that, the fully degassed water was removed.
The AEW was then injected into the microfluidic chamber. Subsequently the
sample was fully immersed in AEW, and we immediately captured the image
of the entrapped microbubbles. At this stage the microwells were fully filled
with gas. After a certain time, part of the three phase contact line detached
from the edges of the microwells and the initially trapped microbubbles rapidly
shrank, reducing their lateral sizes. Figure B.2b depicts the area captured right
after the sample was immersed into water. Due to the limited frame rate of
the LSCM (4 fps was applied to achieve an optimized imaging), the initial
shrinkage for some of microbubbles was not captured. As a result, some of
the initially entrapped microbubbles shrank within the first frame. The areas
marked by yellow circles correspond to the initially entrapped microbubbles,
while the ones marked by yellow rectangles are the shrinking microbubbles.
Figures @c—e show _sequential images of the dissolving surface microbubbles.
Noticeably, in Fig. @c the appeared bubbles in the bottom left quadrant are
formed from depinning of the previous entrapped bubbles, which are marked
with yellow circles in Fig. b. In additon, we observed that a bubble appears
between two microwells (top left quarter). According to the sequential images
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Figure 3.2: Evolution of the entrapped microbubbles in air equilibrated water.
(a) The structured polystyrene surface captured in degassed water, showing
the distribution of microwells on the surface. (b)-(f) Confocal microscopy im-
ages of the selected surface area at different times. The dark circular areas
marked by yellow circles are the microwells covered by the initially entrapped
microbubbles. The areas marked by yellow rectangles are the shrinking mi-
crobubbles. During shrinkage, the three phase contact line keeps receding
towards a pinned spot until the microbubble disappears completely. (g) The
sequential images of an entrapped microbubble on a microwell. Initially, the
microwell was completely filled by the entrapped microbubble. Then part of
contact line detaches from the edge of the microwell and the formed microbub-
ble gradually shrank and eventually disappeared. (h) Schematic of the three
phases of air entrapment in a microwell, fully entrapped, shrinking, and fully
dissolved.
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between Fig. @b and ¢, we confirm that it jumps out of the well from its
right side. In Fig. f, all entrapped microbubbles have disappeared.
In Fig. g, the sequential images of an initially entrapped microbubble and
the corresponding shrinking microbubble in the microwell are presented. Ini-
tially, the three phase contact line was pinned at the edge of the microwell and
the complete well was covered by the air-water interface, as illustrated in Fig.
h (left). After a certain period, the three phase contact line detached from
the edge of the well from one side and the microbubble rapidly shrank in size.
The microbubbles right after the initial shrinking are referred to as initially
shrunk microbubbles, as illustrated in Fig. @h (middle). Subsequently, the
microbubble will gradually further shrink and eventually disappear (Fig. B.2h
(right)). The time required for the transition from the initially entrapped
microbubbles to the initially shrunk microbubbles is much shorter than the
following shrinkage period. Here the frame which was taken right after the
initial shrinkage is taken as the first frame for the analysis of the diffusive
microbubble shrinkage dynamics.
Our results show that the lateral width Ly of the initially shrunk microbubbles
are related to the size of the microwells. Figure B.3a depicts the correlation
between Ly and the microwell diameters L,,. One can see that Lg linearly in-
creases with L,,, with a slope of 0.34. This linear dependence is independent
of the flow rates, at least for the applied flow rates of 0.5, 1.0 and 3.0 mL /min.
This implies that larger microwells are able to trap more gas. The contact
angles always measured on the gas side of the initially shrunk microbubbles
are also size dependent. As shown in Fig. b, the contact angles of the
initially shrunk microbubbles changes from 30° to 80°, and slightly decrease
with L.

3.3.2 Dissolution of entrapped microbubbles

From the above experimental observations, it is clear that the initially en-
trapped microbubbles will shrink and eventually completely disappear. How-
ever, the dynamics of the shrinking microbubbles still remains unknown. One
example of microbubble shrinkage is shown in Fig. @a, in which the top and
bottom row show the side and bottom view of the confocal microscopy images,
respectively. From the side view images, one can see that both height and
width of the microbubble gradually decrease with time until the microbubble
eventually completely disappears. Moreover, images from both views indicate
that one side of the three phase contact line is pinned at the edge of the well
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Figure 3.3: (a) Correlation of the lateral size Lo of the initially shrunk mi-

crobubbles and the width L., of the microwells. The value Ly approximately
linearly increases with L,,. This implies that the larger well contains more en-
trapped gas. (b) Contact angle € of the entrapped microbubbles as a function
of Ly. The contact angle decreases with increasing L.

and the other side keeps receding during the shrinking process. As an exam-
ple, a schematic diagram of the microbubble shrinkage is shown in Fig. @b.
The phenomenon that one side is pinned and the other side is detached is due
to the heterogeneity of the pinning site and thus the pinning strength. The
reason for such symmetry breaking is that the substrates in the experiments
are never perfectly homogeneous. Slight differences in the surface properties
are sufficient to lead to pinning or depinning on one side only [110,111].

To investigate how the contact angle changes during microbubble shrinkage,
several individual entrapped microbubbles were tracked in time, using the
3D confocal microscope. As an_example we consider here three entrapped
microbubbles, as shown in Fig. . Figures B.Ba-c are the side view images
of the shrinking microbubble at different times. All the three microbubbles
exhibit similar dissolving behavior, with one side being pinned at the edge
of the wall and the other side retracting with time. During the process, one
can clearly see that the contact angles of the individual microbubbles remain
almost constant, as shown in Fig. d, which implies that the microbubbles
dissolve in the constant contact angle mode.

Under the condition of constant contact angle shrinkage, on a plane sur-
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Figure 3.4: The shrinkage process of the entrapped microbubbles, in the
CA-mode. (a) The side and bottom views of a shrinking microbubble. One
side of the three phase contact line of the microbubbles is pinned to the edge
of the microwell. The other side recedes while the microbubble dissolves. (b)
Cartoon of the microbubbles dissolving. During microbubble shrinking, it is
pinned at one side, and both height and lateral diameter decrease with time.

face spherical-cap-shaped microbubbles dissolve through air diffusion from
microbubble to liquid, governed by: []

L2(t) = L — x(O)t. (3.1)
In the equation, & is the dissolution rate and is given by
__ 8De f(0)
p 39(0)

where D is the diffusion coefficient, ¢ is the solubility of air in water, p is the
gas density in the microbubble, 6 again is the contact angle of microbubble
from the gas side, ¢ the air undersaturation of water defined as (=1-c/cs,
and

(3.2)

f(6) tanh((m — 6)¢)dc, (3.3)

_ sind /+°° 1+ cosh 26¢
~ 1+cosf 0

sin 2n(
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For an air-water solution with a certain undersaturation value, the dissolution
rate x only depends on the contact angle . Therefore, a constant contact
angle leads to constant . As a result, L? is expected to linearly decrease with
t, see Eq. (@) To verify the linear dependence, the lateral diameter L(t)
of the entrapped microbubbles was first tracked in air equilibrated water, as
shown in Fig. @a. The value of L?(t) is plotted in Fig. @b. Indeed, L2(t)
linearly decreases with time, which is consistent with the constant contact
angle mode, and a spherical-cap bubble on a plane surface. Note that this
latter assumption is not given, as the bubbles in our experiments are not
sitting on a plane surface, but in a microwell, where the diffusive gas flux
is partially blocked. Therefore, quantitatively the dissolution rate should be
slightly slower than that for a bubble on a plane surface.
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Figure 3.5: (a)-(c) The side view images of an individual dissolving microbub-
ble at different time. The three microbubbles behave the same, with one side
of the three phase contact line pinned at the edge of the wall while the other
side keeps receding with time. (d) Change of the contact angle of the three
microbubbles with time. During shrinkage, the contact angles remain almost
constant.

The constant contact angle dissolution mode, as well as the linear dependence
of L? on t holds for all gas concentrations. To verify this, we conducted further
experiment in partially degassed water. The results are shown in Fig. @c
and d, showing that L? still linearly decreases with time.
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We now become more quantitative: From Eq. (@), which holds for spherical-
cap bubble on a plane surface, one can see how the value of the dissolution rate
% depends on the undersaturation level ¢ of the water. This implies that the
dissolution time t4;5s (defined by L(t)=0) of the microbubbles also depends on
¢. The value of tg4;s5 can be obtained by rewritting Eq. (@) as

L2(t t
(2) =1- , (3.5)
L() diss
where
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Figure 3.6: Change of the microbubble lateral diameter L (a, ¢) and its square
L? (b, d) as a function of time during microbubble shrinkage in air equilibrated
water (a, b) and partially degassed water (c, d), respectively. In the both cases,
L? decreases linearly with time .

We can see that in this purely diffusive regime and for a spherical-cap bubble
on a plane surface the dissolution time tgss quadratically depends on the
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initial lateral microbubble diameter Ly, and is inversely proportional to the
undersaturation. The relative gas concentration in AEW and PDW used in
this study was 0.96 and 0.63, respectively. The corresponding undersaturation
¢ is 0.04 and 0.37. Two different flow rates ) were applied in the experiment
for both AEW and PDW cases. In Fig. ﬁ, the dissolution rate x and the
dissolution time t4;55 are compared for microbubbles with various initial lateral
diameter for the two undersaturation levels. The results in Fig. @a show that
t in PDW is higher than that in AEW, which is consistent with Eq. (@)
It means that the microbubbles dissolve faster in water with a higher (. In
addition, we observed that k varies even for the same lateral diameter and
slightly increases with increasing Lg. This is believed to be due to different
contact angle values even for microbubbles with similar sizes, due to difference
in pinning. In Fig. b, we can see that the measured tg;s, in AEW is larger
than that in PDW, which agrees with Eq. (@) From the results shown
in Fig. , we conclude that neither the dissolution rate nor the lifetime is
affected by the flow rates.

Moreover, according to Eq. (@), the theoretical dissolution time for a sherical-
cap-shaped bubble on a plane surface ¢4, can be obtained with the measured
contact angles by taking D = 2 x 107%m? /s, ¢5=0.023 kg/m?, and p=1.169
kg/m3 [112]. A comparison of the experimental and theoretical results of #g;ss
is shown in Fig. c. One can see that the experimental value of t4;.; in both
AEW and PDW is obviously larger than that calculated with Eq. (@) This
means that the actual lifetime of microbubbles is longer than that expected
from the diffusion theory for a bubble on a plane surface.

There are three possible factors which can be responsible for the discrepancy:
the partial blockage of the gas outflux by the well walls, collective effects
of neighbouring microbubbles, and addition partial blockage of diffusion by
absorbing dye [111-114]. Since the bubble is not spherical-cap-shaped, sitting
on a plane surface, but trapped in a microwell, the presence of the microwell
side wall will lead to partial blockage of the diffusive gas outflux. On one hand,
the edge of the microwell serves as anchors where the contact line is pinned. At
this pinned portion of the microbubble, the side wall of the microwell blocks
the diffusive outflux. Compared to microbubbles at flat sample surfaces, the
gas cannot escape from the side wall of the microwell. This helps to slow down
the bubble dissolution. On the other hand, even for the portion of the detached
three phase contact line from the openings of the microwell, the gas still cannot
escape freely because the side wall of the microwell and the deepening partially
block the gas diffusion. Both geometric effects of the microwell on the diffusive
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flux contribute to the increased ¢ ;.

We now roughly estimate how large this diffusive blockage effect can be. We
assume that the bubble is partially blocked with the well wall of A = 1_ym
(the well depth on our sample is 0.8 ~ 1.2 um), as depicted in Fig. d,
where the lower part of the bubble is completely blocked by the side wall. The
initial lateral diameter Lg, the height H (with the bottom side of the well as
reference), and the contact angle 6 of the partially blocked bubble are obtained
from experiment. The corresponding parameters Lj, and 6 for the unblocked
part of the bubble are given as (see Fig. B.7d)

L2 —4H* —8Hh

0 = 3.7
arccos By (3.7)
L3 +4H?
! 0 . /

Ly = —F sin@'. (3.8)

The mass loss dM/dt of the partially blocked bubble then is [20,110]
AM (L', 0')/dt = —%L’Dcsg £(0"). (3.9)

The mass M of the bubble is
T3

M(L,0) = p=L3¢(6). (3.10)

8

According to Eq. (@) and (), and the geometric relationships in Eq.
(B.7) and (B.8), we can numerically determine the time when M (L, ) = 0 for
constant contact angle 6. In this way the theoretical dissolution time tg;ss in
the partially blocked case is acquired, as shown in Fig. @c (open triangles).
It is clear from the comparison that the effect of partial blocking is substantial.
Note that theoretical dissolution time ¢4, in the blocked case is slightly larger
than the experimentally measured ones.

We expect that the real blockage effect should be smaller than what we have
estimated here, because the bubbles are only partially pinned at the wall. In
addition, the specific pinning portion along the three-phase contact line varies
for different bubbles and changes during the dynamic process. As a result, it
is difficult to get a completely quantitative evaluation of the partial blockage
effects.

Regarding the effect of the neighbouring microbubbles on the dissolution pro-
cess, the distance between neighboring is crucial. On our sample the shortest
distance between neighboring bubbles is about 16 pm, which for most bubbles
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Figure 3.7: Comparison of the dissolution rate x and dissolution time %445 for
microbubbles in AEW and PDW for two different flow rate Q (value given
in mL/min). (a) The value of x in PDW is higher than that in AEW. (b)
The dissolution time t4;55s in AEW is larger than that in PDW. Clearly, the
microbubbles dissolve faster in the water with higher undersaturation value,
independent of the flow rates. (¢) The experimental dissolution time tg;55 is
larger than the theoretical one for a spherical-cap-shaped bubble on a plane
surface, both in AEW and PDW. The dissolution of microbubbles in the ex-
periments is delayed, due to the wall blockage effect of the gas diffusion out
of the entrapped bubble. This was supported by an quantitative estimation
of the dissolution time (Eq. (@) and ()) when the bottom part of the
bubbles is blocked (data points corresponds to the upper open triangles). (d)
The geometry and notation for the microbubble with the bottom part blocked
by the side wall of the microwell.
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is larger than their diameter, see Fig. @ In one of our recent works [111],
we have calculated the effect of neighboring droplets (which have the same
diffusive dynamics) on the dissolution time. The closest packaging of droplets
there is with a distance of 5 ym, on a footprint diameter of 10 ym. This is
much closer than what we have here. Nonetheless, the dissolution time only
increases by 60% when increasing the microwell distance from 5 micrometers
(where there are collective effects) to 20 um (hardly any collective effects).
This is much less than the above blockage effect.

Finally, we discuss the effect of the addition of dye, which indeed will result in
a slight increase of the dissolution time. The reasons are two-fold: (i) The dye
as surfactant will slightly lower the surface tension and (ii) more importantly,
the dye attachment to the interface will lead to a partial blockage of the dif-
fusion through the interface. These two effects in principle would contribute
to the larger measured dissolution time, as compared to the theoretical pre-
diction. However, to minimize these dye effects, we used a relatively low dye
concentration of 2 mg/mL. For such low concentrations, the dye effect on the
surface tension is minimal: It decreases from 72.1 mJ/m? to 71.3 mJ/m? with
concentration of the dye from 0.1 mg/mL to 20 mg/mL [115]. In summary,
it is clear that the partial blockage of the gas outflux through the air-water
interface is the main effect for the delayed dissolution, due to geometric con-
strains by the walls of the well and to some degree also due to partial coverage
of the interface by the dye.

3.4 Conclusions

In this study, the temporal evolution of microbubbles at solid-liquid interfaces
of immersed structured PS surfaces was systematically investigated. The re-
sults clearly show that the microwells on hydrophobic surfaces are able to trap
gas and form microbubbles. The microwells were initially fully covered by the
entrapped microbubbles that are pinned at the edges of microwells. Then
part of three phase contact line detaches from the microwell edges and the
microbubbles rapidly shrink to a smaller size. Subsequently, the microbub-
bles undergo shrinkage in a constant contact angle mode due to gas diffusion
into the liquid. Experimental results show that the square of footprint area
of the microbubbles decreases linearly with time, which further confirms the
constant contact angle dissolution mode. In addition, our results show that
a higher understaturation enhances microbubble dissolution, while the flow
rates remarkably have no influence on the dynamics of microbubble entrap-
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ment and dissolution. We also see that geometric blockage effects due to the
microwell lead to reduced dissolution rates as compared to free bubbles on
plane surfaces.

In general, we have shown that the position and size of interfacial microbub-
bles can be controlled. It is clear that the surface microstructures lead to gas
entrapment. The amount of the entrapped gas directly depends on the size
of the surface structures. In addition, the quantitative studies under various
undersaturation and flow rate conditions give a rough estimation on the mi-
crobubbles lifetime and stability. We believe this work will lead to a better
understanding of the mechanism of interfacial nanobubble formation and pro-
vide an effective way to more stable and reproducible interfacial micro- and
nanobubbles formation.



Chapter 4

Plasmonic Bubble Nucleation
and Growth in Water: _The
Effect of Dissolved Air

Under continuous laser irradiation, noble metal nanoparticles immersed in
water can quickly heat up, leading to the nucleation of so-called plasmonic
bubbles. In this work we want to further understand the bubble nucleation
and growth mechanism. In particular, we quantitatively study the effect of the
amount of the dissolved air on the bubble nucleation and growth dynamics,
both for the initial giant bubble, which forms shortly after switching on the
laser and which is mainly composed of vapor, and for the final life phase of the
bubble, during which it mainly contains air expelled from the water. We found
that the bubble nucleation temperature depends on the gas concentration: the
higher the gas concentration, the lower the bubble nucleation temperature.
Also the long-term diffusion dominated bubble growth is governed by the
gas concentration. The radius of the bubbles grows as R(t) oc t/3 for air
equilibrated and for air oversaturated water. In contrast, in partially degassed
water, the growth is much slower, since even for the highest temperature we
achieve, the water remains under-saturated.

'Published as: Xiaolai Li, Yuliang Wang, Mikhail E. Zaytsev, Guillaume Lajoinie, Hai
Le The, Johan G. Bomer, Jan C. T. Eijkel, Harold J. W. Zandvliet, Xuehua Zhang, and
Detlef Lohse, Plasmonic Bubble Nucleation and Growth in Water: The Effect of Dissolved
Air, J. Phys. Chem. C 123, 23586-23593 (2019). Experiments and writing are done by Li,
supervision by Wang, Zandvliet and Lohse.
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4.1 Introduction

When noble nanoparticles immersed in water are irradiated by a continuous
wave laser at their resonance frequency, a huge amount of heat is explosively
produced. This leads to a rapid temperature increase and hence to the va-
porization of the surrounding water, resulting in the formation of microsized
bubbles. These bubbles are referred to as plasmonic bubbles [21,22,116]. The
plasmonic bubbles are relevant to various applications, such as biomedical di-
agnosis and cancer therapy [26,28,[117], solar energy harvesting [22,118-120],
micromanipulation of nano-objects [31,33,121,122] and locally enhanced chem-
ical reactions [21,84]. To exploit their potential applications, it is of key
importance to understand the nucleation mechanism and explore the growth
dynamics of these bubbles.

The formation of plasmonic bubbles involves complex physical processes, in-
cluding optothermal conversion, heat transfer, phase transitions, gas diffusion,
and many others [22-25,[116,[123]. In these processes, many factors are rel-
evant, such as particle arrangement [33], laser power [124], liquid type [39],
and gas concentration [24,116]. Among these factors, gas concentration plays
a crucial role in the formation and growth of plasmonic bubbles, like in the
formation of other types of micro/nanoscale surface bubbles [10,99,125]. This
has been addressed in several studies [24,1116,126], but ignored by many oth-
ers [127-129]. By investigating the shrinkage dynamics of plasmonic bubbles,
Baffou and co-workers found that the plasmonic bubbles could survive for sev-
eral hundreds of seconds after the irradiation laser was switched off [24]. This
is due to the fact that the bubbles are actually not vapor bubbles, but mainly
contain gas which was originally dissolved in the liquid [123]. Later, Liu et
al. generated microbubbles at highly ordered plasmonic nanopillar arrays, and
observed a larger growth rate in air-equilibrated water than that in partially
degassed water, which underlines the important role that the dissolved gas
plays in the bubble formation [116].

Recently, we conducted a systematic study of the plasmonic bubble nucle-
ation mechanism [25] and growth dynamics [123]. We found that plasmonic
microbubble nucleation and evolution in water can be divided into four phases:
an initial giant vapor bubble (phase 1), oscillating bubbles (phase 2), a va-
porization dominated growth phase (phase 3), and finally a gas diffusion
dominated growth phase (phase 4) [25,[123]. Dissolved gas governs the bub-
ble dynamics, especially for phase 1 and phase 4. In phase 1, water sur-
rounding the laser irradiated gold nanoparticles becomes superheated, i.e.,
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reaching a_temperature that substantially exceeds the boiling temperature
[23, 24, B5,130-132]. Consequently, vapor bubbles nucleate, grow, and then
become microsized bubbles. In partially degassed water, the lower gas con-
centration leads to less nuclei, and thus to the suppressing the nucleation of
bubbles. As a result, the superheat temperature in partially degassed water
is higher than in air-equilibrated water and it requires a longer illumination
time in partially degassed water before the nucleation of the bubbles sets
in. In phase 4, bubbles enter the long-term growth regime. This phase is
dominated by the influx of dissolved gas from the surrounding water. Exper-
imental results show that the bubble radius roughly scales as R(t) oc t'/3 in
air-equilibrated water, which is distinctly different from the scaling in partially
degassed water [123], where the bubbles in the long-term hardly grow at all.
For both kinds of behavior, R(t) oc t'/3 for the gaseous case and R(t) ~ const
for the strongly degassed case, a theoretical explanation was given [25].

In spite of the above-mentioned studies of the dissolved gas effect on bubble
nucleation and growth dynamics, a quantitative understanding and investi-
gation for systematically varying gas saturation is still lacking. In this work,
such a systematic investigation is performed at six different relative concentra-
tions co/cs of dissolved gas, ranging from highly degassed to over-saturated
water. Here, c is the actual gas concentration, and cg is saturation concen-
tration. This allows us to establish the detailed dependence of the dynamic
parameters of bubble formation on the gas concentration. The understanding
from this work facilitates the control of plasmonic bubble formation in related
applications.

4.2 Methods

Sample Preparation

A fused silica surface patterned with an array of gold nanoparticles was used
to produce plasmonic bubbles. A gold layer of approximately 45 nm was first
deposited on an amorphous fused-silica wafer by using an ion-beam sputter-
ing system (home-built T’COathy machine, MESA™ NanoLab, Twente Uni-
versity). A bottom anti-reflection coating (BARC) layer (~186 nm) and a
photoresist (PR) layer (~200 nm) were subsequently coated on the wafer.
Periodic nanocolumns with diameters of approximately 110 nm were pat-
terned in the PR layer using displacement Talbot lithography (PhableR 100C,
EULITHA) [133]. These periodic PR nanocolumns were subsequently trans-
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ferred at wafer level to the underlying BARC layer, forming 110 nm BARC
nanocolumns by using nitrogen plasma etching (home-built TEtske machine,
NanoLab) at 10 mTorr and 25 W for 8 min. Using these BARC nanocolumns
as a mask, the Au layer was subsequently etched by ion beam etching (Ox-
ford 1300, Oxford Instruments, United Kingdom) with 5 sccm Ar and 50-55
mA at an inclined angle of 5°. The etching for 9 min resulted in periodic
Au nanodots supported on cone-shaped fused-silica features. The remaining
BARC was stripped using oxygen plasma for 10 min (TePla 300E, PVA TePla
AG, Germany). The fabricated array of Au nanodots was heated to 1100°C
in 90 min and subsequently cooled passively to room temperature. During
the annealing process, these Au nanodots re-formed into spherical-shaped Au
nanoparticles. Fig. §.1a shows the schematic of a gold nanoparticle sitting on
a SiOg island on a fused-silica. The energy-selective backscatter (ESB) and
scanning electron microscope (SEM) images of the patterned gold nanoparticle
sample surface are shown in Fig. Qb (left) and Fig. @b (right), respectively.
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Figure 4.1: (a) Schematic of a gold nanoparticle sitting on a SiO2 island on
a fused-silica substrate, (b) A energy-selective backscatter (left) and scanning
electron microscope (right) image of the patterned gold nanoparticle sample
surface, (¢) Schematic diagram of the optical setup for plasmonic microbubble
imaging.
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Gas concentration control

During experiments, the nanoparticle decorated sample surface was immersed
into deionized (DI) water (Milli-Q Advantage A10 System, Germany). Exper-
iments were separately executed to explore the effect of gas concentration both
on the nucleation dynamics of the initial giant bubbles and on the long-term
diffusive growth dynamics of the plasmonic bubbles. For the latter, six dif-
ferent gas concentration levels of ¢ /cs=0.55, 0.65, 0.75, 0.85, 0.96, and 1.20
were used. For the initial giant bubbles, the nucleation dynamics only depends
weakly on the gas concentration and therefore we have only considered three
different gas concentrations of co/cs=0.10, 0.80, and 1.20. All experiments
were conducted at 25 °C and 1 atmosphere.

The oversaturated water was prepared by keeping the water at 4°C for 12
h and then warming up to the room temperature of 25°C. After that, the
measured gas concentration ¢ /cs was 1.2 (by oxygen meter, Fibox 3 Trace,
PreSens). For the air-equilibrated water, a sample bottle containing DI water
was kept open in air for 10 hours, the measured gas concentration is 1.0.
Similarly, the nearly air-equilibrated water with ¢ /cs=0.96 was obtained by
keeping the water in air for 8 hours. To prepare partially degassed water with
different gas concentration values, the water was first degassed for 30 mins in
a vacuum chamber, then the concentration of 0.1 was obtained. Subsequently,
we kept the bottle of the highly degassed water open in air, with the probe of
oxygen meter immersed in the water. The gas concentration in the water was
adjusted by varying the air exposure time.

Setup description

The experimental setup for plasmonic microbubble imaging is shown in Fig.

c. The gold nanoparticle decorated sample was placed in a quartz glass
cuvette and filled with water. A continuous-wave laser (Cobolt Samba) of
532 nm wavelength with a maximum power of 300 mW was used for sample
irradiation. An acousto-optic modulator (Opto-Electronic, AOTFncVIS) was
used as a shutter to control the laser irradiation on the sample surface. A
pulse/delay generator (BNC model 565) was used to generate two different
laser pulses of 400 ps and 4 s in order to study the short-term and the long-
term dynamics of microbubbles, respectively. The laser power was controlled
by using a half-wave plate and a polarizer and measured by a photodiode
power sensor (S130C, ThorLabs). Two high-speed cameras were installed in
the setup. One (Photron SA7) was equipped with a 5x long working distance
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objective (LMPLFLN, Olympus) and the other (Photron SA1) is equipped
with various long working distance objectives: 10x (LMPLFLN, Olympus)
and 20x (SLMPLN, Olympus) and operated at various frame rates from 5
kfps up to 540 kfps. The first camera was used for top-view imaging and
the second one was for side-view imaging. Two light sources, Olympus ILP-1
and Schott ACE I were applied to provide illumination for the two high-
speed cameras. The optical images are processed with a home designed image
segmentation algorithm for the optimized extraction of the bubble radius in
MATLAB [[6,134,135].

4.3 Results and Discussion

4.3.1 Giant bubble nucleation

The influence of gas concentration on the nucleation of plasmonic bubbles was
investigated with a high speed camera at a frame rate of 540 kfps. Figure
shows the nucleation and evolution of giant bubbles for three different gas
concentration levels of c¢o/cs = 0.1, 0.8, and 1.2, respectively, at the same
laser power P, =130 mW. The moment the laser is switched on is taken as
the origin of time, i.e. ¢ = 0 s. One can see that upon laser irradiation the
vapor microbubbles nucleate after a delay time 745. Subsequently, the bubbles
rapidly grow and reach a maximum size in several microseconds (~5 us after
nucleation), followed by a sudden collapse. As can be seen from Fig. , the
maximum volume V4, of the plasmonic bubbles, counter-intuitively, decrease
with increasing ¢ /cs, as discussed in ref. [25]. This can be explained by the
increase in delay time 74 [25]. A longer delay time results in a larger amount
of energy dumped into the system (before nucleation) and thus to a larger
initial giant bubble.
The dependence of the delay time 74 on the laser power P, at each gas concen-
tration was also investigated, as shown in Fig. a. Due to the limited spatial
resolution (~1 pm) of the optical imaging system and the limited temporal
resolution (frame rate 540 kfps) of the high speed camera, the estimated error
in the determination of the delay time is about 2 us. Since the delay time is
in the order of a few hundreds of microseconds, the relative error is less than
1%. It is clear that at each gas concentration c./cs, the delay time decreases
with increasing laser power P;. For a given laser power value, the delay time
decreases with an increasing gas concentration in water.
To determine the nucleation temperature for each combination of laser power
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Figure 4.2: The initial giant bubble nucleation at different gas concentra-
tion levels of coo/cs=0.1 (a), coo/cs=0.8 (b), and co/cs=1.2 (c) at the same
laser power P, = 130 mW. The giant bubbles nucleate after a delay 74, which
decreases with the increasing gas concentration, namely 74(coo/cs = 1.2) <
Ti(co/cs = 0.8) < Ti(co/cs = 0.1), while the maximum bubble sizes are
smaller at higher gas concentrations.

P, and gas concentration ¢ /cs, we have solved a simple heat diffusion model
(see ref. [@]) By assuming a spherical geometry and constant thermal proper-
ties, from that model the temperature evolution around a nanoparticle can be
computed by solving the thermal diffusion equation through a Fourier trans-
formation. The thermal field generated by the nanoparticle array is estimated
through a linear superposition of the temperature field generated by the in-
dividual nanoparticles within the Gaussian laser beam [25]. The numerical
results from this approach were used to fit the measured delay time 745 with a
root-mean-square-minimization method. The fitted curves for the three con-
centration cases are shown in the double logarithmic plot of Fig. b. In
Fig. b, the liquid-vapor line (i.e., the boiling temperature curve) and the
spinodal line (Ty = 305°C for ambient pressure of 1 atm ) were determined
by numerically calculating how long it takes to heat the liquid up to 100 °C
and 305 °C, respectively, for given laser power P,. The estimated nucleation
temperatures from the fitting process are 71 = 190°C (coo/cs = 0.1), T =
212°C (co/cs = 0.8), and T3 = 245°C (coo/cs = 1.2). FigureEc shows the
decreasing nucleation temperature with increasing gas concentration level of
Coo/Cs from 0.1 to 1.2. This quantifies how the gas dissolved in water facilitates
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Figure 4.3: The dependence of the delay time 74 on gas concentration for giant
bubble nucleation. (a) Measured delay time 7; as a function of laser power
P, at different gas concentration. At a given laser power, the higher the gas
concentration, the shorter the delay time. (b) Double logarithmic plot of 74
versus P;. The measured 74 is fitted using a heat diffusion model, whose results
are displayed with solid lines. The three curves are all located in between the
boiling temperature curve and the spinodal curve. (c¢) The obtained nucleation
temperature T,, by fitting 74 for gas concentration ¢ /cs = 0.1, 0.8 and 1.2.
The higher gas concentration results in a lower nucleation temperature, which
indicates that the dissolved gas facilitates the bubble nucleation.

the bubble nucleation.

The dependence of the vapor bubble nucleation on dissolved gas has been
pointed out in several other studies. Indeed, the presence of tiny cracks, cavi-
ties or pits filled with gas, impurities or aggregations of gas molecules can act
as nuclei for bubble nucleation [23,24,85,130-132]. These impurities in water
reduce the nucleation temperature, T,, to a value substantially lower than
the liquid spinodal temperature [136-138]|, and thus enhance the nucleation of
bubbles. When the gas concentration is lower, the probability of forming gas
nuclei is statistically reduced [55], resulting in a higher T,,. Accordingly, the
delay time 74 will increase with decreasing gas concentration, as demonstrated
in Fig. .

In Fig. the maximum bubble size, V},,42, is plotted versus the total dumped
energy E = P;14, which is defined as the accumulated laser energy in the il-
lumination spot on the substrate from the moment the laser is switched on
till the moment of bubble nucleation. Here the laser energy input during the
period of bubble growth to its maximum volume is neglected. The reason that
this can be done is that, once a giant bubble is formed on the substrate, it iso-
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Figure 4.4: Maximum bubble volume V4, versus deposited energy E = 74P,
at different gas concentration levels. For all gas concentrations the same linear
relation between V4, and F is found, regardless of the actual value of 7; and
P

lates the water from the gold nanoparticles, resulting in a strongly suppressed
energy transfer to the water. Moreover, it normally only takes about 5 us for
the initial giant bubble to grow to its maximum value right after it appears.
This period of time (5 ps) is much smaller compared to the bubble nucleation
delay time 74 of a few hundreds of microseconds to milliseconds. As a result,
the contribution of the energy transfer after bubble nucleation is very small
and can safely be ignored.

We find an universal linear relation between V., and E for all gas concen-
trations. This universal linear relation V., = kFE reflects that the energy
stored in the vicinity of the nuclei determines how many water molecules can
be vaporized. The maximum volume of the giant bubble only depends on the
amount of energy dumped into the system before nucleation and not on the
relative gas concentration. The latter confirms that the giant bubbles mainly
consist of vapor.

4.3.2 Long-term growth dynamics

From the above analysis, we have obtained a better understanding of the gas
dependence of the bubble nucleation dynamics. After the initial giant bubble
collapses, it sequentially enters phase 2 (oscillating bubble phase), and phase
3 (vaporization dominated growth phase), followed by the diffusive growth in
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phase 4 [25]. Normally, the final phase begins at ¢ > 0.5s. We now focus on
this long-term growth dynamics of the bubbles to investigate the role of the
dissolved gas also on this terminal growth phase, again by varying the gas
concentration levels from undersaturation to oversaturation (now co/cs =
0.55 — 1.2).

Figure @ shows the long-term growth dynamics of plasmonic bubbles at six
concentration levels of ¢ /cs = 1.2, 0.95, 0.85, 0.75, 0.65, and 0.55. For the
oversaturated water (coo/cs = 1.2), the bubble volume V as a function of
time is shown for several laser powers in Fig. @a. The bubble volume V
increases linearly with time ¢ for all laser powers. The corresponding bubble
radius R(t)ocV (t)'/3 is shown in Fig. b, but now as double-logarithmic
plot. After about 0.5 s, R roughly follows an effective R(t) ~ t'/3 scaling law.
Figures #.5c and d show the corresponding results in nearly gas equilibrated
case with c¢o/cs = 0.95. The bubble growth has a similar behavior with that
in the oversaturated water. The linear relationship of bubble volume versus
time (Fig. @c) and the 1/3 effective power scaling law of R(t) (Fig. @d)
are both observed again.

The results for partially degassed water are displayed in Fig. @e—l. In the
partially degassed water with ¢ /cs = 0.85 (Fig. f.5e and f), we again observe
a similar bubble growth dynamics as in the overstaturated water and air-
equilibrated water, i.e. a linear relationship of bubble volume versus time (Fig.
@e)7 and an effective 1/3 power scaling law of R(¢) (Fig. @f) However, when
the gas concentration in partially degassed water is even lower, the growth
dynamics is distinctly different. Figure §.Hg shows the bubble volume versus
time in water with ¢ /cs = 0.75. In this case the volume no longer linearly
increases with t. The radius scales as R(t) o t*, with an effective exponent
a ~ 0.27 (Fig. @h) For even lower gas concentraions, namely, ¢ /cs = 0.65
and 0.55, a reduces to 0.22 and 0.07, respectively.

In plasmonic bubble related applications, the maximal bubble size (volume)
is an important parameter. Figures fl.9a, ¢ and e indicate that besides laser
power, the growth rate of the bubble volume x = dV /dt is related to the
gas concentration. Figure @ shows the growth rate x as a function of the
laser power P, for the three different gas concentrations (co/cs=1.2, 0.95 and
0.85). Since V is not proportional to ¢t when ¢, /cs is lower than 0.75, we only
extracted  for these three cases. We can see that x increases roughly linearly
with the laser power for all gas concentrations, k=kp, - F;. We find that for
ﬁher gas concentrations, the slope kp, increases, as seen in the inset of Fig.



64 CHAPTER 4. PLASMONIC BUBBLES: GAS EFFECTS

c/c=12 c/c=0.95 c./c=0.85
2 2
: —197mW (a) —197 mW —197 mW (e

165 mW 165 mW 165 mW

—128 mW 1.5t —128 mW 1.5[|—128 mw

%E 2H—103mw Z |[—103mw —103 mW

S |[—74mw g |[|—74mw —74mW

& |[—s0mw S 1 H—50mwW —50 mW
X X
> >

R (um)

v 2 > 10 10? - -2 ] 2
10% 102 t(s) 10° 102 10+ 102t (s) 10° 10
c /c=0.75 c./c.=0.65 c /c=0.55
25 v S e s > s
—197 mwW i — 197 mW (k)
2 165 mW 165 mW
—128mW — 128 mW
—  ||—103mw —103 mW
§1.5 —74 mW ~—T74mW
S ||=50mW —50 mW NP
X1
>
0.5
0 2 4 6
t(s)
10? a 2 - 2
~r . (h) 165 mW D () —To7mw (I
& — 128 mW N 165 mW.
—103 mW OQ@ — 128 mW
~ ~ [|—7mw [ & ~ [[—103mw =0
£ E tl—s0mw £ t—74mw S\O?/
S S = ||—50mW
™ =197 mW ~ ~
165 mW
— 128 mW
10! —103mW|{ 10' 10' N2
—74mW
—50 mW
- = > = > o 2 10+ 102 10° 10?
10+ 10 t(s) 10° 10 10 10 t(s) 10 10 t(s)

Figure 4.5: Long-term bubble growth dynamics at different gas concentra-
tions and laser powers. coo/cs=1.2 (a, b), co/cs=0.95 (¢, d), ¢o0/cs=0.85
(e, 1), coo/cs=0.75 (g, h), coo/cs=0.65 (i, j), coo/cs=0.55 (k, 1). Linear plots
of bubble volume V (a, c, e, g, i, and k ) and double logarithmic plots of
bubble radius R (b, d, f, h, j, and 1) as functions of time ¢ for gas concentra-
tions coo/cs=1.2, 0.95, 0.85, 0.75, 0.65, and 0.55, respectively. At co/cs=1.2
(oversaturated water), 0.95 (nearly air-equilibrated water) and 0.85 (partially
degassed water), V' linearly increases with time for different laser powers. Ac-
cordingly, R(t) follows the t'/3 scaling law. At lower gas concentrations, the
volume no longer linearly increases with ¢, but exhibits a reduced power law
dependence of R(t) o t* with @ = 0.27, 0.22, and 0.07 for ¢o/cs=0.75, 0.65
and 0.55, respectively, as shown in (h, j, 1).
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Figure 4.6: Bubble volume growth rates « in the relation V' = kt as function
of laser power P}, for different gas concentrations (from c/cs=0.85 to 1.2).
& linearly increases with increasing laser powers x = kp, Fj. The prefactor kp,
is found to linearly increase with gas concentration levels ¢ /cs, kp, X oo /cs,
as shown in the inset figure.

The above results quantitatively demonstrate the importance of the dissolved
gas on bubble growth. Previously, it was shown that for gas saturation
Cxo/Cs =~ 1 the long-term bubble growth (phase 4) is dominated by the in-
flux of gas, which is locally produced around the plasmonic nanoparticles due
to heating, [] as the solubility c¢s decreases with increasing temperature.
All the expelled gas by oversaturation is taken up by the bubble. For such
a production-limited growth process the growth rate is constant, dV/dt = k
and consequently V(t) o< t or R(t) o t'/3. Considering the heating transfer
originated from gold nanoparticles and mass influx, the bubble volume growth
rate k is given by []

R,T Coo dcs B

K=
My(Px + 23) ¢s dT Cypu

= kp - P, (4.1)

where M, is the molecular mass of the gas, R, the gas constant, Py, is the
ambient pressure and o the surface tension, p,, is water density, and C, is
the specific_heat capacity of water, d1" is the increase of water temperature.
Equation (@) shows that for large R >> 20/P, k is proportional to both
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the relative gas concentration co/cs and the laser power P,. Again, these
linear dependences (k o P and kp, ¢ /cs ) are consistent with the results
shown in Fig. .

The effective power law exponent « in the time dependence R(t) o t* of the
bubble radius R(t) is used to further investigate the role of the dissolved gas on
the bubble growth dynamics (Fig. @) As shown in Fig. @a, the effective
exponent « is approximately 1/3 for all laser powers if ¢y /cs exceeds 0.85.
For lower gas concentrations, ¢ /cs = 0.55 — 0.75, the effective exponents
are smaller than 1/3 and slightly increases with increasing laser power PF.
These results are consistent with our previous findings, where R(t) o t'/? and
R(t) o< t%97 for experiments in air equilibrated water and degassed water,
respectively. [123] Figure @b shows the effective exponent as a function of
Coo/Cs. As seen before, for given laser power, the exponent increases with
increasing gas concentration. The dependence of a on both ¢ /cs and P is

summarized in the three-dimensional Fig. C.
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Figure 4.7: Effective power law exponent « in R(t) o t* as function of laser
power P; and gas concentration ¢ /cs. (a) Effective exponent « as a function
of laser power for six different gas concentrations ¢, /cs. (b) Effective exponent
« as a function of gas concentration for different laser powers P;. (c¢) 3D plot
of a as a function of ¢ /cs and P;. Approximately, « monotonously increases
with both P, and ¢ /cs.

The above results reveal how the dissolved gas controls the long-term bubble
growth dynamics. For large gas concentrations there is a constant influx of
gas into the bubble, leading to a linear growth of bubble volume. The transfer
of heat per unit area to the bubble/water interface becomes so small that
there is insufficient energy available to overcome the large latent heat of the
vaporization barrier. As a result, gradually the bubble is thermally decoupled
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from the nanoparticles. The amount of vapor molecules inside the bubble
stabilizes. Thus the bubble growth will be dominated by expelled gas due to
the local gas oversaturation.

For large enough initial gas concentration ¢, /cs > 0.85, the effective exponent
« in the dependence R(t) ox t* saturates at an exponent of 1/3, which is the
limit of value for the diffusive growth. In addition, for strongly undersaturated
water, the exponent is smaller than 1/3. The latter can easily be understood
since the solubility of gas in water decreases with increasing temperature.
This means that the water first has to be heated up to a temperature where
it becomes supersaturated. Once the water has reached this supersaturated
regime, the bubble grows by gas that is expelled from the supersaturated
water. With increasing bubble size, the thermal energy transferred per unit
area of the bubble/water interface will rapidly decrease. As a result, the
amount of over-saturated gas per unit volume near the bubble/water interface
will decrease too. At some point the energy transferred to the bubble/water
interface becomes so low that no further gas is expelled and the bubble growth
terminates.

Notably, at higher laser powers, the effective scaling exponent « for ¢, /cs=0.65
and 0.75 in Fig. a becomes approximately equal. The reason is that the
relative oversaturation of gas, which dominates the long-term growth of plas-
monic bubble, depends on the original amount of dissolved gas (at room tem-
perature) as well as on the temperature (and thus the laser power). If the laser
power is larger, the water will be heated up to higher temperatures, leading
to a larger gas oversaturation (the solubility of air in water decreases with
increasing temperature). As a result, the effect of the initial gas concentration
will become weaker at higher laser power. We found a similar behavior for
Coo/€s=0.85, 0.96, and 1.2. The effective scaling exponent « for these three
different but relatively large gas concentrations is very comparable at higher
laser powers.

4.4 Conclusions

In summary, the effect of the dissolved gas on the dynamics of plasmonic bub-
ble nucleation in the early phase and in the long-term growth regime has been
systematically studied. In the early phase, lower gas concentrations lead to a
longer delay times 74, larger maximum volume, and higher nucleation temper-
ature, which indicates that the dissolved gas facilitates bubble nucleation. We
have found a linear relation between the bubble volume and the total energy.
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The prefactor of this linear relation is the same for all gas concentrations re-
flecting that the bubbles that form in the first stage of the irradiation process
are vapor bubbles. Regarding the long-term growth dynamics, we have shown
that the growth rate s of the bubble volume monotonically increases with gas
concentration ¢, /cs and laser power P;. Moreover, the experimental results
show a linear dependence of k = kp, P}, where kp, linearly increases with co /cs.
The radius R(t) of the plasmonic bubbles follows the power law dependence
R(t) o< t*. For all laser powers, the effective exponent « for all laser powers is
approximately 1/3 when ¢y /cs is larger than 0.85. However, for lower ¢, /cs
values, the effective exponent is smaller than 1/3 and monotonously decreases
with decreasing P, and ¢ /cs. For strongly degassed water the exponent « is
smaller than 1/3 because the water first has to be heated up to a temperature
where it becomes super-saturated and gas can be expelled.



Chapter 5

Plasmonic microbubble
dynamics in binary liquids

The growth of surface plasmonic microbubbles in binary water-ethanol solu-
tions is experimentally studied. The microbubbles are generated by illuminat-
ing a gold nanoparticle array with a continuous wave laser. Plasmonic bubbles
exhibit ethanol concentration dependent behaviors. For small ethanol concen-
tration f.< 67.5%, bubbles do not exist at the solid-liquid interface. For large
fez 80%, the bubbles behave as in pure ethanol. Only in an intermediate
window 67.5%< f.< 80%, we find sessile plasmonic bubbles with a highly
non-trivial temporal evolution, in which as function of time three phases can
be discerned: (1) In the first phase the microbubbles grow, while wiggling,
(2) as soon as the wiggling stops the microbubbles enter the second phase in
which they suddenly shrink, followed by (3) a steady reentrant growth phase.
Our experiments reveal that the sudden shrinkage of the microbubbles in the
second regime is caused by a depinning event of the three-phase contact line.
We systematically varied the ethanol concentration, the laser power, and the
laser spot size to unravel water recondensation as the underlying mechanism
of the sudden bubble shrinkage in phase (2).

!Published as: Xiaolai Li, Yuliang Wang, Binglin Zeng, Marvin Detert, Andrea Pros-
peretti, Harold J. W. Zandvliet, and Detlef Lohse, Plasmonic microbubble dynamics in binary
liquids, : J. Phys. Chem. Lett. 11, 8631-8637 (2020). Experiments and writing are done by
Li, supervision by Wang, Zandvliet and Lohse.
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5.1 Introduction

Plasmonic microbubbles formed around metal nanoparticles immersed in lig-
uid and irradiated by a resonant light source have numerous applications
ranging from biomedical diagnosis and cancer therapy [26,28-30], microma-
nipulation of micro/nano-objects [B1-383], to locally enhanced chemical reac-
tions [21,34]. A proper understanding of the plasmonic microbubble dynamics
is crucial for the optimal usage of these bubbles in the aforementioned appli-
cations.

In a previous study, we have shown that plasmonic microbubbles in pure
(mono-component) liquids undergo four different phases: the initial giant va-
por bubble (phase I), the oscillating bubble (phase II), the water vaporiza-
tion dominated growth (phase III), and the air diffusion dominated growth
(phase IV) [25]. The bubble dynamics in these different phases depends on
several factors, such as particle arrangement [33], laser power, gas concen-
tration [25,[123,[139], and types of liquid [39,1140]. The nucleation of a giant
bubble is initiated by locally heating the liquid around the plasmonic particle
up to the spinodal temperature [25]. The heating process is limited by ther-
mal diffusion and can theoretically be well described [35,387,88]. Moreover, the
dissolved gas plays a major role in bubble nucleation: an increase of the rela-
tive gas concentration leads to a lower bubble nucleation temperature [25,139].
The radius of the bubble in the air diffusion dominated phase IV is R(t) oc t/3
for air equilibrated or air-oversaturated water [123,139]. Furthermore, several
studies on the shrinkage of bubbles have revealed that the shrinkage depends
on the illumination history of the bubble as well as the gas concentration level
of the liquid [24,141].

Most of these studies were conducted in water or other pure liquids [140],
such as n-alkanes [39]. However, it is known that many plasmonic assisted
processes also take place in binary liquids [34]. However, the dynamics of
plasmonic bubbles in binary liquids has not yet been investigated in detail.
Only in a recent study, we started to investigate the formation of the initial
giant plasmonic bubbles in binary liquids [40]. It was shown that the dynamics
of bubble nucleation depends on the exact composition of the binary liquid,
which could be rationalized based on the constituents of the binary liquid ex-
hibiting different physicochemical properties, such as boiling point and latent
heat. In the aforementioned study the focus was only on phase I of the plas-
monic bubble formation process, namely, bubble nucleation. A thorough and
complete understanding of the full long-term growth dynamics of plasmonic
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bubbles in binary liquids is still lacking. In this study, we investigate the
growth dynamics of plasmonic bubbles in ethanol/water mixtures over a large
range of parameters and over the full bubble lifetime cycle.

5.2 Methods and Materials

The preparation of sample with gold nanoparticle, and the experimental setup
for plasmonic microbubbles imaging are shown in Fig. b and ¢ in Chap-
ter 4.2. During experiments, the nanoparticle decorated sample surface was
immersed into binary liquids of ethanol (Sigma-Aldrich; > 99.8%) and deion-
ized (DI) water (Milli-Q Advantage A10 System, Germany). The ethanol and
water were kept open in air for 8 hours to make them air saturated. After
that, they were mixed to prepare binary liquids with ethanol ratios of 20%,
40%, 60%, 65%, 67.5% - 80% with a step of 2.5%, 85%, and 90%. The ob-
tained binary liquids were then immediately transferred into a sealed cuvette
for experiments. Since the air solubility in ethanol is much higher than that
in water, the prepared binary liquids must be air saturated as well.

5.3 Results and Discussion

We first report the plasmonic bubble behavior as a function of the ethanol
concentration f., see Fig. . First, in binary liquids with ethanol concen-
trations 0 < fe< 67.5% (weight), the bubbles are unstable and not pinned at
the substrate. As an example, in Fig. p.lla (left column) we show the bubble
dynamics for an ethanol concentration of 40%. In this regime, after nucle-
ation, the bubble detaches from the substrate. Subsequently, a new bubble is
generated and then also detaches.
Next, at ethanol concentrations 67.5%< f.< 80%, we find that the plasmonic
bubble does not detach from the substrate. As an example for this regime,
the dynamics for f, = 70% is shown in Fig. Ella (right column). Instead,
after an initial growth phase, the plasmonic bubble starts to wiggle in this
regime, with gradually increasing radius R (Fig. Ellb (I)), considerably vary-
ing contact angle 6 (Fig. Ellb (IT)) and horizontal center position X. (Fig.
b (III)). During the first few seconds after nucleation, the radius, contact
angle and horizontal center position exhibit an erratic behavior. At ¢t = 4.07
s after bubble nucleation at ¢ = 0 s, the bubble abruptly stops wiggling and
simultaneously starts to shrink for a short time. Afterwards, the bubble con-
tinues to steadily grow without exhibiting any wiggling. The abrupt stop of
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Figure 5.1: (a) Dynamics of plasmonic bubble growth in ethanol-water mix-
tures with ethanol concentrations of f. = 40% (left) and f. = 70% (right). In
the binary liquid with f. = 40%, the bubble detaches from the substrate after
nucleation, whereas in the binary liquid with f. = 70%, the bubble remains
pinned on the substrate and gradually grows. A sudden shrinkage is observed
at time t; = 4.07 s. (b) The radius R(t) (I), contact angle 6(¢t) (II), and
horizontal center position X.(¢) (III) of the bubble in the binary liquid with
fe = 70%. The inset in (I) shows a sketch, which defines the radius R, the
contact angle 6, the horizontal center position X., and the footprint diameter
L of the bubbles. (c¢) R(t), 6(t) and X.(¢) for a bubble in a binary mixture
with fe = 90%, compared to the cases for pure water and pure ethanol. The
laser power is P, = 100 mW in all cases of Fig. a, b, c.
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wiggling and the simultaneous starting sudden shrinkage always occur in the
regime 67.5%< f.< 80%. We define the moment when this occurs as time of
shrinkage ;.

Finally, when the ethanol concentration f. of the binary liquids is higher than
80%, we_observed stable bubble growth, like in pure water and pure ethanol.
Figure p.llc shows the bubble dynamics in pure water, in pure ethanol and
in a binary liquid with f. = 90%. The laser power P, was maintained at
100 mW for these three measurements. In these three cases, the bubbles
grow monotonously, with gradually increasing R (Fig. @c (I)). No visible
intermediate shrinkage and wiggling (Fig. Eli (IT) and (III)) were observed.
Moreover, the radii of the bubbles increase with increasing ethanol concentra-
tion. As known from ref. [123] , for air saturated water, the observed long-term
growth is dominated by gas-diffusion. However, for the binary liquids in the
regime of f.= 80%, bubble growth is dominated by the vaporization. Since the
gas solubility in ethanol increases with temperature, the gas expelled from the
liquid evaporation can be dissolved into liquids again, which has been shown
in a recent study in n-alkane [39].

The above results demonstrate that the ethanol concentration in water-ethanol
mixtures plays a pivotal role in the bubble growth. Our interpretation of the
observed phenomenon is as follows: in binary liquids with small ethanol ratios
fe< 67.5%, the detachment of bubbles from the substrate is caused by solutal
Marangoni flow [142]. Because ethanol has a lower boiling temperature than
water, at the hot substrate it evaporates much faster than water, leading to
an ethanol depleted region near the three-phase contact line (triple-line) of
the bubbles. The liquid at the top of the bubble is ethanol rich and thus has
a smaller surface tension than the ethanol depleted region at the bottom of
the bubble, resulting in a downward Marangoni flow. This solutal Marangoni
flow pushes the bubble upwards, similarly to what has been observed for a
jumping droplet in an ethanol-water concentration gradient [143]. As a result,
the bubble detaches when the Marangoni flow is strong enough to overcome
the pinning of the bubble at the surface.

The proposed mechanism for bubble detachment can be quantitatively vali-
dated. Here we consider an unstable bubble in binary liquids with an ethanol
concentration f. ~ 40% — 50% as an example. The surface tension dif-
ference Ao between the bubble top (fe ~ 40% — 50%) and bubble bot-
tom (providing f. = 0% — 20%) is Ao ~ 20 — 40 mN/m. For a bubble
with a radius R =~ 50 pm, the magnitude of the upward Marangoni force is
Fy ~ AcR =1 x 1075 — 2 x 107°N. The Marangoni force competes with
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the vertical capillary force Fj,. Since the measured contact angle of water
a = 29.1° (Fig. a in the Appendix) on our substrate is in the same ball-
park as that on a smooth glass surface (a = 24°) [144] , the influence of
the gold nanoparticles on the pinning/capillary force of the substrate is very
limited. As a result, it is reasonable to estimate the vertical capillary force
by F, =~ onLsina ~ 1.4 X 10~% N, assuming that the substrate is homoge-
neous [145,[146]. In this expression, the surface tension o = 50 mN/m, the
medium value of measured contact angle (gas side) # = 160°, and the perime-
ter of the three-phase contact line 7 = 85 um.

Notably, the surface tension of the ethanol-water mixtures changes rapidly for
small ethanol fractions but remains almost constant for large ethanol fractions
[147,148] (see Fig. @ in the Appendix). This feature explains the observed
peculiar behavior: For pure water, the bubble remains pinned because there
is no downward solutal Marangoni flow, but an upward thermal Marangoni
flow. For low ethanol concentration f.< 67.5%, due to the strong dependence
of the surface tension on f. in this regime, a large gradient in surface tension
can be created and the resulting Marangoni flow is strong enough to depin the
bubbles. With increasing ethanol fraction, the surface tension gradient across
the bubble and thereby the Marangoni flow become weaker until finally, at f.
~ 67.5%, it is unable to overcome the pinning. Therefore, for that ethanol
concentration a transition from detaching bubbles to pinned bubbles with
stable growth takes place.

However, this mechanism still does not explain the observed wiggling and
sudden shrinkage of the stable bubbles in the regime 67.5%< f.< 80%. In
order to find out the physical mechanism for the sudden bubble shrinkage,
from the bottom view we tracked the changes of the triple-line of a bubble
during the growth. Figure p.2a shows the sequential side view images (first
row) and bottom view images (second row) of a bubble in a binary liquid with
fe = 70%. The bubble shrinks in Fig. @a (IV). In the bottom view images,
a dry region (the light grey center area) can be observed within the triple-
line. The dry area becomes circular and increases after the sudden shrinkage
(IV=V). Figure @b shows the profile of the triple-line as extracted from the
bottom view as well as the spot profile of the laser.

It is found that the triple-line is first pinned at the edge of the laser spot (the
first column of Fig. a (I)), and then partially depins (Fig. a (II) and
(II1)). This explains the wiggling behavior of the bubble shown in Fig. b.
When the contact line depins completely from the laser spot region (Fig. p.2b
(IV)), the bubble shrinks. Afterwards, the triple-line remains circular and
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Figure 5.2: Dynamics of the bubble shrinkage. (a) Sequential side and bottom
view images of a stable bubble in binary liquids with f. = 70%. The bubble
shrinkage occurs in Fig. @a (IV). (b) The three-phase contact line of bubbles
extracted from the bottom view images of Fig. a. The three-phase contact
line is initially pinned, and later partially pinned, at the edge of the laser spot
(green line). At the moment ¢5 of sudden shrinkage at IV, the bubble com-
pletely depins. After that, the contact area remains circular with increasing
radius. (c) Schematics of bubble growth and shrinkage in a binary liquid.
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gradually expands, as shown in Fig. @b (V).

The whole process of bubble growth and shrinkage is schematically shown in
Fig. @c. In the early stage of bubble growth, the evaporation of the more
volatile ethanol in the binary liquids governs the bubble growth. As a result,
the water concentration around the three-phase contact line, of which the size
is defined by the laser spot, is relatively higher than the bulk binary liquid.
At the triple line, the rapidly increasing bubble volume tends to expand the
bubble and thus moves the triple line outwards. At the same time, the higher
water concentration around the triple-line (due to the ethanol evaporation)
leads to a locally increased surface tension, resulting in an increased receding
contact angle [149,[150]. This helps to make the triple line stay pinned. The
two effects compete. When the increased surface tension dominates, the triple-
line remains pinned. Because of the continuous evaporation of the surrounding
liquids, the bubble keeps growing. Finally, the contact angle (liquid side)
reaches its receding value and the contact line begins to depin. During this
process, the contact line is first partially depinned. Finally, once the water
around the laser spot region is completely evaporated, complete depinning
takes place, exhibiting a rapid decrease of the contact angle (gas side).

After depinning of the three-phase contact line, the region of the laser spot
on the sample substrate is isolated by the bubble from the liquid. Owing to
this effect, the light-vapor conversion efficiency significantly reduces and part
of the vapor inside the bubble condenses, resulting in a sudden shrinkage of
the bubble (Fig. @b (I)). A numerical calculation (Fig. @ in the Appendix)
shows that the sample substrate remains non-isothermal in the vicinity of the
triple-line when the rapid shrinkage takes place. This means that once the
bubble depins, the temperature will drop at the triple-line, resulting in vapor
condensation and hence rapid bubble shrinkage. The phenomenon resembles
similar jumps in the contact angle occurring for evaporating [151-155] or dis-
solving binary droplets [[156]. After the shrinkage, the bubble enters a steady
growth phase again, but now with a lower optothermal conversion efficiency,
during which there is no visible shrinkage happening again.

Note that the bubble shrinkage due to the pinning effect only appears in the
binary liquids with intermediate ethanol ratios 67.5%< f.< 80%. In general,
considering that the pinning force depends on the wettability and the rough-
ness of the surface, the three-phase contact line motion must be expected to
move in the ’stick-slip” mode [10,157-160], made up of one or 'more’ stick
phases, in which the contact line is pinned. However, in contrast to this ex-
pectation, the bubble growth and the contact angle in pure ethanol and pure
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water seem to exhibit monotonous growth in our experiments, as seen in Fig.

c. We interpret this finding that for the bubbles in the pure liquids, the
pinning effect is only minor and not visible, and the ’stick’ phase duration is
so short that with our temporal resolution of 1000 fps, it is invisible in the
measured dynamical process.

We now further verify the mechanism of bubble shrinkage by varying the laser
power P, and the laser spot size. Figure p.3a shows the bubble radius versus
time at different laser powers for 5x and 10x objectives for laser focusing
implying two different laser spot sizes (See Fig. @a and b for reproducible
results of R(t) in the Appendix). In Fig. b the delay time ¢4 is plotted
versus the laser power. For a fixed laser power, the delay time of the 5x
objective is substantially longer than that of the 10x objective due to the
weaker focusing of the laser beam, resulting in a larger laser spot and lower
power density.

The differences in the observed start moment of shrinkage ¢ can be understood
by capturing the dynamics of the three-phase contact lines for the 5x and
10x objectives, see Fig. c and p.3d (see also Fig. @ for contact line
L as a function of radius R in the Appendix). After a slight monotonous
increase of the footprint diameter of the bubble, it exhibits a sudden jump
and eventually gradually increases again. The sudden jump in the footprint
diameter coincides with the depinning and shrinkage of the bubble. For the 5x
and 10x objectives the jump in the footprint diameter occurs at about 50 pym
and 30 pum, respectively. These values agree well with the laser spot diameters
D; =46 pm and 27 pum for the 5x and 10x objectives, respectively, as shown
in the insets of Fig. c and p.3d. This also confirms that the triple-lines are
initially pinned by the laser spot and shrinkage occurs because of complete
depinning. The laser spot size increases with increasing laser power. As a
result, the heated region and therefore the pinning radius increases. Thus,
the delay period is longer for higher laser powers as more liquid needs to be
evaporated to exceed the pinned region.

Finally, we have investigated the dependence of the bubble shrinkage dynam-
ics on the ethanol concentration. As shown in Fig. @a, the bubble shrinkage
is observed for ethanol concentrations varying from 70% to 80% (See Fig. p.7c
and d of the Appendix for the reproducible results with different f. at laser
powers of 60 mW and 100 mW, demonstrating that this behavior is robust
and reproducible.). Figure p.4b shows the footprint diameter versus time. As
we have kept the laser power and laser spot size constant, the footprint diam-
eter at which the sudden shrinkage occurs is almost the same for all ethanol
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Figure 5.3: Dependence of the bubble shrinkage dynamics on laser power P,
and laser spot size D; at fo = 70%. (a) Bubble dynamics for different laser
powers P at 5x and 10x objectives for laser focusing. (b) Delay time, ¢, as
function of laser power. (c, d) Footprint diameter of the bubble versus time
for 5x (c) and 10x (d) objectives. The insets show the laser spots. Scale bars:
50 pm.
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Figure 5.4: Bubble shrinkage dynamics for various ethanol concentrations in
the stable bubble regime 67.5%< f.<80%. (a) Radius R(t) and (b) footprint
width L(t) at a laser power of 60 mW. (c¢) The delay time ¢, of bubble shrinkage
versus ethanol ratio f. for laser powers of 60 mW, 70 mW, 100 mW, and 130
mW. (d) Schematic diagram of the bubble point and dew point of ethanol-
water mixtures, at ambient pressure.
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concentrations. Interestingly, the time t; of shrinkage steadily decreases with
increasing ethanol concentrations (Fig. @c)

The decrease of t5 with increasing ethanol concentration is attributed to the
fact that the dew point of the ethanol-water mixture decreases with increasing
ethanol concentration, see Fig. @d [161,162]. From the phase diagram it
is immediately clear that at a higher ethanol concentration the ethanol can
be evaporated at lower temperatures. Since the laser power and laser spot
size are kept constant in this series of experiments, we can safely assume
that the heating efficiency remains constant. Therefore, less energy and thus
less time is required to evaporate ethanol for a binary liquid with a higher
ethanol concentration as compared to a binary liquid with a lower ethanol
concentration. The phase diagram also shows that the water/ethanol mixture
becomes azeotropic at ethanol concentration higher than 90%, implying that
the binary liquid starts to behave as a pure liquid. This perfectly agrees
with our experimental findings shown in Fig. c, as beyond f. ~ 90% the
plasmonic bubble behaves as in pure ethanol.

5.4 Conclusions

In summary, we have shown that the growth dynamics of plasmonic microbub-
bles in water-ethanol binary liquids strongly depends on the ethanol concen-
tration. At ethanol concentrations below 67.5% bubbles nucleate and subse-
quently detach from the substrate due to the downward Marangoni flow. For
ethanol concentrations in the range from 67.5% to 80%, the bubbles first wig-
gle. A sudden bubble shrinkage takes place after a delay time tg, originating
from the complete depinning of the wiggling bubble from the laser spot area
on the sample surfaces. Prior to that event the bubble was pinned or partially
pinned on the laser spot. When the liquid around the pinned region is com-
pletely evaporated, the instantaneous expansion of the three-phase contact
line as well as the sudden shrinkage takes place. Finally, when f.> 80%, the
binary solutions become azeotropic, leading to a similar behavior as in pure
liquids, and bubbles steadily grow. The knowledge of the sensitive depen-
dence of the plasmonic bubble dynamics on the liquid compositions obtained
in this paper may help in exploiting the relevant applications of these bubbles
in multiple-component liquids. E.g., when a good local mixing of the binary
liquids is preferable, operating in the first regime f.< 67.5%, in which the
bubble is wiggling, may be preferable. Having understood features is also a
prerequisite to exploit them in optimizing the energy conversion efficiency of
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plasmonic bubble generation.

5.5 Appendix

5.5.1 Temperature field of a silica substrate with a gold nanopar-
ticle array

A numerical calculation was performed to study the effect of the heat conduc-
tivity of the substrate (fused silica: 1.4 - 1.5 W/m - K for 293K-373K) on the
temperature field in the vicinity of the three-phase contact line (triple-line) of
the bubbles. Details of the method can be found in our recent publication [@]
Using this method, the spatial-temporal evolution of the substrate tempera-
ture can be obtained. Since the surrounding fluid (either vapor or water) has
an influence on the temperature field of the substrate, we have considered two
critical cases. In case 1 the surrounding fluid is vapor, whereas in case 2 the
surrounding fluid is water. The temperature fields after 10s are shown in Fig.

a and p.Hb, respectively. In both cases there is a substantial temperature
gradient at the location of the laser spot. This means that the substrate is not
isothermal during the first 10 s. Consequently, once the bubble depins, the
temperature will drop at its triple-line, resulting in vapor condensation and
hence shrinkage of the bubble.

substrate

Lase répot
region

Figure 5.5: Numerical calculated temperature field of the substrate exposed
to vapor (a) and immersed in liquid (b) under continuous laser irradiation for
10s. (c¢) Schematics of the temperature field.
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In the actual experiments, obviously the substrate was neither completely
immersed in water, nor fully exposed to vapor. As shown in Fig. c, the
substrate within the triple-line region is in contact with the vapor, whereas
the rest of the substrate is in contact with water. Due to the large difference
in the heat conductivity of vapor and water, the temperature gradient of the

substrate around the triple-line is even more pronounced than shown in Fig.
@a and @b.

5.5.2 Surface tension of ethanol and water mixtures

Figure @ shows the surface tensions of the ethanol-water binary liquid with
ethanol weight ratio fe from 0 to 1 at 20 °C, at 50 °C, and at boiling temper-
ature (which depends on f.). For each of the three curves, the surface tension
o of the binary liquid decreases with the ethanol ratio f.. It is also seen that o
changes rapidly for small ethanol fractions and more slowly for larger ethanol
fractions. The surface tensions for f. = 67.5% and f. = 80% are shown in
Table b.1|.

-9~ 20°C
50 °C
-8 Boiling point | |

Figure 5.6: Surface tension of ethanol-water binary mixtures as a function of
fe at 20 °C, at 50 °C, and at the respective boiling temperature of the mixture
(which depends on f).
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Table 5.1: Surface tension of binary liquids with ethanol ratio f. = 67.5% and

£, = 80%
Temperature o(f. =67.5%), mN/m o(f. =80%), mN/m
20 °C 26.46 24.94
50 °C 23.8 22.31
Boiling point 19.46 18.39

5.5.3 Robustness and reproducibility of the bubble shrinkage
measurements

Figures @a and @b show repeated experimental results with the 5x (Fig.
ﬁa (I)) and 10x (Fig. a (II)) objectives at an ethanol concentration
fe = 70% and_at different ethanol concentrations for fixed laser powers of
60 mW (Fig. @b (I)) and 100 mW (Fig. @b (IT)), respectively. Clearly,
the dynamics of the bubble shrinkage at different laser powers and ethanol
concentrations is robust and highly reproducible (see also Fig. b and @c
in the paper).

5.5.4 Dynamics of three-phase contact line and bubble radius

The dynamics of the three-phase contact line (triple-line) during bubble growth
is shown in Fig. . For both the 5x and 10x magnification objective of laser
focusing, the triple-line first slightly increases with the increasing bubble ra-
dius. The triple-lines jump at about 50 pgm and 30 pm for the 5x and 10x
objectives, respectively, as shown in Fig. . Thus, right after the jump, the
radii of bubbles are slightly smaller than before. After that, the bubbles enter
the steadily growing phase and the triple-line gradually moves outwards along
with bubble growth.

5.5.5 Comparison of the bubble shrinkage dynamics on a sub-
strate with a gold layer and gold nanoparticle decorated
substrate

To confirm that the observed bubble shrinkage is not sample specific, we re-
peated the experiments on a substrate with a smooth gold layer immersed in a
binary liquid with ethanol fraction f, = 70%. As shown in Fig. a and @b,
the contact angle of the water droplet on the bare gold substrate is 57.6°, which
is much larger than the contact angle of water droplet on the gold nanoparticle
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Figure 5.7: Repeated experimental results of the bubble shrinkage dynamics.
(a) The bubble shrinkage dynamics for different laser powers using the 5x
objective (I) and the 10x objective (II) at an ethanol concentration of f, =
70%. (b) Bubble shrinkage dynamics for various ethanol concentrations in the
regime of 67.5% < f.<80% at laser powers of 60 mW and 100 mW, respectively.

decorated fused silica substrate. We also measured the roughness of the two
surfaces through an atomic force microscope. Atomic force microscope (AFM)
height images for the two samples are shown in Fig. @a (IT) and Qb (II).
The measured roughness values are 34.2 nm and 1.4 nm for the nanoparti-
cles decorated substrate and the one with the gold layer, respectively. The
comparison of the bubble growth dynamics on the gold layer substrate and
gold nanoparticle decorated substrate is shown in Fig. c. Despite the large
difference in surface roughness, the same sudden decrease in the bubble radius
is observed. This means that the sudden bubble shrinkage process is a robust
result and not sample-specific.
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Figure 5.8: The footprint diameter L of the bubbles versus bubble radius R
with different laser power values under 5x objective (a) and 10x objective
(b), respectively.
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Figure 5.9: Contact angle of a water droplet and roughness measurement (via
AFM height image measurement) for substrates with gold nanoparticle array
(a) and a gold layer (b). (scale bars in AFM height images: 200 nm) The
static contact angles of the water droplets on the two substrates are 29.1° and
57.6°, respectively. (¢) The bubble growth dynamics on the gold nanoparticle
decorated substrate at P, = 100 mW and on the gold layer covered substrate
at P, = 85 mW in a binary liquid with f, = 70%.



Chapter 6

Droplet plume emission
during plasmonic bubble
growth in ternary liquids

Plasmonic bubbles are of great relevance in numerous applications, includ-
ing catalytic reactions, micro/nanomanipulation of molecules or particles dis-
persed in liquids, and cancer therapeutics. So far, studies have been focused
on bubble nucleation in pure liquids. Here we investigate plasmonic bubble
nucleation in ternary liquids consisting of ethanol, water, and trans-anethole
oil which can show the so-called ouzo-effect. We find that oil (trans-anethole)
droplet plumes are produced around the growing plasmonic bubbles. The nu-
cleation of the microdroplets and their organization in droplet plumes is due
to the symmetry breaking of the ethanol concentration field during the se-
lective evaporation of ethanol from the surrounding ternary liquids into the
growing plasmonic bubbles. Numerical simulations show the existence of a
critical Marangoni number Ma (the ratio between solutal advection rate and
the diffusion rate), above which the symmetry breaking of the ethanol con-
centration field occurs, leading to the emission of the droplet plumes. The
numerical results agree with the experimental observation that more plumes
are emitted with increasing ethanol-water relative weight ratios and hence
Ma. Our findings on the droplet plume formation reveal the rich phenomena

!Published as: Xiaolai Li, Yibo Chen, Yuliang Wang, Kai Leong Chong, Roberto Verz-
icco, Harold J. W. Zandvliet, and Detlef Lohse, Droplet plume emission during plasmonic
bubble growth in ternary liquids, Phys. Rev. E 104, 025101 (2021). Experiments are done
by Li, simulations are done by Chen.
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of plasmonic bubble nucleation in multicomponent liquids and help to pave
the way to achieve enhanced mixing in multicomponent liquids in chemical,
pharmaceutical, and cosmetic industries.
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6.1 Introduction

Plasmonic microbubbles are produced by immersed metal nanoparticles under
laser irradiation due to plasmonic heating. They have received considerable
attention, owing to their potential for numerous applications, such as biomed-
ical diagnosis, cancer therapy [27-80,163], micromanipulation of molecules or
particles dispersed in solutions [31-33] and locally enhanced chemical reac-
tions [21,B4]. A proper understanding of the dynamics of these plasmonic
bubbles is therefore not only of fundamental interest, but also essential from
a technological viewpoint as it might provide routes to tailor the formation
and growth of the plasmonic bubbles.

During the last decade, numerous studies have been performed to explore the
nucleation mechanism and growth dynamics of plasmonic bubbles [25,35-38,
131,1164], as well as the effects of dissolved gas [24,123,139,141,[165] and liquid
types [B9] on bubble growth dynamics. To date, these studies have nearly
exclusively focused on plasmonic bubble formation in pure liquids. However,
in many applications plasmonic bubbles nucleate in binary, ternary or even
multicomponent liquids. This introduces new and rich physics and chemistry.
E.g., due to selective evaporation, concentration gradients may occur, resulting
in Marangoni forces and other rich physicochemical hydrodynamics [142,[166],
which we want to further explore in this paper.

We have recently started this line of research and investigated plasmonic bub-
ble nucleation in binary liquids of ethanol and water, and found that the
solutal Marangoni flow, caused by the preferential vaporization of ethanol,
results in the detachment of the bubbles from the substrate at low ethanol
ratios (< 67.5%) [167]. In binary liquids with ethanol ratios exceeding 67.5%,
on the contrary, bubbles remain attached to the substrate and first steadily
grow until they suddenly shrink. The shrinkage is induced by the depinning
of the three phase contact line from the laser spot region, which is due to the
decreased opto-thermal efficiency. For plasmonic bubbles in ternary liquids,
the phase equilibrium is continuously altered by liquid vaporization and mass
and thermal diffusion, resulting in a much richer and more complex behavior
than in pure liquids.

To gain insight into the dynamics of plasmonic bubbles in ternary and mul-
ticomponent liquids, we study here the bubble formation in a controlled spe-
cific category of ternary liquids. Namely, we have selected a ternary liquid
which shows the so-called ouzo effect [142,168,169], namely a solution con-
sisting of ethanol, water, and trans-anethole. The ouzo effect describes the
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spontaneous emulsification that occurs when water is added to dilute the so-
lution, thus lowering its oil-solubility. The initially transparent solution then
becomes milky because of the nucleation of oil microdroplets due to the re-
duced solubility of the oil in liquid mixtures with lower ethanol concentra-
tion [168,170]. The emulsification can also occur if the amount of ethanol
is reduced in different ways, for instance, through preferential evaporation or
dissolution [[169,171,172].

In this work, we present experimental and numerical studies on plasmonic bub-
ble formation in the ternary liquids of ethanol, water , and trans-anethole. In-
terestingly, for certain ternary liquid ratios, we observe the emission of droplet
plumes from the growing plasmonic bubbles, carrying the nucleated oil micro-
droplets away from the bubble. We will show that the key parameter governing
the pattern and number of these emitted plumes is the Marangoni number,
which is the dimensionless number that compares the solutal advection rate
with the diffusion rate. By considering the experiments, numerical simulation
and theory, we can provide a detailed understanding of the physicochemical
processes that occur during plasmonic bubble growth in these multicomponent
liquids.

Note that the formation of trans-anethole droplets out of an oversaturated
ternary solution is an interesting nucleation problem in itself. It could be
addressed from the viewpoint of classcial nucleation theory (CNT) [173-175],
but this is not the subject of the present paper. If one were to do so, one would
choose a much simpler geometry, say, by injecting water into an ouzo solution
of well-defined properties. We do not have this here, due to partial evaporation
of the binary liquid and thermal effects. So here it would be impossible to de-
termine the values of the material parameters required in classical nucleation
theory. In addition, it is nearly impossible to identify the size of individual
droplets or their numbers in the droplet plumes, due to the limited image
resolution of the high-speed imaging system, as well as the cloudy nature of
the plumes. In a nutshell, the cloud of nucleated microdroplets is used as
a convenient indicator to signal flow regions of relatively high water concen-
tration or equivalently low ethanol concentration. In fact, we will show that
the plume formation also works around plasmonic bubble in binary liquids,
and can optically be visualized for large enough density contrast of the two
involved liquids.

The paper is organized as follows: In section @, we describe the experimental
setup and procedure. Section reports the experimental results for the
plume formation around the growing plasmonic bubble in a ternary liquid and
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section m compares them with those in a binary liquid. In sect,

we present our corresponding numerical results, which, in section , are
quantitatively compared with the experimental ones. The paper ends with
conclusions and an outlook (section @)

6.2 Experimental setup and procedure

The preparation of sample with gold nanoparticle, and the experimental setup
for plasmonic microbubbles imaging are shown in Fig. b and ¢ in Chapter
4.2. In this study, plasmonic bubbles were monitored with two high-speed
cameras: Photron SA7 for bottom-view imaging, and Photron SAZ for side-
view imaging. Both cameras were operated at frame rate of 5 kfps.

6.2.1 Ternary liquid preparation

The ternary liquids used in our experiments are composed of ethanol (Sigma-
Aldrich; > 99.8%), deionized (DI) water (Milli-Q Advantage A10 System, Ger-
many), and trans-anethole oil (Sigma-Aldrich; trans-anethole, >99.8). The
ethanol and water were air saturated by exposure to air for 8 hours. Subse-
quently, they were mixed with trans-anethole oil to prepare seven different
ternary liquids, as shown in Table El] After mixing, the ternary liquids were
immediately transferred into a sealed cuvette with a size of 10mm x 10mm X
50mm for experiments. During experiments, the cuvette was fully filled with
the ternary liquid.

6.2.2 Experimental procedure

Plasmonic bubble generation experiments were performed in equilibrated ethanol-
water-anethole mixtures. As depicted in the ternary diagram (Fig. @),
ternary liquids with seven different weight ratios, labelled from 1 to 7, were
selected on the binodal curve (phase separation curve) for our experiments.
The phase separation curve is based on the study by Tan et al [L69]. In the
ternary mixtures, the weight ratios of ethanol, water, and anethole oil are
Ye, Yuw, and yq, respectively. Table summarizes the detailed weight ratios
of each component in the ternary liquid mixtures. Note that the absolute
ethanol concentration y. non-monotonically changes along the binodal curve.
The seven ternary liquids were actually labelled with increasing ethanol-water
relative weight ratio of r./(cw) = Ye/(Ye + Yuw), Which hereafter is used for
analysis. At low ethanol concentrations, the plasmonic bubbles depin and
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detach due to the strong upward Marangoni force, which has been systemati-
cally investigated in our previous study [167]. In contrast, bubbles can steadily
attach to the substrate at high ethanol fractions.

Table 6.1: Weight ratios of y., yw, Yo for ethanol, water, and anethole oil in
different ternary mixtures used for plasmonic bubble formation. The liquids
were labelled with increasing ethanol-water relative weight ratio re/(cq)-

Label  ye(wt%) yuw(wt%) yo(wt%) 7. (et+w) = Ye/ Ye + Yuw)

1 62.58 33.71 3.71 65.0%
2 66.31 28.42 5.27 70.0%
3 68.09 22.70 9.21 75.0%
4 68.56 19.90 11.54 77.5%
5] 68.67 18.25 13.07 79.0%
6 68.66 17.17 14.17 80.0%
7 64.15 11.32 24.52 85.0%

0 0.2

04 0.6 0.8
Trans-anethole (wt%)

Figure 6.1: Ternary diagram of ethanol-water-anethole mixtures. The black
solid line is the measured phase separation line [L71]. The filled triangles
(points 1-7) along the phase separation curve represent the initial compositions
of the ternary liquids that we have used in this study.
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6.3 Results and discussion

6.3.1 Plume formation around the growing plasmonic bubble
in a ternary liquid

We first report our finding for the second regime, 4.e., the regime with high
ethanol fractions. Figureg@a (I) shows a bottom-view image of a growing
plasmonic bubble in a ternary liquid with ethanol-water relative weight ratio
Te)(e4+w) = 65.0%, corresponding to ethanol y. = 62.58%, water y,, = 33.71%,
and trans-anethole y, = 3.71% in weight fractions. Interestingly, a cloudy
black region consisting of oil microdroplets is observed starting at 1.68s (Fig.
a II). The emulsification here results from the selective evaporation of
ethanol from the ternary liquid [[168]. Since ethanol has the lowest boiling
temperature of the three components in the ternary liquid, ethanol vaporizes
first, leading to an oversaturation of the left-behind liquid with the anethole
oil and thus to the nucleation of anethole oil microdroplets. Remarkably, the
cloudy region keeps rotating around the bubble. The bubble also displays some
lateral movement (Fig. @a IIT and IV). Hereafter we refer to the localized
cloudy microdroplet regions as droplet plumes.
The formation of the droplet plumes is also observed in ternary liquids with
the ethanol-water relative weight ratio of r/(cq.) = 70.0 — 80.0%, as shown
in Fig. @b—d. For 7¢/(e+w) = 70.0%, we observe the emission of two droplet
plumes (Fig. b II). The two plumes are formed at opposite sides of the
bubble. Subsequently, they merge into a single droplet plume (Fig. @b 11T
and IV). For r,/(cqy) = 80.0%, there are initially three plumes (Fig. @c
IT), which evolve later into four plumes (Fig. p.2c III). Similar to the case of
Te/(e+w) = 70.0%, the plumes are first distributed symmetrically around the
bubble until eventually the localized plumes merge (Fig. @c IV). However, in
the ternary liquids with 7. /(c4) = 85.0% (Fig. Ed), there is no pronounced
droplet_plume observed, but rather an oil ring is formed around the bubble
(Fig. p.2d II-IV). This can be rationalized by the high oil concentration (y, =
24.52%) dissolved in the original ternary liquids. Once the ethanol evaporates,
the nucleated microdroplets accumulate around the bubble, coalesce and form
the oil ring. Note that the bubble formation experiments were performed
in a cuvette (10mm x 10mm x 50mm) fully filled with the ternary liquids.
Therefore, the thickness of liquid inside the cuvette is about 10 mm, which is
nearly 100 times larger than the bubble size (~100 pm). The influence of the
wall and interface on convection is negligible.
To get more insight into the bubble dynamics and the droplet plume formation,
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Figure 6.2: Bottom-view images of droplet plumes during plasmonic microbub-
ble growth in ternary liquids. (a), (b), (c¢) and (d) show the evolution of
droplet plumes with ethanol-water relative weight ratio r./qw) = 65.0%,
75.0%, 80.0%, and 85.0%, respectively. With increasing 7,/ (c4.) from 65.0% to
80.0%, the initially emitted plume number increases from 1 to 3, as seen in Fig.

a II, Fig. @b II, and Fig. @c II. For Te/(e+w) = 19.0%, the two plumes
finally merge into a smgle lume (Fig. b [-1V). For 7¢/(e4) =80.0%, the
initial three plumes (Fig c II) evolve into four plumes (Fig. 6.9c III) and
finally merge (Fig. @c V). Flg d shows the formation of an oil ring in
the ternary liquid with r¢/(cq) = 85.0%, corresponding to a high oil weight
fraction y, = 24.52%.
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the bubble volume and maximum plume number for different liquid ratios
were extracted from our high-speed images. In Fig. a and b we plotted
the volume of the plasmonic bubble versus time and the maximum number
of droplet plumes versus the ethanol ratio r¢/(cqy). Not surprisingly, the
bubble growth in the ternary liquids here is very comparable to the bubble
growth in ethanol-water binary liquids [167]. As shown in Fig. a, for fixed
laser irradiation time, the bubble volume increases with increasing ethanol-
water relative weight ratio re /(i) from 65.0% to 80.0%. The anethole oil
ratio in our ternary system is very low and anethole oil has a much higher
boiling temperature than ethanol and water. As a result, anethole oil has
limited influence on the vaporization process and the bubble growth in the
ternary liquids. A larger relative ethanol fraction in ethanol-water binary
liquids results in a large bubble growth rate [] The maximum plume

number, Npqz, was found to increase with increasing r¢/(c4v,), see Fig. b.
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Figure 6.3: (a) Bubble volume V versus time and (b) maximum plume number
Nmagz versus ethanol-water relative weight ratio r (¢4, in the ternary liquids.

We note that the two curves at r¢/(cqv) = 79.0% deviate from each other in
Fig. @a. We believe that this is due to the fact that r¢/cqw) = 79.0% is
close to the critical ethanol fraction (77.5%-80.0%) at which the transition
from depinning (at r¢/(eqw) < 77.5%) to pinning (re/(e4w) = 80.0%, see Fig.

c) of the plasmonic bubble to the laser spot occurs. For a high ethanol
ratio r e +w) > 80.0%, the bubble remains pinned to the laser spot region
F1g , the position of which locates at the center of each image in Fig.
E As a result one can barely see the lateral movement of the bubbles
for 7¢/(e4w) = 80.0%. However, for a lower ethanol ratio re/(cyw) < 77.5%,
bubbles are not pinned at the laser spot (see Fig. @a and b). They could
move away from the laser spot region. The laser spot has a Gaussian power
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density distribution, so the further the bubbles are located away from the
laser spot center, the weaker the heating efficiency as well as the vaporization
rate. As a result, apart from the dependence on the ethanol ratio r./(cv), the
growth rate of those bubbles that are depinned from the laser region is even
smaller.

The mechanism of the droplet nucleation in experiments can be explained
as follows. Under continuous laser heating the volatile ethanol in ternary
liquids vaporizes into the bubble. Consequently, the liquid in the region near
the bubble interface becomes ethanol depleted, and an ethanol concentration
gradient emerges. The reduction of ethanol in the initially equilibrated ternary
liquid leads to the oversaturation of the left-behind liquid with the anethole
oil, and eventually to the nucleation of oil microdroplets (the so-called ouzo
effect). However, the reason why the symmetry of oil droplet distribution
around the bubble breaks and how the droplet plumes form remains to be
explained, and we will do so below.

6.3.2 Comparison of plume formation around growing plas-
monic bubbles in binary and in ternary liquids

To demonstrate that the oil droplets do not change the essence of the overall
flow dynamics and to provide a comparison of the cases with and without
oil microdroplet nucleation, we performed another experiment in a binary
liquid of ethanol and trans-anethol oil, which are fully miscible. We observed
a similar plume phenomenon, as shown in Fig. a and b. Ethanol and
anethol oil can be mixed in any ratio. During bubble growth under laser
heating, it is ethanol which preferably vaporizes, due to the ethanol low boiling
point. As a result, a concentration gradient of anethol oil in the vicinity of the
laser irradiated area will form and can be visualized because of the different
refractive index of ethanol and oil.

Figures @a and b show the plasmonic bubble growth in ethanol anethol
mixtures with ethanol ratio r. = 70% and 80%, respectively. It can be seen
that during bubble growth, plumes are generated in the ethanol anethol oil
mixtures, and the maximum plume number increases with increasing ethanol
ratio. This verifies that the plumes can be formed regardless of the droplet
nucleation.

For the droplet plumes in ternary liquids of ethanol, water and trans-anethol,
the hydrodynamics of the plumes is coupled with the droplet nucleation. We
note that there are certain_quantitative differences between the experiments
in ternary liquids (Fig. @) and in binary liquids (Fig. @) This might
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Figure 6.4: Plasmonic bubbles in ethanol and anethol oil mixtures with ethanol
ratio r. = 70% (a) and r. = 80% (b). Plume formation is observed in both
cases and the maximum plume number increases with increasing ethanol ratio.

be attributed to the influence of phase nucleation in the ternary liquids, in
which an energy barrier must be surmounted to bring the system in visible
stable phase transition. Moreover, the phase nucleation process is controlled
by thermal fluctuations and affected by the defects of wall or impurities in
liquids, leading to the stochastic properties of droplet nucleation with ternary
liquids. However, a quantitative analysis of these differences is beyond the
scope of this study.

6.3.3 Numerical simulations of the plasmonic bubble in an
ethanol-water mixture

Underlying equations and control parameters

To confirm the outlined physical picture, we numerically investigate the va-
porization and plume formation during plasmonic bubble growth. Since the
ratio of anethole oil in the ternary liquid is very low and the boiling point
of anethole oil (234 °C) is much higher than that of water and ethanol, it
hardly vaporizes during the experiments. Therefore, to reduce the complexity
of the numerical model, we only consider water and ethanol. The physical
variables to describe the system are thus the concentration of ethanol c(x,t)
and the velocity of the fluid w(x,t). A bubble of radius R immersed in the
ethanol-water mixture is fixed near the bottom wall (Fig. @a). Under laser
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irradiation, the bubble takes up ethanol vapor with a constant rate o from
the fluid at the bubble surface:

Doyc = o (6.1)

where D is the diffusion coefficient of ethanol, and J,c¢ is the concentration
gradient in normal direction. The ethanol concentration difference along the
bubble surface will lead to a surface tension difference, and induce a Marangoni
flow. The solutal Marangoni flow is accounted for by balancing the surface
tension difference with the viscous force at the interface (Fig. £.9b) []

0.00-¢c = nOpu, (6.2)

where o is the surface tension, J.0 represents the derivative of the surface
tension with respect to the concentration, d;c is the tangential concentration
gradient, 7 is the dynamic viscosity, and J,u is the normal gradient of the
velocity.

7| (b)

Marangoni force Viscous force

Fy~0.00-¢ Fyis~no,u

Velocity profile

Substrate |

Figure 6.5: (a) Schematics of the numerical model. The domain is filled with
the ethanol-water mixture and a bubble of radius R is placed near the bottom
wall. (b) A zoom-in display for the area selected by the dashed box at the
bubble surface in (a). Concentration differences along the bubble surface lead
to a Marangoni force, which is balanced by the viscous force induced by the
Marangoni flow.

We non-dimensionalize the velocities, lengths, and concentrations with d.caR/nD,
R, and aR/D, respectively. The time evolution of the concentration field ¢
and the velocity field u are obtained by the Navier-Stokes equation and the
advection-diffusion equation:

ou Sc

-+ (u - V)u:—Vp—i-Ma

2 oy —
o V2u,V - u=0 (6.3)
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Jc 1
— tu- - Ve=—
ot Ma

where Sc¢ and Ma are Schmidt number and Marangoni number, respectively.

The Schmidt number is the ratio between the kinematic viscosity v to the

diffusion coefficient D,

Ve, (6.4)

Se = —, 6.5
=7 (65)
The Marangoni number is the ratio between Marangoni flow induced advection
and diffusion, reflecting the strength of the Marangoni force:

aR?0.0

Ma = D2

(6.6)
In the numerical simulation, we solve the non-dimensional form of the govern-
ing Eqgs. (@) and (@) and boundary conditions (Egs. (@) and (@)) The
kinematic viscosity of ethanol-water mixture is v = 2.7 x 107% m?/s and the
diffusion coefficient of ethanol in water is D = 1.23x 1072 m?/s [169,[177]. Ac-
cordingly, the Schmidt number Sc is taken as 2220 in the simulation. Ma was
varied from 5 x 103 to 5 x 10°. For details regarding the numerical simulations
we refer to the Appendix .

Numerical results

The simulation results for the ethanol water system with different values of Ma
are shown in Fig. @ It is found that the ethanol concentration field remains
perfectly symmetric for Ma < 5 x 10% (Fig. @a I-IIT). For Ma = 5 x 10%, the
symmetry of the ethanol concentration breaks and a single plume of ethanol
poor liquid is emitted (Fig. @b) For Ma > 7.5 x 10%, multiple plumes are
emitted (Fig. c II, d IT and e II). The maximum number of the emitted
plumes increases with increasing Ma. Moreover, multiple plumes subsequently
merge (Fig. @c III, d IIT and e III), which is consistent with our experimental
observations.

The numerical results clearly show that the formation of plumes is directly
related to the Marangoni number Ma. At low Marangoni number Ma, the
diffusion process dominates and thus any sharp concentration gradient can
be smoothed out by the diffusive process. Therefore, the ethanol concentra-
tion field remains symmetric. For Ma above a certain value, the symmetry
of ethanol concentration spontaneously breaks and concentration plumes are
formed.
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(a) Ma = 5x10°

(b) Ma = 5x10¢

3 plumes

(e) Ma = 5x10°

4 plumes

0.8 Dimensionless ethanol 1.0
concentration

Figure 6.6: Snapshots (top-view) of the ethanol concentration field near a
plasmonic bubble from the simulation in the ethanol water mixtures during
the vaporization process. The symmetry of the concentration field breaks for
Marangoni numbers Ma > 5 x 10*. With further increasing Ma, the number
of plumes increases from 1 to 4. In (c)-(e), neighbouring plumes can merge.
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A similar phenomenon of symmetry breaking is observed in the case of cat-
alytic particles with diffusio-phoretic effects. Michelin et al. [178] demonstrates
that when the Péclet number (characterizes the ratio between advection led
by diffusio-phoresis and mass diffusion) is above a certain value, the particle
will break the symmetry spontaneously. Chen et al. [179] further explored
catalytic particles at high Péclet number. They found that multiple plumes
are generated at the surface of the particle and the number of plumes increase
with increasing Péclet number. The system studied here share similarities with
the diffusio-phoretic problem in their symmetry-breaking mechanism and the
plume emission at the surface. However, the two systems are different, namely
in refs. [178,[179] it is the diffusio-phoretic flow at the surface which drives the
particle, whereas here it is the Marangoni flow due to the gradient in surface
tension.

6.3.4 Quantitative comparison between numerical and experi-
mental results

To more quantitatively compare our numerical results with the experimental
data, we estimated the Marangoni number Ma in our experiments with the
definition of Eq. (@) In the experiments, the bubble radii kept changing with
time. In order to compare with the numerical results, we take the radius of the
bubble at the moment when pronounced plume formation in the experiments
is observed to calculate Ma. As mentioned earlier, we ignored the presence
of trans-anethole oil as its relative concentration is very low. The term 0.0
is estimated to be 1.7 x 107 N - m?/kg from the surface tension curves (@
in Chapter 5). To estimate the mass transfer rate «, we assume that the
bubble growth is dominated by ethanol evaporation. « is defined as a =
K.(t)/Sp, where K(t) is the consumption rate of ethanol and S, is the area
of bubble surface where the mass transfer takes place. The consumption rate
K.(t) = d(Mcn,)/dt, where M. = 46 kg/mol is the mole weight of ethanol,
ne = PyV/RyT is the amount of ethanol molecules in mole, the temperature
T ~ 353 K (boiling temperature), Py the ambient pressure and Ry the ideal
gas constant. The consumption rate K.(t) can be obtained by extracting the
bubble volume growth rate, i.e. dV'/dt, from the curves shown in Fig. .3a.

As depicted in Fig. @a, under laser irradiation, only the liquid in the vicinity
of the three-phase contact line is heated up to the boiling temperature, result-
ing in the vaporization of ethanol. Therefore, here we take S, = 2nrRH as the
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bubble surface area for mass transfer. In order to obtain the height H, we
determine the width of the thermal boundary layer. As shown in Fig. a,
there is a downward solutal Marangoni flow along the bubble interface and
therefore an outward flow along the substrate due to the selective vaporization
of ethanol. This flow can be observed from side view images and the flow ve-
locity up ~ 0.1 m/s is obtained by particle image velocity measurement. The
thermal boundary layer (the blue curve of the zoom in image in Fig. @a) is
given by ép = 8§, Pr—1/3 ] In this expression, the velocity boundary layer
is given by &, ~ 5R/Re'/?, the Reynolds number Re = ugx/v, the kinematic
viscosity v & 2.7 x 1079 m?2/s and x is the lateral position. The Prandtl num-
ber Pr = ¢pp/A, in which the thermal conductivity A = 0.6 W/mK. The heat
capacity of the liquid ¢, = 4179.6 J - kg™t - K1,

A @—
(a) Solutal (b)4 ® Simulation
A Experiment
3 M e [
Zé 2t AL (]
Thermal 2 B o A ° ¢
bounday layer/ !
0 , .
10° 10 10° 10°

Ma

Figure 6.7: (a) Schematic illustration of the solutal Marangoni flow along the
bubble interface caused by selective evaporation of ethanol. Ethanol vaporiza-
tion occurs in a local area near the bubble bottom. R and H are the bubble
radius and the height of the bubble where mass transfer into the bubble can
occur, respectively. wuy denotes the flow velocity along the substrate. The
zoom-in image shows the thickness ér of the thermal boundary layer. The
liquid in the region above the blue curve is at room temperature. The region
of thickness d (below the red curve) has liquid with a temperature above the
boiling temperature Tp. It can be obtained by assuming a linear temperature
decrease from the substrate to the blue curve. (b) Maximum plume number
Ninaz as function of the Marangoni number Ma. Theory vs experiment.

Room temperature (20 °C) is taken as Ty for the region outside the thermal
boundary layer d7 (the blue curve in Fig. a). The substrate temperature
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T, is estimated by our numerical simulation by assuming that the substrate
is completely covered by vapor. The heat conductivity of the fused silica
substrate was taken as 1.4 W/m - K (0-20 °C). The details of the numerical
simulation method can be found in our recent publication [25]. Using this
method, the spatial-temporal evolution of the substrate temperature can be
obtained. The temperature field after 2 s of laser irradiation is shown in Fig.
of (Appendix ) The temperature of the substrate at the three phase
contact line L is used to determine the thickness of the thermal boundary
layer. From the simulation results we obtain a substrate temperature Ts =
96 °C. By assuming that temperature linearly decreases from the substrate to
the blue curve (Fig. p.7a), the liquid region () having a temperature above
the saturation temperature of ethanol water mixture (about 80 °C) can be
obtained. Our calculation reveals that d; is about 10 ym at x = R = 50 pm.

The number of plumes as a function of Ma extracted from the experimental
data and the numerical simulations is shown in Fig. b. The numerical and
experimental results have the same trend and agree qualitatively well, albeit
for a fixed number of plumes the Marangoni number in the simulations is
slightly larger than that in the experiments. We believe that this is due to
underestimating 0.0 and the mass transfer rate a in the experimental esti-
mation of Ma. Our arguments for this are twofold: First, the surface tension
gradient 0.0 was calculated for the initial ethanol concentration. However,
the actual ethanol concentration in the boundary layer is much lower than
the initial value because of the selective vaporization of ethanol. Since the
surface tension of the ethanol-water mixtures changes more rapidly at lower
ethanol concentrations than at larger one, the actual value of .0 is larger
than that of the initial value. Second, the ethanol consumption rate o was
obtained assuming that the substrate is completely covered by vapor. Under
this assumption, the substrate temperature, as well as the thermal boundary
layer is determined. However, as depicted in the sketch of Fig. a, part
of the substrate is in contact with the liquid outside the pinned bubble foot-
print area. As the liquid has a higher heat conductivity than vapor, the actual
temperature of the substrate must be lower than what we have used in our nu-
merical simulation. The overestimation of the substrate temperature leads to
a larger boundary layer and therefore a smaller . These two effects both con-
tribute to the underestimation of the Marangoni numbers from experiments.
Nonetheless, it is clear that the numerical results qualitatively agree well with
the experimental ones.
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6.4 Conclusions

To summarize, we have experimentally presented the emulsification of oil
droplets induced by plasmonic bubble nucleation in ternary liquids of ethanol-
water-anethole. It has been shown that anethole oil microdroplets nucleate
around the bubble due to the selective vaporization of ethanol. The oil micro-
droplets then form droplet plumes. When the ethanol-water relative weight
ratio 7e/(e4y) InCreases from 65.0% to 80.0% in the ternary liquids, plasmonic
bubbles grow faster and more droplet plumes are emitted. A quantitative un-
derstanding on the plume formation is achieved by a numerical study, which
shows that the ethanol concentration field can only remain symmetric for a
Marangoni number Ma < 5 x 10* (diffusion dominated). Above a critical
value of Ma = 5 x 10%, a symmetry breaking of the ethanol concentration
field takes place, leading to the formation of droplet plumes. The revealed Ma
dependence of the maximum plume numbers in the numerical results agrees
with that in experiments.

This work has given insight into the rich phenomena of plasmonic bubble
induced oil microdroplet nucleation (ouzo effect) in ternary liquids and the
self-organization of these microdroplets. The quantitative understanding on
plume formation offers valuable information for tuning and optimizing the flow
field of multiple component liquids in various physicochemical processes. E.g.,
systems with a high Marangoni number can lead to breaking of the symmetry
of the concentration field, and the emerging convection flow may have the
advantage of enhanced mixing of ternary liquids in chemical, pharmaceutical,
and cosmetic industries.

6.5 Appendix

6.5.1 Details on the numerical model

The simulation was conducted in a three dimensional domain L, X Ly X L, =
20R x 20R x 20R with 201 x 201 x 201 grids. A bubble with a radius R is
fixed at a distance h = 1.2R above the middle of the bottom wall (Fig. @)

In non-dimensional form the boundary conditions (Egs. (El]) and (@)) read:

e =1, 0:¢6=0n1u (6.7)



6.5. APPENDIX 105

Bubble

Marangoni
flow

Figure 6.8: The numerical setup for a bubble with a constant radius R fixed
at h = 1.2R above the bottom wall. There is a constant normal concentra-
tion gradient at the bubble surface due to the evaporation of ethanol in the
surrounding ethanol water mixture. Marangoni flow is induced by the ethanol
concentration difference along the bubble surface. Note that the simulation is
conducted in a three dimensional domain although the sketch is two dimen-
sional.

Substrate

The governing equations of the flow field were the Navier-Stokes and diffusion-
convection equations Egs. (@) and (@) The equations were spatially dis-
cretized using the central second-order finite difference scheme. Along both
horizontal and vertical directions, homogenous staggered grids were used. The
equations were integrated by a fractional-step method with the non-linear
terms computed explicitly by a low-storage third-order Runge-Kutta scheme
and the viscous terms computed implicitly by a Crank-Nicolson scheme []
To satisfy the concentration and velocity boundary conditions at the bubble
surface, we applied the moving least square (MLS) based immersed boundary
(IB) method, where the particle interface was represented by a triangulated
Lagrangian mesh. The details of our MLS-based IB method are documented
in Spandan et al [] Schematic of Fig. @ illustrates the immersed bound-
ary method with staggered grids. For clarity, we use two-dimensional grids
in Figure although the simulation is done in three dimensions. The La-
grangian points are denoted as red circle at the boundary (red curve), and the
Eulerian points by the squares. A staggered mesh was applied to increase the
accuracy. Therefore, the velocity points and concentration/pressure points
are at different locations denoted by squares of different colors.
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Figure 6.9: Schematic illustration of the immersed boundary method with
staggered grids: Eulerian grids of velocity points and concentration points
are denoted by different color, and the Lagrangian points at the boundary is
denoted by red circle. The governing equations are solved on the Eulerian grids
and the boundary conditions are satisfied at L point based on the interpolated
value at the probes P; and P» points.

In the simulation, the concentration boundary condition (Eq. (@)a) is sat-
isfied by enforcing the concentration at the inner probe point (point P, in
Fig. ) based on concentration interpolated at the probe located at a short
distance (1 grid size h) from the surface of the particle (point P; in Fig. @)

CR — Cp,
T 1 (6.8)
The surface gradient of the concentration in the velocity boundary condition
(Eq. (@)b) was calculated by the nearby Lagrangian concentration. The
velocity boundary condition at the surface of the particle (point L in Fig. @)
was then enforced based on the velocity interpolated at the probe located at
a short distance (1 grid size) from the surface of the particle (point P; in Fig.

b9

UR — UL

h = VSCL (6.9)
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6.5.2 Numerical calculated temperature field of the substrate
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Figure 6.10: Numerical calculated temperature field of the substrate immersed
in vapor upon laser irradiation for 2 s.
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Chapter 7

Conclusions and outlook

In this thesis we have focused on two categories of bubbles: (i) Surface mi-
cro/nanobubbles on structured surfaces. We show that the pinning effect of
surface structures contributes to surface nanobubble nucleation and stability.
(ii) Plasmonic microbubbles. We studied the gas effect on plasmonic bubble
dynamics and bubble formation in binary and ternary liquid system.

In Chapter 2, we investigated the spontaneous nucleation of nanobubbles
(NBs) on nanostructured surfaces. We observed three categories of air en-
trapment, namely protruding NBs at nanopits with widths in between 50-100
nm, planar NBs at nanopits with widths of 100-150 nm, and no air entrapment
at nanopits with diameter larger than 150 nm. The size and contact angle of
the protruding NBs linearly increase with nanopit width. Based on the crevice
nucleation theory, the formation of NBs on surface nanocavities is speculated
as follows: First gas present in surface cavities. After immersion of the surface,
gas dissolved in the locally over-saturated liquid diffuses into the air pockets.
Then the air pockets grow out of the cavities, determining the final morphol-
ogy of the NBs. The differences of the protruding NBs on small nanopits and
planar NBs on medium nanopits can be explained by the diffusion process. On
the one hand, the planar NBs could be not in diffusive equilibrium yet. The
diffusive timescale is 7p ~ L?p/Dcy(C, i.e., o< L?, i.e., for larger pits it takes
much longer to equilibrate. On the other hand, bubbles on these medium sized
nanopits have larger footprint diameters, and requires more oversaturated air
to make the gas-liquid interfaces grow out of the nanopits and depletion effects
may occur. Moreover, we observed entrapped NBs on irregular nanopores ex-
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hibiting non-spherical-cap-shapes, which further verifies the pinning effect of
the surface nanostructures.

In Chapter 3, we further increase the surface structure size to micrometers
and explore the temporal evolution of entrapped bubbles in microwells. We
find that the microwells on hydrophobic surfaces are able to trap gas and form
microbubbles. Right after immersion, the microwells were initially fully cov-
ered by the entrapped microbubbles. Subsequently, the three phase contact
line pinned on the microwell edges partially detaches and the microbubbles
rapidly shrink to a smaller size. The size of the initial trapped microbubbles
is proportional to the microwell size. During shrinkage process, the square of
footprint area of the microbubbles decreases linearly with time, which indi-
cates a constant contact angle dissolution mode and agree with experimental
observations. In addition, we applied different flow rates and undersaturations
during bubble entrapment. It is found that the flow rates have no influence
on the dynamics of microbubble entrapment and dissolution, and a higher
undersaturation enhances microbubble dissolution.

In Chapter 4, we start the studies on plasmonic bubbles, and first investigate
the effect of the dissolved gas on the dynamics of plasmonic bubble nucleation
and dynamics. We performed experiments with different gas concentrations
of ¢oo/cs = 0.10, 0.80 and 1.20 for the initial giant bubbles in early phase,
and ¢ /cs = 0.55, 0.65, 0.75, 0.85, 0.96, and 1.20 for the long-term bubble
growth. In the early phase, lower gas concentrations lead to a longer delay
times 74, larger maximum volume, and higher nucleation temperature, which
indicates that the dissolved gas facilitates bubble nucleation. Besides, the
maximum volume of the initial giant bubbles linearly depends on the input
energy, and the prefactor of this linear relation is the same for all gas concen-
trations. This suggests that the initial giant bubbles are vapor bubbles. For
the long-term (> 0.2s) growth, It is found that the growth rate x of the bubble
volume monotonically increases with gas concentration ¢, /cs and laser power
P,. Moreover, the experimental results show a linear dependence of kK = kp, P},
where kp, linearly increases with ¢ /cs. The radius R(t) of the plasmonic
bubbles follows the power law dependence R(t) o< t*. For all laser powers, the
effective exponent « for all laser powers is approximately 1/3 when ¢ /cs is
larger than 0.85. However, for lower ¢y, /cs values, the effective exponent is
smaller than 1/3 and monotonously decreases with decreasing P, and ¢ /¢s.
The smaller exponent « with lower co/cs is because that the input energy
is first consumed to heat up the degassed water to a temperature where it
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becomes super-saturated and gas can be expelled.

In Chapter 5, we explored the growth dynamics of plasmonic microbubbles in
water-ethanol binary liquids. We find that the growth dynamics of plasmonic
microbubbles in water-ethanol mixtures strongly depends on the ethanol con-
centration. We observed that the bubbles detach from the substrate at ethanol
concentrations below 67.5%, which results from a strong downward Marangoni
flow induced by selective vaporization. For ethanol concentrations in the range
from 67.5% to 80%, we observed stable bubble growth at the surface, while
a sudden bubble shrinkage takes place after a delay time t;. We reveal that
the sudden shrinkage originates from the complete depinning of the wiggling
bubble from the laser spot area on the sample surfaces. Prior to the shrink-
age occurrence, the bubble was pinned or partially pinned on the laser spot.
When the liquid around the pinned region is completely evaporated, the in-
stantaneous expansion of the three-phase contact line as well as the sudden
shrinkage takes place. When f.= 80%, the bubbles exhibit steady growth
without sudden shrinkage. This attributes to that the binary solutions with
high ethanol ratios becoming azeotropic, leading to a similar behavior as in
pure liquids.

In Chapter 6, we studied plasmonic bubble nucleation in ternary liquids of
ethanol-water-anethole. We observed that during bubble growth anethole oil
microdroplets nucleate around the bubble, and form droplet plumes. When the
ethanol-water relative weight ratio r/(c1,) increases from 65.0% to 80.0% in
the ternary liquids, plasmonic bubbles grow faster and more droplet plumes are
emitted around the bubbles. To quantify the plume formation, we performed
a numerical simulation on the selective vaporization process of ethanol-water
system, providing that oil plays a minor role in vaporization because of its high
boiling point and low ratio in the ternary system. The numerical results show
that there exists a critical Marangoni number Ma = 5 x 10%, above which the
symmetry of the ethanol concentration field breaks, leading to the formation
of droplet plumes. The mechanism is that at low Marangoni number Ma, the
diffusion process dominates and thus any sharp concentration gradient can
be smoothed out by the diffusive process. Therefore, the ethanol concentra-
tion field remains symmetric. For Ma above a certain value, the symmetry
of ethanol concentration spontaneously breaks and concentration plumes are
formed. In addition, we also revealed Ma dependence of the maximum plume
numbers in the numerical results, which agrees well with that in experiments.

In general, Chapter 2 and 3 show that the surface structures lead to gas en-
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trapment and can act as pinning sites for surface nanobubblees. This not only
helps the understanding in the nucleation mechanism and surprising stability
of surface nanobubbles, but also provides an effective way for surface nanobub-
ble formation with controllable position, size and shape. Though there have
been a lot of efforts on nucleation origin and properties of surface nanobub-
ble, a comprehensive validation and open questions remain. Future interests
might be (i) What is the entrapment dynamics in oversaturated condition.
(ii) A quantitative comparison of entrapped bubbles in controlled saturation
levels with theoretical prediction. (iii) Collective behaviors of the entrapped
bubbles. (iv) Bubble formation on uncircular structures.

For the plasmonic bubbles, our studies (Chapter 4-6) gain insights into the
rich phenomena of plasmonic bubbles in binary and ternary liquids, which
offers valuable information for tuning and optimizing the flow field of multiple
component liquids in various physicochemical processes. Further interesting
studies for the future development of this promising field include interactions
of multiple plasmonic bubbles, experimental validation of plasmonic nanobub-
bles, and the possible transition from nanobubble to microbubbles, controlled
size and components for applications in microfluidics and many others.
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Summary

Bubbles are widely present in many natural and industrial processes. Under-
standing the nucleation mechanism and dynamics of the bubbles is essential for
exploiting relevant applications in material engineering, microfluidics, catal-
ysis and electrolysis and many others. In this thesis we focused on surface
micro/nanobubbles on structured surfaces, and plasmonic bubbles in water
with various gas saturations, binary liquids and ternary liquids.

In Chapter 2, we start with the spontaneous nucleation of nanobubbles (NBs)
on nanostructured surfaces. Through in-situ AFM measurements, we find
three categories of air entrapment, namely protruding NBs at nanopits with
widths in between 50-100 nm, planar NBs at nanopits with widths of 100-150
nm, and no air entrapment at nanopits with a diameter larger than 150 nm.
The size and contact angle of the protruding NBs linearly increases with in-
creasing nanopit width. We reveal that NB formation on surface nanocavities
follows the crevice theory that entrapped gas pockets grow into bubbles along
with the diffusion of dissolved gas from the liquid to cavities. The dependence
of entrapped NBs’ size and shape on that of nanopits highlights the pinning
effect of the surface structures. This work provides direct evidence that sur-
face NB nucleation originates from gas entrapment at crevices. However, the
bubble entrapment dynamics remains unclear due to the limited temporal
resolution of AFM.

In Chapter 3, we explore the bubble entrapment dynamics using larger surface
microwells, which allows visualization with confocal microscopy with a high
temporal resolution. We observed that after immersion, the microwells were
initially fully covered by the entrapped microbubbles. Subsequently the en-
trapped microbubbles partially detach from the microwell edges and rapidly
shrink to a smaller size in a constant contact angle dissolution mode. More-
over, we quantified how the flow rates and undersaturation level influence
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the bubble dissolution dynamics. Results show that the flow rates have no
influence on the dynamics of microbubble entrapment and dissolution, and
a higher undersaturation enhances microbubble dissolution. We believe that
the knowledge acquired in Chapters 2 and 3 facilitates the understanding of
surface NB properties, and the controllable production of surface NBs.

In Chapter 4, we studied plasmonic microbubbles formed from vaporization
of liquids due to plasmonic effects. We first investigated the effect of the
dissolved gas on the early-phase giant bubble and the bubble growth in long-
term. We find that lower gas concentrations leads to longer delay times 74,
larger maximum volumes, and higher nucleation temperatures of initial giant
bubbles, i.e. the dissolved gas facilitates bubble nucleation. Besides, the max-
imum volume of the initial giant bubbles linearly depends on the input energy,
which suggests that the initial giant bubbles are vapor bubbles. Moreover, the
diffusion-dominated long-term bubble growth is governed by the gas concen-
tration. The radius of the bubbles grows as R(t) o t'/3 for air equilibrated
and air-oversaturated water.

In Chapter 5, we explored the growth dynamics of plasmonic bubbles in water-
ethanol binary liquids. We find that the bubbles detach from the substrate
at ethanol concentrations below 67.5%, which results from a strong downward
Marangoni flow induced by selective vaporization. For ethanol concentrations
in the range from 67.5% to 80%, the bubbles remain stable on the substrate
but exhibit a sudden shrinkage after a delay time t;. We reveal that the
sudden shrinkage originates from the complete depinning of the bubble from
the laser spot area on the sample surfaces. When f.=> 80%, the binary liquid
becomes azeotropic. The bubbles exhibit a steady growth, which is similar to
the behavior of a pure liquid.

In Chapter 6, we further studied plasmonic bubble nucleation in ternary liquids
of ethanol-water-anethole (ouzo solution). We observed that during bubble
growth anethole oil microdroplets nucleated around the bubble, and formed
droplet plumes. When the ethanol-water relative weight ratio r./(cq.,) in-
creases from 65.0% to 80.0% in the ternary liquids, plasmonic bubbles grow
faster and more droplet plumes are emitted around the bubbles. We perform
a numerical simulation to quantify the plume formation. The numerical re-
sults show that there exists a critical Marangoni number Ma = 5 x 10%, above
which the symmetry of the ethanol concentration field is broken, leading to the
formation of droplet plumes. The revealed Ma dependence of the maximum
plume numbers in the numerical results is consistent with that in experiments.



Samenvatting

Bellen zijn alom aanwezig in veel natuurlijke en industriéle processen. Inzicht
in de nucleatie mechanismen en de dynamica van de bellen is essentieel voor
toepassingen in onder anderen materiaalengineering, microfluidica, katalyse en
elektrolyse. In dit proefschrift hebben we ons gericht op oppervlakte micro- en
nanobellen op gestructureerde oppervlakken, en plamonische bellen in water
met verschillende gasconconcentraties, alsmede binaire vloeistoffen en ternaire
vloeistoffen.

In hoofdstuk 2 beginnen we met de spontane nucleatie van nanobellen (NBs)
op nano-gestructureerde oppervlakken. Door middel van in-situ atomic force
microscopie (AFM) metingen vinden we drie categorieén van bellen, namelijk
uitstekende NBs bij nanoputjes met breedtes tussen 50-100 nm, vlakke NBs
bij nanoputjes met breedtes van 100-150 nm, en luchtinsluiting-loze nucle-
atiecentra bij nanoputjes met een diameter groter dan 150 nm. De grootte
en de contacthoek van de uitstekende NBs nemen lineair toe met toenemende
nanoput breedte. We tonen aan dat NB-formatie op nanoputjes aan het op-
pervlak de spleet-theorie volgt, waarbij ingesloten gaspockets uitgroeien tot
bellen o.a. door de diffusie van opgelost gas uit de vloeistof naar de gaspock-
ets. De afhankelijkheid van de grootte en vorm van ingesloten NB’s van die
van nanoputjes benadrukt het "pinning” effect van de oppervlaktestructuren.
Dit werk levert direct bewijs dat NB-kiemvorming aan het oppervlak ontstaat
door gasinsluiting in spleten. Echter, de dynamica van de gasbel blijft on-
duidelijk vanwege de beperkte tijdsresolutie van AFM.

In hoofdstuk 3, onderzoeken we de dynamiek van het vangen van luchtbellen
met behulp van oppervlakte "microwells”, die de visualisatie met confocale
microscopie met een hoge tijdsresolutie mogelijk maakt. We zagen dat na on-
derdompeling, de microwells in eerste instantie volledig werden bedekt door
de ingesloten microbellen. Vervolgens komen de ingesloten microbellen gedeel-
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telijk los van de randen van de microwells en krimpen snel naar een kleinere
afmeting in de constante-contacthoek oplossingsmodus. Bovendien hebben we
gekwantificeerd hoe de stroomsnelheden en het onderverzadigingsniveau de
dynamica van het oplossen van de bellen beinvloeden. De resultaten tonen
aan dat de stroomsnelheden geen invloed hebben op de dynamick van de mi-
crobelletjes en het oplossen, een hogere onderverzadiging versnelt de oplossing
van de microbelletjes. Wij zijn ervan overtuigd dat de kennis die is opgedaan
in hoofdstuk 2 en 3 het begrip van oppervlakte NB eigenschappen, en de
controleerbare productie van oppervlakte NBs vergemakkelijkt.

In hoofdstuk 4, bestudeerden we plasmonische microbellen gevormd door ver-
damping van vloeistoffen als gevolg van plasmonische effecten. We onder-
zochten eerst het effect van het opgeloste gas op de reuzenbel in de vroege
fase en de belgroei op langere termijn. We vonden dat lagere gasconcentraties
leiden tot langere vertragingstijden 7,4, grotere maximale volumes, en hogere
nucleatie temperaturen van initiéle reuzenbellen, d.w.z. het opgeloste gas
vergemakkelijkt de kiemvorming van de bel. Bovendien hangt het maximale
volume van de initiéle reuzenbellen lineair af van de energie, wat suggereert
dat de initi€éle reuzenbellen dampbellen zijn. Bovendien wordt de diffusie-
gedomineerde bellengroei op lange termijn beheerst door de gasconcentratie.
De straal van de bellen groeit als R(t) o t'/3 voor in lucht verzadigd en
oververzadigd water.

In hoofdstuk 5 hebben we de groeidynamica van plasmonische bellen in bi-
naire vloeistoffen van water en ethanol onderzocht. We vonden dat de bellen
loskomen van het substraat bij ethanolconcentraties lager dan 67.5%, wat het
gevolg is van een sterke neerwaartse Marangoni stroming geinduceerd door se-
lectieve verdamping. Voor ethanolconcentraties tussen 67.5% tot 80% blijven
de bellen stabiel op het substraat, maar vertonen ze een plotselinge krimp na
een vertragingstijd ts. We ontdekten dat de plotselinge krimp veroorzaakt
wordt door de volledige “depinning” van de bel uit het laserspot gebied op het
sample oppervlak. Wanneer f.2 80%, wordt de binaire vloeistof azeotropisch.
De bellen vertonen een gestage groei, die vergelijkbaar is met het gedrag van
een zuivere vloeistof.

In hoofdstuk 6 bestudeerden we verder plasmonische kiemvorming van bellen
in ternaire vloeistoffen van ethanol-water-anethol (Ouzo oplossing). We zagen
dat tijdens de groei van de bel anethol-olie microdruppels ontstonden rond de
bel en dat er zich druppelpluimen vormden. Wanneer de relatieve gewichtsver-
houding ethanol-water r./(e + w) toeneemt van 65.0% tot 80.0% in de ter-
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naire vloeistoffen, groeien plasmonische bellen sneller en worden er meer drup-
pelpluimen rondom de bellen uitgestoten. We hebben een numerieke simulatie
uitgevoerd om de pluimvorming van de bellen te kwantificeren. De numerieke
resultaten tonen aan dat er een kritisch Marangoni getal (Ma = 5 x 10%)
bestaat, waarboven de symmetrie van het ethanolconcentratieveld wordt ver-
broken, dit leidt tot de vorming van druppelpluimen. De bepaalde Ma afhanke-
lijkheid van het maximum aantal pluimen in de numerieke resultaten is con-
sistent met die in de experimenten.
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