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ABSTRACT

TAILORING SOLID-LIQUID INTERACTIONS TO CONTROL DROPLET WETTING AND

DYNAMICS

Recent advances in micro/nano-scale fabrication techniques and synthesis of novel
chemicals with a variety of functionalities have opened up new avenues in tailoring solid-liquid
interactions. In this work, by systematically tuning the wettability and slipperiness of solid
surfaces, we developed a multitude of novel surfaces and strategies. First, we developed
metamorphic superomniphobic surfaces that display wetting transition in response to heat.
Second, we systematically studied the dynamics of droplets of various liquids during
coalescence-induced jumping on textured super-repellent surfaces. Third, we developed a simple
and passive strategy consisting of superomniphobic surfaces with a protruding macrotexture to
demonstrate coalescence-induced jumping with significantly higher energy conversion
efficiency, compared to state-of-the-art surfaces. Fourth, we developed a simple “grafting to”
technique to fabricate a novel non-textured hydrophilic surface that is counterintuitively slippery
with unprecedented potential to enhance the heat transfer coefficient in dropwise condensation.
Fifth, we developed a novel triboelectric-based droplet manipulation technique on smooth
hydrophobic slippery surfaces that is very simple without any complex fabrication of
manipulation platform or expensive actuation system. Overall, the novel surfaces and strategies
developed in this work have significant implications for phase-change heat transfer, liquid
transportation, anti-fouling, self-cleaning, drag reduction, corrosion control, and manipulation of

liquid droplets.
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OVERVIEW

In recent years, extensive efforts have been devoted to the investigation of textured super-
repellent surfaces (i.e., surfaces that display extreme repellency to liquids) and also smooth
slippery surfaces (i.e., surfaces that allow extreme liquid mobility). The extreme liquid
repellency and liquid mobility on such surfaces arises from the combination of appropriate
surface texture and surface chemistry. Controlling the surface texture and/or surface chemistry,
allows tailoring of the solid-liquid interaction to control the droplet wetting and dynamics.
Recently, tailoring the wettability and slipperiness of textured super-repellent surfaces and also
smooth slippery surfaces has attracted significant attention due to their applications in droplet
manipulation and coalescence-induced self-propulsion of droplets, which will be discussed in the
following chapters.

In this dissertation, the fundamental chemical and physical principles of designing textured
super-repellent and also smooth slippery surfaces will be reviewed in chapter two. Then, our
contributions in design and fabrication of textured super-repellent surfaces (e.g., surfaces with
switchable wettability) and their applications (i.e., coalescence-induced self-propulsion of
droplets in the capillary regime as well as the visco-capillary regime) will be presented in chapter
three. Further, the first-ever passive strategy to significantly increase the energy conversation
efficiency in coalescence-induced jumping of droplets will be introduced. Following that, our
contributions in fabrication of smooth slippery surfaces (e.g., a novel hydrophilic yet slippery
surface) and their applications (i.e., enhanced dropwise condensation, and a novel triboelectric-
based droplet manipulation technique) will be presented in chapter four. Finally, the contributions
of this work to fundamental science and applied science will be summarized in chapter five and also

the potential aspects of this work for future investigation will be presented.
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1. CHAPTER 1- BACKGROUND

1.1. Introduction

Recent advances in micro/nano-scale fabrication techniques and also chemicals with
variety of functionalities have opened up new avenues in tailoring solid-liquid interactions to
control the wettability and slipperiness of solid surfaces against contacting droplets. Such control

is of great interest for industrial applications such as anti-fouling,” self-cleaning,'*"’ drag

18-22 23-24 25-28 29-31

reduction, chemical shielding, icephobicity, micro-robots, anti-corrosion

32-33 34-36

coatings, and manipulation of liquid droplets. The wettability and slipperiness of solid
surfaces are characterized by two parameters — (i) contact angle (governing the profile of a
droplet on a solid surface), and (ii) contact angle hysteresis (i.e., the difference between the
advancing [maximum] and receding [minimum] contact angles) or roll-off angle (or sliding
angle) w (i.e., the minimum angle by which the surface must be tilted relative to the horizontal

37-42

for the droplet to roll-off or slide). In this chapter, the fundamentals of tailoring the

wettability and slipperiness of solid surfaces and their motivations will be presented.

1.2. Fundamentals of Wettability and Slipperiness
The primary measure of wetting of a liquid on a non-textured (i.e., smooth) solid surface
(Figure 1-1a) is the equilibrium (or Young's) contact angle 8y, given by Young’s equation:*

cosfy = % (1-1)
v

Here, yq,, ¥s; and y;, are the solid surface energy, the solid-liquid interfacial tension and the

liquid surface tension, respectively.



When a liquid droplet contacts a textured solid surface, it displays an apparent contact
angle 6%, and it can adopt either the Wenzel™ state or the Cassie—Baxter* state to minimize its
overall free energy. In Wenzel state, the liquid fully wets the solid surface (even between
protrusions, see Figure 1-1b) and in the Cassie-Baxter state, air is trapped between the solid and
the liquid (Figure 1-1¢) and " is calculated using the Cassie-Baxter relation:*’

cos0* = fgcos0 + fi,cosm = fgcos0 — fi, (1-2)
Here, f; is the area fraction of the solid—liquid interface and f;, is the area fraction of the liquid—

air interface underneath the liquid droplet on a textured surface.

b

FIGURE 1-1. Schematic of a liquid droplet. (a) On a non-textured surface. (b) On a textured surface in the

Wenzel state, ¢) On a textured surface in the Cassie-Baxter state.

Eq. (1-2) indicates that for a given value of 8y on a textured surface, 8* can be increased

through reducing the f;; and/or increasing the fla.3’ 447 Further, lower fsi and higher f;, lead to

— *

lower contact angle hysteresis AB* = 0, — 0}, in the Cassie-Baxter state.” ***" Here, 0 ,,
and O,,. are the apparent advancing [maximum] and apparent receding [minimum] contact
angles, respectively. Contact angle hysteresis, primarily arises from physical heterogeneity (i.e.,

3, 48-53

surface roughness) and chemical heterogeneity and indicates the energy barriers that

oppose the movement of a liquid droplet on a solid surface. In fact, contact angle hysteresis



characterizes the resistance against droplet movement."** So, higher contact angle hysteresis
results in higher roll-off angle (or sliding angle) w.

Depending on the wettability of surfaces in contact with high surface tension liquids (e.g.,
water), they are broadly categorized as superhydrophilic (i.e., contact angle — 0°), hydrophilic
(i.e., contact angle < 90°), hydrophobic (i.e., contact angle > 90°), and superhydrophobic (i.e.,
contact angle > 150°). Similarly, if a surface in contact with low surface tension liquids (e.g.,
hydrocarbons) displays such contact angles, it is considered superoleophilic, oleophilic,
oleophobic, and superoleophobic, respectively. If a surface is both superhydrophobic and

e . . . 24.42. 54
superoleophobic, it is considered superomniphobic.* ** **°

Further, depending on the mobility
of a liquid droplet on a solid surface, the surface is slippery if the contact angle hysteresis (or roll
off angle or sliding angle) is < 10°, indicating negligible adhesion between a solid surface and

3,24,42,54

the contacting droplet. The Cassie-Baxter state is preferred for designing super-repellent

surfaces because it can lead to very high 8* and very low A8*, which in turn results in low roll

off angle (or sliding angle) w.*>>>°

1.3. Textured Super-repellent Surfaces
Typically, superhydrophobic and superomniphobic surfaces are fabricated by combining a
surface chemistry possessing low solid surface energy (typically y., < 15mNm™1) with

textured surfaces™ 2+ 4% 3% 5761

(note that both the surface chemistry and the surface texture affect
the surface wettability).®> Therefore, the wettability of super-repellent surfaces and thus the
interaction of liquid droplets with such surfaces can be tailored by tuning the surface chemistry
or surface texture.

It is evident from the Young’s relation (Eq.1-1) that the contact angle 8y increases with

decreasing solid surface energy Ys,. This implies that surfaces with very high surface energy tend



to display lower contact angles, while surfaces with very low surface energy tend to display
higher contact angles. Therefore, surfaces with low surface energy are preferred to obtain liquid
repellency. Zisman et al.*®® reported that among various surface functional groups, the surface
energy decreases in the order -CH, > -CH3 > -CF, > -CF,H > -CF3. Consequently, non-polar
fluorinated and perfluorinated materials, including perfluorinated phosphates, perfluorinated
silanes, fluorinated polymers and copolymers, and other fluorinated precursors have become the
logical choice of materials used in designing super-repellent surfaces.” Of all the fluorinated
materials, 1H,1H,2H,2H heptadecafluorodecyl molecules deserve a special mention, because
they are among the lowest surface energy materials ever produced.” On the contrary, surfaces
become more hydrophilic in the order non-polar < polar, no hydrogen-bonding < polar,
hydrogen-bonding < hydroxylic < ionic. Hence, polar polymers (e.g., polyethylene glycol) and
ionic polymers (e.g., zwitterionic silanes) are widely used in fabrication of hydrophilic and
superhydrophilic surfaces.®**

As mentioned previously, super-repellency can be obtained on textured surfaces in the
Cassie-Baxter state. Although the formation of the Cassie—Baxter state is desirable in designing
superomniphobic surfaces, not all types of textures can lead to a Cassie—Baxter state with low
surface tension liquids, which display a Young’s contact angle 8, < 90°.* To illustrate this
qualitatively, consider the two types of textures shown in Figures 1-2a and b, both having the
same solid surface energy. The texture shown in Figure 1-2a is concave (texture angle i > 90°)
and the texture shown in Figure 1-2b is convex (v < 90°) facing upwards. In both the cases, any
liquid contacting the texture in the Cassie—Baxter state locally displays a contact angle equal to

the Young’s contact angle 8y. A stable Cassie—Baxter state results only when 8, > .>% 7%

This is because if 6y < 1, the net traction on the liquid—vapor interface is downward due to the



capillary force, which promotes imbibition of the liquid into the solid texture, leading to a fully
wetted Wenzel state. Consequently, low surface tension liquids, which display a Young’s contact
angle 6y < 90°, cannot be in a stable Cassie—Baxter state on textures with Y > 90° (Figure 1-
2a). However, they can be in a robust Cassie—Baxter state on textures with Y < 90° (Figure 1-
2b). Such convex topographies, with 1 < 90°, are called re-entrant textures. Re-entrant texture
(such as the texture of the springtail skin shown in Figure 1-2¢) is necessary in designing

superomniphobic surfaces.

~. Tetrodontophora c
bilanesis

a

FIGURE 1-2. The critical role of re-entrant texture. (a) A schematic of a concave texture (3 > 90°) showing a
liquid droplet with 8 > 90° in the Cassie—Baxter state. (b) A schematic of a concave texture (3 < 90°) showing a
liquid droplet with 8 < 90° in the Cassie—Baxter state. (¢) A picture and SEM images of hierarchical structured
springtails skin where secondary granules (SG) are superimposed on primary granules. Reproduced with

permission.” © 2014 Nature Publishing Group.

In addition to the re-entrant form, the hierarchical scales of the textures have a constructive
influence on super-repellency of surfaces. Typically, hierarchically structured surfaces consist of
a finer length scale texture on an underlying coarser length scale texture (Figures 1-3a—c). When
a hierarchically structured surface supports a contacting liquid droplet in the Cassie—Baxter state
at all length scales, the liquid droplet typically displays higher apparent contact angles compared

6



with surfaces with a single scale of texture. This is because air is trapped at multiple length
scales for a hierarchically structured surface, while air is trapped only at one length scale for
surfaces with a single scale of texture.

Hierarchically structured surfaces that can support a contacting liquid droplet in the
Cassie—Baxter state also display lower contact angle hysteresis A8 compared with surfaces with
a single scale of texture.*” >* °> 7" As mentioned before, contact angle hysteresis is related to
energy barriers that a liquid droplet must overcome during its movement along a solid surface
and thus characterizes the resistance to the droplet movement.” Lower solid-liquid contact area
leads to lesser contact line pinning (i.e.,, lower resistance to droplet movement) and consequently
lower contact angle hysteresis. Typically, hierarchically structured surfaces (Figure 1-3c) have
significantly lower solid—liquid contact area compared with surfaces that possess a single scale
of texture (Figures 1-3a and 1-3b). This results in significantly lower contact angle hysteresis.
Consequently, hierarchically structured surfaces possessing re-entrant texture with very low
solid—air interfacial tension, which can support low surface tension liquids in the Cassie—Baxter

state, are ideal for designing superomniphobic surfaces.

FIGURE 1-3. The need for hierarchical scales of texture. (a-c) Schematics of a liquid droplet in the Cassie—
Baxter state on a coarser textured surface, a finer textured surface and a hierarchically textured surface,

respectively. Reproduced with permission.’> © 2014 Nature Publishing Group.

1.4. Smooth Slippery Surfaces

Despite extensive efforts over the past years, retaining the robustness of super-repellent

surfaces in harsh conditions continues to be a grand challenge in the field.” For instance, the air

7



cushion required to sustain the super-repellency can vanish due to liquids impinging at high
pressure or damage of the surface texture or dissolution into the surrounding fluid.’ These
drawbacks of super-repellent surfaces encouraged scientists to come up with a new strategy of
tailoring the solid-liquid interaction to ensure the nearly free motion of liquids on solid surfaces.
This strategy (i.e., slippery liquid-infused porous surfaces SLIPS) mainly involves surfaces
containing pockets of a lubricating liquid rather than air (Figure 1-4a).”' The premise for such a
strategy is that a liquid surface is intrinsically smooth and defect-free and a liquid droplet, which
is immiscible and whose wetting is energetically unfavorable compared to the lubricant, can slide
on SLIPS very easily (Figure 1-4b).” SLIPS were brought to prominence through developments
reported independently by LaFuma and Quere’” and Wong et al.”' and have subsequently been
described in more detail in applications including condensation enhancement,” anti-icing,”* and

7176 Wwhich is critical for

paper-based microfluidics.”” SLIPS repel low surface tension liquids,
applications in thermal management and hydrocarbon processing; for example, SLIPS can
promote formation of highly mobile droplets of low surface tension liquids, including

hydrocarbons with surface tensions as low as pentane (y¥;,~16 mN m~1).”" SLIPS can also

improve condensation heat transfer of water in the dropwise mode.”

Stain-free

Textured Solid

FIGURE 1-4. Slippery liquid-infused porous surfaces SLIPS. (a) A liquid droplet rests on a SLIPS surface. (b)
Movement of light crude oil on a substrate composed of a SLIPS, a superhydrophobic Teflon porous membrane,
and a flat hydrophobic surface. Note the slow movement on and staining of the latter two regions. Reproduced with

permission.” © 2017 Taylor & Francis Group.



Despite the rapid progress in fabrication of SLIPS, recent studies have shown that the loss
of the lubricating liquid (either by evaporation or by the removal of lubricant along with the
moving droplets) leads to degradation of the low adhesion characteristic of SLIPS.””"® Further,
presence of a thick (on the order of micrometers) lubricant layer (with low thermal conductivity)
increases the thermal resistance at solid-vapor interface and thus reduces the overall heat transfer
coefficient in thermal-fluidic applications. In order to circumvent these drawbacks, recently,
covalently attached flexible, lubricating molecules are introduced onto smooth surfaces to make
them extremely slippery.”” The few nanometer-thick grafted groups impart a liquid-like quality
to solid surfaces and are not easily washed away or depleted by evaporation. However, these
surfaces were limited to the fabrication of hydrophobic slippery surfaces, which highly limits

780 poor wicking,*' or high Kapitza

their thermal-fluidic applications (due to low nucleation rate,
resistance®) as well as bio-fluidic applications (due to very poor bio-fouling resistance™).
Chapter 3 presents the first-ever hydrophilic surface that is counter-intuitively slippery with

significant potential for thermal-fluidic and bio-fluidic applications due to very high nucleation

rate, strong wicking, low Kapitza resistance and also very high bio-fouling resistance.

1.5. Switchable Wettability
Over the past few decades, natural surfaces exhibiting stimuli-responsive behaviors, such
as the color changes of echinoderms in response to light and heat-shock-responsive behavior of
bacteria provided researchers with great inspiration for designing numerous intelligent
materials.** Among various kinds of intelligent surfaces, smart stimuli-responsive surfaces with
switchable wettability have attracted significant interest due to numerous applications, such as
controlled drug delivery,® cell encapsulation,* oil/water separation,®’ and sensors.*® According

to their responsiveness to different external stimuli, smart materials are divided into several



groups, including photo-responsive materials, thermally responsive materials, pH/solvent-
responsive materials, electricity-responsive materials, UV light-responsive, plasma-responsive

and stress-responsive materials (Figure 1-5).%
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FIGURE 1-5. Switchable wettability methods. (a) Photo responsive. Reproduced with permission.” © 2012 The
Royal Society of Chemistry (b) pH responsive. Reproduced with permission.” © 2013 Wiley (c¢) Temperature
responsive. Reproduced with permission.” © 2004 John Wiley and Sons (d) Voltage responsive. Reproduced with
permission.'” © 2007 American Chemical Society (e) UV responsive. Reproduced with permission.'’ © 2011

American Chemical Society (f) Strain responsive. Reproduced with permission.'? © 2004 John Wiley and Sons.

For example, Sun et al.’ studied the reversible switching of superhydrophobic surfaces
induced by controlling the temperature. They showed the wettability of poly (N-
isopropylacrylamide)-modified surfaces can be dramatically changed from superhydrophilicity to
superhydrophobicity by increasing the temperature by only 30°C. In order to fabricate a pH-

responsive surface, Yu et al*’ combined a fractal-like gold surface obtained via

10



electrodeposition technique and a mixed thiol self-assembled monolayer to create an acid/base
sensitive surface. They observed that their surface is superhydrophobic with acidic droplets and
superhydrophilic with basic water droplets. In another study, Minko et al.”® studied controlling of
a polymer surface wettability by exposing the surface to different solvents. The solvent
sensitivity evoked the switchable wettability from superhydrophilic to superhydrophobic state.
Lim et al’' reported the fabrication of rose-like nanostructured V,0Os films that are photo-
responsive. The wettability of textured V,0Os films was reversed from superhydrophobicity to
superhydrophilicity upon UV light irradiation. As another external stimulus, plasma treatment
was used by Song et al.”* to create superhydrophobic surface with controllable wettability. They
synthesized poly (L-lactic acid) (PLLA) superhydrophobic surfaces using phase inversion-based
methods. They showed that by increasing Ar-plasma treatment hydrophilicity of the samples
increases. Further, Zhang et al.”> controlled the surface texture of an elastic polyamide film by
cooperation of bi-axially extending and unloading the film. Their surfaces exhibited reversible
wettability from superhydrophilicity upon extending to superhydrophobicity upon unloading.
Despite the rapid progress in fabrication of surfaces showing switchable wettability, prior
work has mainly focused on switchable wettability via changes in chemistry at solid-liquid
interfaces, induced by the external stimuli. Chapter 2 discusses the first-ever report of combining
the superomniphobicity and shape memory effect to systematically design superomniphobic
surfaces with metamorphic textures (i.e., textures that transform their morphology in response to
an external stimulus). The wetting transitions on our surfaces are solely due to transformations in

morphology of the texture and not due to changes in chemistry.
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1.6. Droplet Dynamics on Super-repellent and Slippery Surfaces
In recent years, super-repellent surfaces and also smooth slippery surfaces have been
widely used to achieve on-demand (controlled) droplet manipulation. In this context, it is
important to understand the fundamental mechanisms that govern manipulation of droplets

tangential or perpendicular to surfaces.

1.6.1. Droplet motion tangential to a surface

Rolling or sliding of a droplet on a surface is a measure of the droplet mobility on the
surface. Various passive techniques (e.g., wettability gradient, Laplace pressure gradient, photo-
induced deformation) have been employed to manipulate droplets tangentially on surfaces for
applications in fog harvesting and self-cleaning.”*”® When a droplet on a solid surface is
stimulated, the droplet tends to move toward the stimulation direction, provided the stimulation

force can overcome the adhesion force at the solid-liquid interface (Figure 1-6).

F. adh !' S-a ; F ext
— AL Qf‘»,' —p
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FIGURE 1-6. Droplet motion under external stimulation tangent to a surface.

The adhesion force at solid-liquid interface, arising from the contact angle hysteresis, can

be calculated as:
l
Faan = fl: Yiv(€0SOrec — c0SO44,)dl (1-3)
Here, [ is the integration variable along the width of the droplet.”” According to Furmidge,'” if a

droplet is placed on an inclined solid surface, based on a balance between the external (here

gravitational) force and the adhesion force at solid-liquid interface, the roll off or sliding angle w

12



(i.e., the minimum angle by which the surface must be tilted relative to the horizontal for the

droplet to roll off or slide) is given as:

YlvDTCL(Coserec_coseadv)] (1_4)
mg

w = sin™1[
Here, m is the mass of the droplet, g is the acceleration due to gravity, and D¢, is the width of
the triple phase contact line perpendicular to the rolling/sliding direction. When the shape of the

droplet does not deviate significantly from a spherical cap, the width of the triple phase contact

line can be computed as:

Drey = 2¢05(8* — D) [——m——=]'/° (1-5)

m(2—3c0s0*+cos36*
Here, V is the volume of the droplet and 8* is the average apparent contact angle, given as:

€080}, 4, +€056F o
2

cosf* = (1-6)

The roll off angle (or sliding angle) can be measured to characterize the droplet mobility

on a solid surface. Further, minimizing the contact angle hysteresis (e.g., through increasing the

liquid-vapor area fraction f;,, on the super-repellent surface) is a universal strategy to reduce the
roll off (or sliding) angle, which results in higher droplet mobility on functional surfaces.

Chapter 2-1 demonstrates a variation in droplet mobility (measured by the rolling angle) on our

Metamorphic Superomniphobic (MorphS) Surfaces by altering the liquid-air area fraction f;, via

morphology transformation. Chapter 3 demonstrates the tangential motion of droplets on smooth

slippery surfaces under triboelectric stimulation.

1.6.2. Droplet motion perpendicular to a surface

In this section, two types of perpendicular interactions of droplets with surfaces are
considered — a) impingement of droplets on solid surfaces, and b) coalescence-induced self-

propulsion of droplets on surfaces. Despite their differences, these dynamic processes are both
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highly influenced by the local solid-liquid interactions at the contact area and also the
deformation of the droplets during the processes.

When a liquid droplet with radius R,, density p, viscosity u, and velocity u impinges a
super-repellent or slippery surface (showing negligible solid-liquid adhesion, Figure 1-7a), it
spreads on the surface. During spreading, the kinetic energy of the droplet (scales as pR3u?) is

partly converted into the excess surface energy (scales as Yy, Agyrr, Where Agy,¢ is the area of the

droplet), while the rest of it is being dissipated due to the viscosity (scales as uRZu).'""" Weber
number We = pu?R,/y,, measures the relative importance of the kinetic energy of the droplet
compared to its surface energy. Further, Reynolds number Re = puR,/u measures the relative
importance of the kinetic energy of the droplet compared to viscos dissipation.

Prior work demonstrated that at low We, the droplet deforms slightly when it impinges the
surface and the restitution coefficient (i.e., ratio of the kinetic energy of the droplet after and

before impingement) is very large indicating negligible energy dissipation.'®''%*

If a droplet
impinges on a surface with higher We, it is subject to a pronounced deformation leading to the
redistributed liquid flow from vertical to horizontal direction. Subsequently, in the retraction
stage, the droplet bounces back from the surface in the capillary-inertial regime (where the initial
kinetic energy is mainly converted into the surface energy) or visco-capillary regime (where the
initial kinetic energy is mainly dissipated by the viscosity).'"'*

One of the most important issues preventing the complete bouncing of droplets from

44-45, 54, 106-109 Co
R which is an

textured super-repellent surfaces is the Cassie to Wenzel transition,
indication of the breakdown of the super-repellent property.

Perpendicular interaction of droplets with functional surfaces can also be seen in the

coalescence-induced self-propulsion of droplets on super-repellent surfaces, which has
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similarities with the retraction stage of the droplet impingement process, and has potential

11 Dye to these

applications in self-cleaning and sustained dropwise condensation (Figure 1-7b).
applications, dynamics of the droplets coalescing on a super-repellent surface has attracted
significant interest. Similar to the retraction stage of the droplet impingement process, when two

liquid droplets (with radius R, density p, viscosity u, Figure 1-7¢) coalesce, the overall surface

area of the merged droplet decreases due to the reduction in the overall area of the droplet Agy, .

This results in a release of the excess surface energy, which drives the coalescence.® * 1116
a — IS °
20 um RSP
LRV )
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FIGURE 1-7. Droplet motion perpendicular to a surface. (a) Water droplet impinging on a superhydrophobic

surface. Reproduced with permission." © 2013 Springer Nature. (b) Coalescence-induced self-propulsion of water
droplets on a superhydrophobic surface. Reproduced with permission.® © 2009 American Physical Society. (c)
Schematic of two droplets undergoing coalescence defined by radius R,. Reproduced with permission.® © 2014

American Chemical Society.

During coalescence, the excess surface energy is partly converted into the total kinetic
energy, while the rest of it is lost due to viscous dissipation. Droplet coalescence is inherently a
symmetric process, which is followed by periodic expansion and contraction of the merged
droplet in the plane of coalescence (i.e., no scope of the perpendicular motion of the droplet, see
Figure 1-8a). Assuming the viscous dissipation is negligible (i.e., inertial-capillary regime),4’ 8
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all the released surface energy during the coalescence is converted into the total kinetic energy

and according to the balance of these two energy components, the inertial-capillary velocity can

Vie = |22 (1-7)

However, when two liquid droplets coalesce on a super-repellent surface (showing

4,8,110-11
be defined as:™ ™ 7

negligible solid-liquid adhesion), presence of a super-repellent surface breaks the symmetry of
coalescence (Figure 1-8b). This results in a velocity component perpendicular to the plane of
coalescence and away from the super-repellent surface that allows the coalesced droplet to self-
propel away from the surface at a jumping velocity V}-.4’ 8 1O prior work® ® 10116 hag
demonstrated that the coalescence-induced jumping velocity of droplets V; scales as the inertial-
capillary velocity V.

Chapter 2-2 describes a systematic study on different regimes of coalescence-induced self-
propulsion of liquid droplets (i.e., both inertial-capillary and visco-capillary regimes) by using a
wide range of droplet radii, viscosities, and surface tensions. As a result of this study, we
demonstrate that the classic scaling analysis derived based on an energy argument in the inertial-
capillary regime cannot be extended to the visco-capillary regime.

Prior work.* ® "'""!"! hag also demonstrated that the measured droplet jumping velocities
are significantly smaller than those predicted based on the inertial-capillary scaling law (i.e.,
equation 1-7). This indicates that only a small fraction of the released surface energy is converted
into the out of plane kinetic energy (allowing the droplet to self-propel from the surface) and the
majority of the released surface energy is consumed during the periodic expansion and
contraction of the droplet in the plane of coalescence. Enright et al.® argued that < 6% of the

released surface energy on a super-repellent surface can be transformed into perpendicular
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kinetic energy. Such low energy conversion does not allow coalescence-induced jumping of high
viscosity droplets (due to significant viscous dissipation) or low surface tension droplets (due to
lack of sufficient excess surface energy).'®'" In order to enable the coalescence-induced
jumping of a wide range of liquids (including those with high viscosity or low surface tension), it
is necessary to increase the energy conversion efficiency. For example, Lv et al.'® reported that
coalescence-induced self-propulsion of multiple droplets results in higher jumping velocities due
to the relatively lower energy barrier. In addition to the coalescence-induced release of excess

121

surface energy, electric fields have also been used to enhance the jumping motion. = Further,

recent work revealed the coalescence-induced self-propulsion of droplets under a low-pressure
environment, resulting from the generation of an overpressure underneath the droplet as a result

ST
of fast evaporation.
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FIGURE 1-8. Droplet coalescence. (a) in the air (b) on a super-repellent surface. Note the top view of the
coalescence on a super-repellent surface is similar to the panel a. Reproduced with permission.* © 2014 Cambridge

University Press
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Despite all efforts, to the best of our knowledge, there are no reports of simple and passive
techniques that can increase the energy conversion efficiency in coalescence-induced jumping of
droplets. In order to circumvent this drawback, chapter 2-3, presents a passive technique to
significantly increase the upward kinetic energy of the coalesced droplets and thus the energy

conversion efficiency during the coalesce-induced self-propulsion of droplets.
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2. CHAPTER 2- TEXTURED SUPER-REPELLENT SURFACES

2.1. Metamorphic Superomniphobic Surfaces

Summary: Rewritable liquid patterns are an emerging application of superomniphobic surfaces with
wetting transition capability that can be obtained through tuning the surface chemistry and/or the surface
morphology. While prior work has mainly focused on tuning the surface chemistry, altering the surface
wettability (against low surface tension liquids) through changing the morphology of the solid surface
has not been investigated. In this work, by combining superomniphobicity and shape memory effect, we
developed the first ever metamorphic superomniphobic (MorphS) surfaces that transform their
morphology in response to heat (published in Advanced Materials, 2017). Further, we established a
theoretical framework to design such surfaces based on a balance between the pressure induced by a
droplet to the surface and the breakthrough pressure on the surface. Along with rewritable liquid patterns,
we envision that the robust MorphS surfaces with reversible wetting transition will have a wide range of
applications including hazardous liquid transport, controlled drug release, lab-on-a-chip devices, and
biosensors.

2.1.1. Introduction

Superomniphobic surfaces are extremely repellent to virtually all liquids — aqueous or
organic, acids or bases or solvents, Newtonian or non-Newtonian.> *** ** Recently, temporal and
on-demand switching of the wettability of superomniphobic surfaces has absorbed huge interests
due to its application in rewritable liquid patterns, hazardous liquid transport. However, to the
best of our knowledge, there are no reports that combine superomniphobicity and shape memory
effect to systematically design superomniphobic surfaces with metamorphic textures (i.e.,
textures that transform their morphology in response to an external stimulus). In this work,'** we
present the first-ever metamorphic superomniphobic (MorphS) surfaces fabricated with a
thermo-responsive shape memory polymer (SMP).'**'?® Unlike prior work,” '*"* utilizing our
MorphS surfaces, we demonstrate the distinctly different wetting transitions of liquids with
different surface tensions and elucidate the underlying physics. The wetting transitions on our
MorphS surfaces are solely due to transformations in morphology of the texture. We envision

that our robust MorphS surfaces with reversible wetting transitions will have a wide range of
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applications including rewritable liquid patterns, controlled drug release systems, liquid-liquid

separation membranes, lab-on-a-chip devices, and biosensors.

2.1.2. Design Principles

As described in chapter one, when a liquid droplet is in Cassie-Baxter state, pockets of air
remain trapped underneath the liquid droplet introducing a composite liquid-air-solid interface.
This greatly reduces the solid-liquid interfacial area, which in turn leads to high 8* and low roll
off angles w.” *° The Cassie-Baxter state can be obtained by combining a surface chemistry
possessing a low solid surface energy with an appropriate texture.” *' Assuming our MorphS
surfaces composed of a hexagonal array of mushroom-like pillars can be represented by a
hexagonal array of cylindrical pillars capped with a circular plate having rounded edges (Figure

2-1.a and 2-1.b), f;; and f;,, can be determined as:

§+2cose+160529
H(R—T)2+27T[T(7T—9)][R—T+g<ﬁ>
— sl __ -
fs = et~ 2V3(D+R)? 2-1)
_ Aw _ 4 m(R-r+rsing)?
fow = Atotal 2V3(D+R)? (2-2)

Here, A;otq; 1S the area of a hexagonal unit cell, Ag; is the area of the solid-liquid interface, Ay, is
the area of the liquid-air interface, R is radius of the circular plate cap of the pillar, D is half the
edge-to-edge spacing between the circular plate caps and r is radius of the rounded edge of the
circular plate cap. For our MorphS surfaces, in which r << R, we can represent them as a
hexagonal array of cylindrical pillars capped with a cylindrical plate (Figure 2-1.c¢), and f; and

f1y can be simplified as:

(2-3)
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(2-4)

The Cassie-Baxter equation can then be rewritten as:

cos8* = f,cosf — ~|——)cosO—[1- ;) 2-5
fsl flv <2\/§(1+2)2> < 2\/§(1+2)2 ( )

R

It is evident from equation (2-5) that high values of the liquid-air area fraction f;,,, which
can be obtained by increasing the ratio D/R, lead to high apparent contact angles 8*. Further,
high values of liquid-air area fraction f;, also lead to low contact angle hysteresis A0*,'” which
in turn lead to low roll off angles w.

The Cassie-Baxter state is a metastable state. When a sufficiently high pressure is applied
on a liquid in the Cassie-Baxter state, the liquid will breakthrough, (i.e., permeate and fully wet
the protrusions) thereby transitioning to the Wenzel state. The breakthrough pressure
Pyreakthrougn 18 the minimum pressure that can force such a transition from the Cassie-Baxter
state to the fully wetted Wenzel state and to have effective super-repellence to liquids, it is
essential to have a robust Cassie-Baxter state with high Ppreqrthrougn -

In order to determine the breakthrough pressure Ppreqktnrougn Of Water on our MorphS
surfaces composed of a hexagonal array of mushroom-like pillars, we assume that the texture can
be represented by a hexagonal array of cylindrical pillars capped with a cylindrical plate and the
liquid-air interface is pinned at the very top of the cylindrical plate (Figure 2-1d). A force

balance at the liquid-air interfaces gives:*

p . —27my,c0S0
breakthrough,water =~ 2
R[zﬁ{(%)ﬂ} —n]

(2-6)

Similarly, we can determine the breakthrough pressure Ppreqrthrougn Of n-hexadecane, by

assuming that the liquid-air interface is pinned at the very bottom of the cylindrical plate (Figure
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2-1.e). For n-hexadecane, note that the liquid-air interface cannot get pinned at the top of the

58, 61 58, 60

cylindrical plate and a force balance at the liquid-air interfaces gives:

21y 1,Siné
Pbreakthrough,oil ~ Dv 2 (2'7)
R[zﬁ{(§)+1} —n]

Further, if a droplet of water comes in contact with collapsed pillar texture, the
breakthrough pressure can be estimated by assuming that the hexagonal array of collapsed pillars
can be represented as a hexagonal array of rectangular pillars (Figure 2-1.f) with half the pillar
width R and half the edge-to-edge spacing between pillars D that are different in the parallel

direction and the diagonal direction (for the collapsed pillar texture, Dy > D).

FIGURE 2-1. Schematics of the texture of MorphS surfaces. (a-b) Side view and the top view, respectively, of a
hexagonal array of cylindrical pillars capped with a circular plate having rounded edges. (¢) Side view of a
hexagonal array of cylindrical pillars capped with a cylindrical plate. (d-e) Liquid-air interface pinned at the very

top and the very bottom, respectively, of the cylindrical plate. (f) Top view of a hexagonal array of collapsed pillars.

Since breakthrough occurs more easily for larger inter-pillar spacing, we anticipate that the
breakthrough would occur along the diagonal direction of the collapsed pillars. Assuming that
the liquid-air interface is pinned at the top of the pillars, estimated the breakthrough pressure

.58, 60
Pbreakthrough of water as:
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. —2my,c0s0
Pbreakthrough,collapsed ~ D 2
raf2i{(34) 1)

(2-8)

Our MorphS surfaces possess texture on two length scales — the coarser length scale
(mushroom-like pillar texture or collapsed pillar texture) and the finer length scale (bump-like
texture between the coarser pillar texture, Figure 2-2a).

Assuming that the finer bump-like texture can be represented as a hexagonal array of

cylindrical pillars (with radius Ry, and half the edge-to-edge spacing between Dy, Figure 2-

2.b) and the liquid-air interface is pinned at the very top of the pillar, we have estimated the

58, 60
breakthrough pressure Ppreqithrougn Of Water as:™

—2my oS0

Pbreakthrough,fine = D 2
Rfine[Z\/?_){<ﬂ>+l} —71']

Rfine

(2-9)

side view of a hexagonal array of cylindrical pillars.

For a droplet in the Cassie-Baxter state on a surface, the applied pressure acting
downwards on the liquid-air interface can be estimated as Pgppiiea = 2YiwRarop. If

Pyreakthrough > Pappiiea> the droplet continues to remain in the Cassie-Baxter state and if

Pyreakthrough < Pappiiea- the droplet transitions to the Wenzel state.”™ ¢

2.1.3. Fabrication and Characterization

Relying on the design principles discussed above, in this work, we fabricated our MorphS

surfaces by combining hexagonal arrays of re-entrant textured mushroom-like pillars of a thiol-
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125, 131 .
’ with a surface

ene/acrylate-based thermo-responsive shape memory polymer SMP
chemistry possessing a low solid surface energy (see CH. 2-1 Supplementary Information).
We fabricated the mushroom-like pillars of the thermoresponsive shape memory polymer
through a combination of photolithography and reactive ion etching (Figure 2-3). Subsequently,

we modified the surface chemistry using a fluorinated silane to impart low solid surface energy,

Ysp = 10 mN/m.

PECVD Photolithography

- cease | MR
> i =S

Mask removal RIE etching

Silicon wafer =< Shape memory polymer === Silicon oxynitride Photoresist

FIGURE 2-3. Schematic illustrating the fabrication of MorphS surfaces. PECVD is plasma enhanced chemical

vapor deposition and RIE is reactive ion etching.

2.1.4. Results and Discussion

In order to obtain superomniphobicity, we systematically increased the ratio D/R of the
mushroom-like pillar texture (Figures 2-4.a-¢) by using different masks in the photolithography
step. As might be anticipated from equation (2-5) and the related discussion, increasing the ratio
DI/R (i.e., the pillars are farther apart and/or the mushroom caps are smaller in size) increases the
liquid-air area fraction f;,, in the Cassie-Baxter state, which in turn increases the apparent contact
angles (particularly the receding contact angle, see Figure 2-4.d), decreases the contact angle

hysteresis (see Figure 2-4.d) and decreases the roll-off angles (see Figure 2-4e) for both water (a
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representative liquid with high surface tension, j, = 72.1 mN/m) and n-hexadecane (a
representative liquid with low surface tension, 7, = 27.5 mN/m).

The experimentally measured roll off angles of ~8 pL droplets of water and n-hexadecane
are in good agreement with the predicted roll off angles obtained using equation 1-5. At
sufficiently high liquid-air area fraction f;,, = 97%, the surface is both superhydrophobic

(Bpqy = 166°, 6;,. = 154°, and w = 5° for water) and superoleophobic (8,4, = 164°, 0, =

146°, and w = 7° for n-hexadecane), and consequently the surface is superomniphobic.
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FIGURE 2-4. Characterization of MorphS surfaces. (a-c) SEM images showing the morphology of mushroom-
like pillar texture with different D/R ratios that result in liquid—air area fractions f;;, = 80%, 97%, and 99%,
respectively. The insets show the re-entrant texture of the mushroom caps. (d-e) Apparent contact angles and roll
off angles, respectively, of n-hexadecane and water droplets (=8 pL) on MorphS surfaces with different liquid—air

area fractions.
Based on equation (2-6), on the mushroom-like pillar texture with f;,, ® 97% (R = 7.3 pum,

D = 32.1 um; see Figure 2-4.b) and f;, ® 99% (R = 6.6 um, D = 55 um; Figure 3-4.c), the
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breakthrough pressure Pyreqitnrougn = 258 Pa and Ppreqitnrougn = 92 Pa, respectively, for
water (0 = 0,4, = 114°). For a ~8 pL water droplet, the applied pressure on the water-air
interface can be estimated as, Pgppiica = 2Viv/Rarop = 116 Pa. The water droplet adopts the
Cassie-Baxter state on the surface with f,  97% because Ppreartnrough > Pappliea- In
contrast, the water droplet adopts the Wenzel state on the surface with f;;, ® 99% because
Pyreakthrougn 18 comparable to Pgppieq. Further, Based on equation (2-7), on the mushroom-like
pillar texture with f;,, = 97% (R = 7.3 um, D = 32.1 pum; see Figure 2-4.b) and f;, = 99% (R =
6.6 um, D = 55 pm; Figure 2-4.c), the breakthrough pressure Pyreqitnrougn = 238 Pa and
Pyreaktnrougn = 85 Pa, respectively, for n-hexadecane (6 =~ 0,4, = 79°). For a ~8 puL n-
hexadecane droplet, the applied pressure on the n-hexadecane-air interface can be estimated as,
Poppiiea = 2Y1w/Rarop = 44 Pa. The n-hexadecane droplet adopts the Cassie-Baxter state on the
surface with f,, & 97% because Pyreakthrough > Pappliea- In contrast, the n-hexadecane droplet
adopts the Wenzel state on the surface with f,, ® 99% because Ppreqitnrougn 18 comparable to
Pappiiea- Consequently, even small vibrations in our experimental setting induced a transition of
water and n-hexadecane droplets into the Wenzel state with lower apparent contact angles 6%,
higher contact angle hysteresis A8, and no roll off. So, we employed MorphS surfaces with
liquid-air area fraction f;;, ® 97% in all the results discussed below.

We chose to fabricate our MorphS surfaces with the thiol-ene/acrylate copolymer because
the morphology of the texture can be transformed reversibly by heating above the glass transition
temperature 7, = 60°C (Figure 2-5.a; also CH. 2-1 Supplementary Information)."**"** When the
mushroom-like pillar texture (see Figure 2-5.b) is heated above the glass transition temperature,
deformed under a compressive stress (~ 10 MPa), and cooled down to room temperature, the

morphology is immediately “locked” into a new collapsed pillar texture (i.e., mushroom-like
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pillars are flattened, Figure 2-5.c). During this morphological transformation, the polymer
chains of the crosslinked SMP are temporarily deformed into a more ordered, low entropy state
(i.e., collapsed pillar texture) at elevated temperature. Upon cooling below Ty, the collapsed
pillars remain locked in this ordered state because the entropic gains in reverting back to the
more disordered state (i.e., mushroom-like pillar texture) are insufficient to overcome the inter-
chain and intra-chain steric hindrance. Upon reheating above T, the morphology is transformed
back to the mushroom-like pillar texture (Figure 2-5.d) because the higher mobility of the
polymer chains allows them to revert back to the more disordered state. By repeating this
process, the morphology can be reversibly transformed between the mushroom-like pillar texture
and the collapsed pillar texture. While the mushroom-like pillar texture (with f;, = 97%)
possesses a higher D/R and a re-entrant texture (i.e., R = 7.3 um, D = 32.1 um, Figure 2-4.b), the
collapsed pillar texture possesses a lower effective D/R (i.e., R, = 15.2 ym, D, = 24.2 pm in the
parallel direction and R, = 8.4 um, D, = 32 um in the diagonal direction; Figures 2-1.f and 2-5.c)
and no re-entrant texture. Indeed, the ratios D/R in the parallel direction D,/R, = 1.6 and in the
diagonal direction D/R; = 3.8 (and correspondingly the liquid-air area fraction f;,,) of the
collapsed pillar texture are lower than the ratio D/R = 4.4 for the mushroom-like pillar texture.

Hence, since wettability depends strongly on the morphology of the texture,®® 13513

especially
the ratio D/R (which directly influences f;,, in the Cassie-Baxter state) and the presence or
absence of re-entrant texture, the reversible morphological transformations on our MorphS
surfaces can induce programmable wettability transitions that are distinctly different for liquids
with different surface tensions.

Let us consider the wettability transitions of water, a representative high surface tension

liquid, on our MorphS surfaces. When a droplet of water comes in contact with the as-prepared
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mushroom-like pillar texture, it adopts the Cassie-Baxter state because Phreakthrough =
258 Pa > Pyppiieq = 116 Pa  for water. This is further corroborated by the high apparent

receding contact angle ¢’ = 154° and low roll off angle @ = 5° of water on the mushroom-like

pillar texture. Here, our emphasis is on the apparent receding contact angle because it is more
sensitive to changes in the morphology than the apparent advancing contact angle.® ¥4
Further, the Cassie-Baxter state is also evident from the visible pockets of air trapped
beneath the water droplet (Figure 2-5.e). After heating the mushroom-like pillar texture above
the glass transition temperature, deforming and cooling down to room temperature to form the

collapsed pillar texture, when another droplet of water comes in contact with this collapsed pillar

texture (Figure 2-5.f), it also adopts the Cassie-Baxter state because Pyreaktnrougn = 301 Pa >
Pappiiea = 116 Pa (equation 2-8, along the diagonal direction of the collapsed pillar texture).
Although the pockets of air underneath the droplet are not clearly visible, the Cassie-Baxter state

is corroborated by the reasonably high apparent receding contact angle ¢. = 141° and reasonably

low roll off angle @ = 17° of water on the collapsed pillar texture. If the water droplet were to be
in the Wenzel state, it would not roll off easily. The apparent receding contact angle is lower and
the roll off angle is higher on the collapsed pillar texture because of the lower effective D/R (and
correspondingly lower liquid-air area fraction f;,,) compared to the mushroom-like pillar texture.
Further, it is worth noting here that our MorphS surfaces possess texture on two length
scales (see Figure 2-4.b) — the coarser length scale (mushroom-like pillar texture or collapsed
pillar texture) and the finer length scale (bump-like texture between the coarser pillar texture).
Consequently, when a pressure Pgppiica > Ppreakthrougn for the collapsed pillar texture is
applied on the water droplet, we anticipate that the droplet will adopt the “coarser-Wenzel state”

(i.e., the droplet will wet the coarser collapsed pillar texture), but it may adopt a “finer-Cassie
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state” (i.e., the droplet will not wet the finer bump-like texture) if Pyppiiea < Poreakthrough fine
for the finer texture. Based on equation (2-9), on the finer bump-like texture (Rj, = 1 pm, Djpe =
3 um; Figure 2-2), the breakthrough pressure Pyreqitnrougn,rine = 3524 Pa for water. So, we
anticipate that water will adopt the Cassie-Baxter state if the applied pressure Pyppiieq <

3524 Pa. Upon reheating the collapsed pillar texture above the glass transition temperature to
recover the mushroom-like pillar texture, when yet another water droplet comes in contact with
the recovered mushroom-like pillar texture, it adopts the Cassie-Baxter state (see Figure 2-5.g)
virtually identical to the as-prepared mushroom-like pillar texture with high apparent receding

contact angle = 154° and low roll off angle @ = 6°. The morphological transformations can

be easily repeated on our MorphS surfaces to induce reversible wetting transitions of water
droplets ex-situ (i.e., with different droplets) between Cassie-Baxter states of relatively lower
adhesion and higher adhesion (see Figures 2-5.k-1 and 2-5.1).

Now, let us consider the wettability transitions of n-hexadecane, a representative low
surface tension liquid, on our MorphS surfaces. When a droplet of n-hexadecane comes in
contact with the as-prepared mushroom-like pillar texture, it adopts the Cassie-Baxter state
because Ppreakinrough =~ 238 Pa >> P04 = 44 Pa for n-hexadecane. This is further corroborated by

the high apparent receding contact angle g = 146° and low roll off angle @ = 7° of n-

hexadecane on the mushroom-like pillar texture. Further, the Cassie-Baxter state is also evident
from the visible pockets of air trapped beneath the n-hexadecane droplet (Figure 2-5.h). After
heating the mushroom-like pillar texture above the glass transition temperature, deforming and
cooling down to room temperature to form the collapsed pillar texture, when another droplet of
n-hexadecane comes in contact with this collapsed pillar texture, it immediately adopts the

Wenzel state (see Figure 2-5.i) due to lack of re-entrant texture, which is essential for a low
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surface tension liquid to adopt the Cassie-Baxter state. This is further corroborated by

the low apparent receding contact angle ¢ = 10° and no roll off of n-hexadecane on the

collapsed pillar texture. In addition to the “coarser-Wenzel state” on the collapsed pillar texture,
we anticipate that the n-hexadecane droplet will adopt the “finer-Wenzel state” on the finer
bump-like texture due to lack of re-entrant texture (i.e., a convex texture). This can be explained
as follows: When a liquid droplet contacts a textured surface (with a texture angle w, Figure 2-
2.b), it locally displays the Young’s contact angle 6. A stable Cassie-Baxter is possible only if €
> w. If 8 < y, the net traction on the triple phase contact line is downward, which promotes
imbibition of the liquid into the solid texture, leading to a fully wetted Wenzel state.® >"=>% 6% 141
The finer bump-like texture of our MorphS surfaces possesses a texture angle > 90° (Figure 1-
2.a). In other words, it does not have re-entrant texture (i.e., it does not have w < 90°).
Consequently, low surface tension liquids (e.g., n-hexadecane with 8~ 8,4, = 79°), which display
a Young’s contact angle €< 90°, completely wet the finer surface texture resulting in the Wenzel
state. Upon reheating the collapsed pillar texture above the glass transition temperature to
recover the mushroom-like pillar texture, when yet another n-hexadecane droplet comes in
contact with the recovered mushroom-like pillar texture, it adopts the Cassie-Baxter state (see

Figure 2-5.j) virtually identical to the as-prepared mushroom-like pillar texture with high
apparent receding contact angle g. = 147° and low roll off angle @ = 7°. The morphological
transformations can be easily repeated on our MorphS surfaces to induce reversible wetting
transitions of n-hexadecane droplets ex-situ between the Cassie-Baxter state and the Wenzel state
(see Figures 2-5.k and 2-5.1). It is evident the ex-situ wetting transitions of n-hexadecane droplets

are distinctly different from those of the water droplets.
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FIGURE 2-5. Switchable wettability (ex situ). (a) Schematic depicting the reversible morphology transformation
between the mushroom-like pillar texture and the collapsed pillar texture. (b—d) SEM images showing the as-
prepared mushroom-like pillar texture, the collapsed pillar texture, and the recovered mushroom-like pillar texture,
respectively. (e—g) Droplets of water on the as-prepared mushroom-like pillar texture, the collapsed pillar texture,
and the recovered mushroom-like pillar texture, respectively. (h—j) Droplets of n-hexadecane on the as-prepared
mushroom-like pillar texture, the collapsed pillar texture, and the recovered mushroom-like pillar texture,
respectively. (k,1) A few representative cycles showing changes in the apparent receding contact angles and the roll

off angles, respectively, of water and n-hexadecane droplets (=8 uL) due to changes in morphology of the texture.

In addition to ex-situ wetting transitions, we have also investigated in-situ (i.e., with the

same droplet) wetting transitions on our MorphS surfaces when the morphology transforms from
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the collapsed pillar texture to the mushroom-like pillar texture. As described previously, when a
water droplet comes in contact with the collapsed pillar texture at room temperature, it adopts a
relatively high adhesion Cassie-Baxter state with a roll off angle @ = 17°. In this state, the
pockets of air underneath the water droplet are not clearly visible (see Figure 2-6.a). When the
surface is heated above the glass transition temperature, with the water droplet in continuous
contact, the morphology begins to transform into the mushroom-like pillar texture. During this
morphological transformation, the elastic energy stored within the collapsed pillars lifts the water
droplet from the height of the shorter collapsed pillars to the height of the taller mushroom-like
pillars. Simultaneously, the water droplet continues to adopt newer Cassie-Baxter states due to
increasing fy, eventually reaching a relatively low adhesion Cassie-Baxter state with a roll off
angle w = 6°. As a result, the pockets of air underneath the water droplet become increasingly
visible during this morphological transformation (see Figure 2-6.a). This in-situ wetting
transition of water droplets from a high adhesion Cassie-Baxter state to a low adhesion Cassie-
Baxter state accompanying the morphological transformation from the collapsed pillar texture to
the mushroom-like pillar texture is highly reproducible on our MorphS surfaces.

A careful inspection of the water droplet during the in-situ wetting transition indicates that
the droplet volume decreases from ~8 pL to ~5 pL. In order to ensure that the in-situ wetting
transition to the low adhesion Cassie-Baxter state is entirely due to morphological transformation
and not due to the water vapor simultaneously generated, we conducted our in-situ wetting
transition experiments with a lower vapor pressure liquid, formamide (boiling point Tpsising =
210°C, y,=58.2 mN/m, p= 1130 kg/m’).

Similar to a water droplet, when a formamide droplet comes in contact with the collapsed

pillar texture at room temperature, it adopts a high adhesion Cassie-Baxter state with a roll off
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angle @ = 30° and no visible air pockets underneath the formamide droplet (see Figure 2-6.b).
Upon heating the surface above the glass transition temperature, the morphological
transformation lifts up the formamide droplet, which eventually adopts a low adhesion Cassie-
Baxter state with a roll off angle @ = 6° and clearly visible air pockets (see Figure 2-6.b). There
is virtually no change in droplet volume accompanying this in-situ wetting transition indicating
that the influence (if any) of the vapor generated due to heating is insignificant. Unlike water and
formamide, we did not observe an in-situ wetting transition of n-hexadecane on our MorphS
surfaces because the energy barrier to overcome both the finer-Wenzel state and the coarser-
Wenzel state and eventually transition to the Cassie-Baxter state is too high.

The wetting transitions on our MorphS surfaces can be used to design rewritable liquid
patterns. To demonstrate this, we heated our MorphS surfaces above the glass transition
temperature, deformed it using a stamp to create a “UTD” pattern of collapsed pillars and cooled
the surface down to room temperature. When droplets of n-hexadecane are deposited everywhere
on this patterned surface, they adhered to the deformed collapsed pillar texture (Wenzel state)
and rolled off easily from the undeformed mushroom-like pillar texture (Cassie-Baxter state) to
result in a “UTD” liquid pattern (Figure 2-6.c). In order to erase this pattern and recover our
MorphS surface, we washed the n-hexadecane liquid pattern on the surface with acetone, blow
dried the surface, and then reheated the surface above glass transition temperature. Subsequently,
to rewrite a new liquid pattern, we reheated the erased MorphS surface above the glass transition
temperature, deformed it using a new stamp to create a “CSU” pattern of collapsed pillars, and
cooled the surface down to room temperature. When droplets of n-hexadecane are deposited
everywhere on this new patterned surface, they resulted in a “CSU” liquid pattern (Figure 2-

6.d). In this manner, our MorphS surfaces can be reused to write different liquid patterns.
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FIGURE 2-6. Switchable wettability (in situ). (a,b) Wetting transition of a water droplet and a formamide

droplet, respectively, when the morphology transforms from the collapsed pillar texture to the mushroom-like pillar
texture upon heating the surface from room temperature (R7) to above the glass transition temperature within 1 min.

(c,d) Images illustrating the rewritable liquid patterns on our MorphS surfaces.

2.1.5. Conclusions

In summary, we fabricated the metamorphic superomniphobic (MorphS) surfaces with a
thermo-responsive SMP and demonstrated the distinctly different wetting transitions of liquids
with different surface tensions and elucidated the underlying physics. We believe that the
reversible wetting transitions on our robust MorphS surfaces will have a wide range of
applications including rewritable liquid patterns, controlled drug release systems, liquid-liquid
separation membranes, lab-on-a-chip devices, and biosensors. Further, we envision remotely and

reversibly actuated MorphS surfaces (e.g., surfaces with completely thermally driven
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morphological transition without any mechanical intervention) can be easily fabricated by

142-143

utilizing liquid crystal elastomers or two-way SMPs' 1%,

2.2. Coalescence Induced Self-Propulsion of Droplets on Superomniphobic Surfaces

Summary: We utilized superomniphobic surfaces to systematically investigate the different regimes of
coalescence-induced self-propulsion of liquid droplets with a wide range of droplet radii, viscosities and
surface tensions (published in ACS applied materials & interfaces, 2017). Our results indicate that the
non-dimensional jumping velocity V,-* is nearly constant (Vj* ~ 0.2) in the inertial-capillary regime and
decreases in the visco-capillary regime as the Ohnesorge number O/ increases. Within the visco-
capillary regime, decreasing the droplet radius R, results in a more rapid decrease in the non-dimensional
jumping velocity V,-* compared to increasing the viscosity . This is because decreasing the droplet radius
Ry increases the inertial-capillary velocity V. in addition to increasing the Ohnesorge number Oh. We
envision that our work will enhance the fundamental understanding of coalescence-induced self-
propulsion in the inertial-capillary regime and the visco-capillary regime.

2.2.1. Introduction

As described in chapter one, when two liquid droplets coalesce on a super-repellent
surface, the presence of a super-repellent surface breaks the symmetry of coalescence. This
results in a velocity component normal to the plane of coalescence and away from the super-
repellent surface for the coalesced droplet. The negligible adhesion to the super-repellent surface
allows the coalesced droplet to self-propel (or jump) away from the super-repellent surface at a
jumping velocity Vj.4’ 8. 16 guch coalescence-induced self-propulsion of droplets has been
17, 146

reported on a variety of natural water-repellent surfaces, including lacewings and cicadas,

and has attracted significant attention due to its applications in sustained dropwise

147-157 27,158

condensation as well as anti-icing, and self-cleaning'’ surfaces.

Consider two small liquid droplets with radii Ry, density p, viscosity x, and surface tension

7w, such that the Bond number Bo = pgR? /7, <1 (i.e., gravity can be neglected).'" When these

two liquid droplets coalesce on a super-repellent surface, with negligible adhesion, the excess

surface energy released is either lost due to viscous dissipation or converted to the kinetic energy

4 8 3. 19 A gealing argument based on the energy balance can be

of the jumping droplet.
written as:
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vR3
CiYwRE — Copt /YT ~pR3V} (2-10)

In equation 2-10, the term on the left represents the excess surface energy released, the first
term on the right represents the viscous dissipation'®® and the second term on the right represents

the kinetic energy of the jumping droplet.* * '''"'1> 1% Recognizing that the Ohnesorge number™

§ 1113 Op = y/ \JP7,R, and the inertial-capillary velocity®® '""""'"> V. =.ly, /pR, , equation 2-

10 can be rewritten in the non-dimensional form as:

v =-L~/JC —C,0h (2-11)

Here, Vj* is the non-dimensional jumping velocity. The Ohnesorge number Ok can be understood

as the ratio of the visco-capillary time scale (f,,~ R, / 7,,) and the inertial-capillary time scale (

t.~ PR / 7,, ), indicating the relative importance of the viscosity compared to fluid inertia and

surface tension.® '°!

Prior work has identified different regimes of coalescence-induced self-propulsion of
droplets on super-repellent surfaces by investigating the scaling of the non-dimensional jumping
velocity Vj* as a function of the Ohnesorge number OA.* * """ In the inertial-capillary regime,
the influence of viscous dissipation is negligible (i.e., Oh << 1) and the non-dimensional jumping

4,8,110-114, 162-163

velocity Vj* was found to be nearly constant, as evident from equation 2-11. In the

visco-capillary regime (i.e., higher Oh), viscous dissipation increases with increasing Ohnesorge
number Oh and correspondingly the non-dimensional jumping velocity Vj* decreases,” """ ag
evident from equation 2-11. At very high Ohnesorge number Oh, the released excess surface
energy is completely consumed by viscous dissipation and Vj* — 0, i.e., the droplet cannot jump

away from the surface.* '''!2
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It is evident from the discussion above that the non-dimensional jumping velocity Vj* isa
function of Ohnesorge number Oh. The Ohnesorge number O/ can be tuned by altering the
liquid viscosity g, surface tension y, or the droplet radius Ry. All prior reports have employed
water droplets of different radii Ry on superhydrophobic surfaces to investigate the different
regimes of coalescence-induced self-propulsion.* ' '’ To the best of our knowledge, there are
no reports that have employed liquids with a wide range of surface tensions y, or wide range of
viscosities u to investigate the different regimes of coalescence-induced self-propulsion. This is
partly due to the inability of superhydrophobic surfaces to repel low surface tension liquids. In
this work,''® we utilized superomniphobic surfaces (i.e., surfaces extremely repellent to both
high surface tension liquids like water and low surface tension liquids like oils and alcohols) to
overcome this limitation. Utilizing superomniphobic surfaces, we experimentally investigated
the different regimes of coalescence-induced self-propulsion for liquid droplets with a range of
(1) droplet radii (Ry = 450 pum to 760 pum), (i1) viscosities (# =~ 1 mPa.s to 220 mPa.s), and (iii)
surface tensions (7, ~ 40 mN m™ to 72 mN m™). Further, in order to study the different regimes
of coalescence-induced self-propulsion well beyond the limited range of droplet radius, viscosity
and surface tension accessible in our experiments, we also conducted numerical simulations (see
Section 2.2.3) for a wide range of (i) droplet radii (Ry = 5 um to 760 um), (i1) viscosities (u = 1
mPa.s to 220 mPa.s), and (iii) surface tensions (y, ~ 10 mN m™ to 400 mN m™). We envision
that our work will enhance the fundamental understanding of coalescence-induced self-
propulsion in the inertial-capillary regime and the visco-capillary regime.

2.2.2. Fabrication and Characterization
We fabricated hierarchically structured (i.e., a finer length scale texture superimposed on

an underlying coarser length scale texture), re-entrant textured, superomniphobic surfaces by
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conformally spray coating stainless steel wire meshes (coarser texture) with blends of
fluorodecyl POSS and super-fast instant adhesive SF100 (finer texture).

Spray coating the blends of fluorodecyl POSS and super-fast instant adhesive SF100 (i.e., finer
length scale texture) on an underlying wire mesh (i.e., coarser length scale texture, Figure 2-7.a
inset) resulted in a hierarchical structure. The key parameter influencing the surface texture (and
hence superomniphobicity) is the volume of spray coating solution V.. In order to
systematically investigate the influence of V., on wetting, we fabricated surfaces using
different V., and measured the advancing contact angle, the receding contact angle and the roll
off angle of droplets of n-hexadecane (a representative liquid with low surface tension, y, =~ 27.5
mN m™).

Our results (Figure 2-7a and insets) indicate that at low V., the surface coverage is
insufficient to render the surface superomniphobic. At V.., = 25-35 ml, the sufficient surface
coverage, hierarchical structure, re-entrant texture and the low solid surface energy (%, =~ 10 mN
m™)® led to a robust Cassie-Baxter state and rendered our surfaces superomniphobic for a wide
variety of liquids with surface tension 7, > 27.5 mN m™. Further increase in Vipray results in
clogging of the wire mesh pores that reduces the liquid-air area fraction, which in turn reduces

4 4 164 .
3. 38,40, 46, 60. 164 Based on these results, we fabricated our

the superomniphobicity.
superomniphobic surfaces with V., = 30 ml for all the results discussed below. The high liquid-
air area fraction in the Cassie-Baxter state resulted in high apparent contact angles ¢ and low
contact angle hysteresis A0 for a wide range of liquids (see Figure 2-7.b, also see CH. 2-2
Supplementary Information) on our superomniphobic surfaces. Further, the super-repellency of

our surfaces is also evident from an impinging water droplet (with Weber number,

We=pR, ij / 7, ® 0.3) rebounding back with a restitution coefficient ¢ (i.e., ratio of the velocity
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of a droplet after and before it impacts a surface) that is very high (¢> 0.95; see Figure 2-
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FIGURE 2-7. Characterization of our superomniphobic surface. (a) Influence of the volume of spray coating
solution (V) on the apparent contact angles and the roll-off angles of n-hexadecane. Insets (left to right) show
SEM images of surfaces with V., = 0, 10, 20 and 30 ml, respectively. Scale bar represents 50 um. (b) Droplets
from bottom to top: water (¥, = 72 mN/m), glycerol (3, = 64 mN/m), 1 mM SDS in water (3, =~ 67 mN/m), 1.5 mM
SDS in water (3, = 61 mN/m), 2 mM SDS in water (, =~ 56 mN/m), 3 mM SDS in water (3, =~ 46 mN/m), 6 mM
SDS in water (y, = 40 mN/m), and n-hexadecane (, ~ 27.5 mN/m) showing very high apparent contact angles on
the surface. (c¢) A series of snapshots showing a bouncing water droplet (with restitution coefficient, £ > 0.95) on

our superomniphobic surface.

2.2.3. Numerical Model

We implemented 3D numerical simulations with an incompressible, laminar flow model to
capture the evolution of the liquid-air interface during the coalescence of two identical liquid
droplets (radius Ry) at rest on a superomniphobic surface.'®”'®® Prior work® ® ! 14160 pag

employed smooth surfaces in their numerical simulations and found reasonable agreement with
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experiments that employed textured super-repellent surfaces. Similar to prior work,* * ! 114160

we also employed smooth surfaces (with perfectly smooth wall boundary conditions) with
known contact angles (i.e., 8" = (6,4, + 6yec)/2; see CH. 2-2 Supplementary Information), to
define the superomniphobic surfaces in our simulations. We observed a reasonable agreement
between our experimental results (based on textured surfaces) and our numerical results (based
on smooth surfaces). Further, prior work''' has reported that the influence of solid-liquid
adhesion on coalescence-induced jumping velocity V; of droplets on super-repellent surfaces is
negligible, if the contact angle hysteresis low (i.e., 46" < 10°). Hence, we ignored the contact
angle hysteresis at the lower boundary of the computational domain (i.e., z = 0), representing the
superomniphobic surface (Figure 2-8). The two droplets were initially situated with overlapping
diffuse interfaces that led to the onset of coalescence.* ' '®'"° Dye to the symmetry in the x-
and y- directions, only half of each coalescing droplet was simulated in a computational domain
of 6R;x6Ry*10 R (see Figure 2-8).* "' Symmetric boundary conditions were used at the planes
x=0andy=0.""1% We solved the governing equations (equation of continuity and momentum
equation) with ANSYS Fluent (i.e., a CFD-based commercial software) using a pressure-based
solver.'®® The geometric reconstruction scheme was used in the VOF (volume of fluid) model'’"
' to represent the liquid-air interface, with a piecewise-linear approach. Further, we used the
CSF (continuum surface force) method, with surface tension as the source term in the
momentum equation. The momentum equation was discretized using the second-order upwind

1
scheme.!'®®

We used the SIMPLE (semi implicit, explicit) algorithm for pressure-velocity
coupling and fluid properties were updated from the pressures using the PISO (pressure implicit

with splitting of operators) algorithm.'®® Since Bo = pgRZ /vy, < 0.1 in all our experiments and

virtually all our simulations, we ignored the role of gravity in our simulations.'' " '® A mesh with

40



170,174 Burther, local mesh refinement was

> 40 cells per radius was employed within the droplet.
performed close to the lower boundary of the computational domain (i.e., z — 0) and close to the
symmetric planes (i.e., x — 0 and y — 0), to mitigate the influence of high gradients (see Figure
2-8). A mesh-independence check was performed to confirm that the numerical results were
virtually insensitive to further mesh refinement. A time step Az < 10 was used in all cases to

167-168

ensure CFL (Courant-Friedrich-Levy number) < 0.8. Iterations at each time step were

terminated when the convergence criteria of all equations was smaller than 107,

FIGURE 2-8. Computational domain. Half of a coalescing droplet (radius Rj) resting on a superomniphobic
surface (at z = 0) in a computational domain of volume 6 Ryx6 Ryx10 R,. Finer mesh was used close to the lower
boundary of the computational domain (i.e., z — 0) and close to the symmetric planes (i.e., x — 0 and y — 0) to

mitigate the influence of high gradients.

2.2.4. Results and Discussion

Utilizing our superomniphobic surfaces, we systematically investigated the different

regimes of coalescence-induced self-propulsion for — (i) droplets of water with different radii (R,
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~ 450 pm to 760 pum in experiments and Ry = 5 um to 760 um in numerical simulations), but
constant surface tension and viscosity, (i1) droplets of water containing different compositions of
glycerol with different viscosities (¢~ 1 mPa s to 220 mPa s in both experiments and numerical
simulations), but approximately constant droplet radius and surface tension, and (iii) droplets of
water containing different concentrations of sodium dodecyl sulfate (SDS) with different surface
tensions (y, ~ 40 mN m™ to 72 mN m™' in experiments and 7, ~ 10 mN m™' to 400 mN m™ in
numerical simulations), but approximately constant droplet radius and viscosity (see CH. 2-2
Supplementary Information).

In order to compare coalescence-induced self-propulsion on superomniphobic surfaces
with prior reports on superhydrophobic surfaces as well as to compare our experimental results
with our numerical results, we first investigated the coalescence-induced self-propulsion of water
droplets with different radii (Ry = 450 um to 760 um for experiments and Ry = 4 um to 760 um
for numerical simulations), but constant surface tension (y;, ~ 72 mN m™) and viscosity (u =~ 1
mPa s), to result in a range of Ohnesorge numbers (Oh = 0.003 to 0.004 for experiments and Oh
~ 0.003 to 0.06 for numerical simulations). Our numerical simulations (Figure 2-9.a and 2-9.b)
indicate an inertial-capillary regime for droplet radius Ry > 20 um (i.e., Oh < 0.02) and a visco-
capillary regime for droplet radius Ry < 20 pm (i.e., Oh > 0.02).

In the inertial-capillary regime, the jumping velocity V; decreases with increasing droplet
radius Ry. This is because the jumping velocity is expected to scale as the inertial-capillary

& 1 which decreases with increasing droplet radius Ry. Further, the

velocity (i.e., V; ~ Vi),
nearly constant non-dimensional jumping velocity V_,-* ~ 0.2 in the inertial-capillary regime (i.e.,

Oh < 0.02) indicates negligible viscous dissipation (also see equation 2-11). In the visco-

capillary regime, the jumping velocity V; decreases rapidly with decreasing droplet radius R.
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Correspondingly, the non-dimensional jumping velocity V; decreases rapidly with increasing
Ohnesorge number Oh (as evident from equation 2-11). At a sufficiently high Ohnesorge
number, Oh — 0.05, the non-dimensional jumping velocity Vj* — 0 and the coalesced droplet no

longer jumps away from the superomniphobic surface.
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FIGURE 2-9. Coalescence-induced self-propulsion of water droplets on a superomniphobic surface. (a)

Jumping velocity V; as a function of the droplet radius R,. (b) Non-dimensional velocity I/}* as a function of the
Ohnesorge number Oh. In (a) and (b), inertial-capillary and visco-capillary regimes are shown in green and yellow,
respectively. (¢) and (d) Series of snapshots from experiments and numerical simulations, respectively (R) = 550

pm). The time difference between the experimental and corresponding numerical frames is negligible (< 0.2 ms).

A series of snapshots of the coalescence-induced self-propulsion of two droplets of water
(Rp = 550 um) indicate that our experimental results (Figure 2-9.c) match reasonably well with
our numerical simulations (Figure 2-9.d). Further, both our experiments and numerical

. . : . 4,111,160
simulations agree well with prior work.™ """
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We have also investigated the coalescence-induced self-propulsion of droplets of water
containing different compositions of glycerol, with different viscosities (#~ 1 mPa s to 220 mPa
s for both experiments and numerical simulations), but approximately constant droplet radius (R,
~ 620 pm) and surface tension (7 = 72 mN m™' to 65 mN m™), to result in a wide range of
Ohnesorge numbers (Oh = 0.003 to 0.7 for both experiments and numerical simulations). Our
experiments as well as numerical simulations (Figure 2-10.a and 2-10.b) indicate an inertial-
capillary regime for viscosity x4 < 20 mPa.s (i.e., Oh < 0.05) and a visco-capillary regime for
viscosity x> 20 mPa.s (i.e., Oh > 0.05). In the inertial-capillary regime, the jumping velocity V;
(which is expected to scale as the inertial-capillary velocity Vi) *® '"! decreases slightly with
increasing composition of glycerol in water because of the decrease in surface tension and
increase in density (see CH. 2-2 Supplementary Information), but not due to the increase in
viscous dissipation associated with increase in viscosity. This negligible viscous dissipation with
increasing Ohnesorge number O# in the inertial-capillary regime is also evident from the nearly
constant non-dimensional jumping velocity Vj* ~ (.2 (also see equation 2-11).

In the visco-capillary regime, the jumping velocity V; decreases with increasing viscosity u
and correspondingly the non-dimensional jumping velocity Vj* decreases with increasing
Ohnesorge number O/ (as evident from equation 2-11). This is because as viscosity u increases
and Ohnesorge number Ok increases, the viscous dissipation increases significantly. At a
sufficiently high Ohnesorge number, Oh — 0.38, the non-dimensional jumping velocity V_,-* -0
and the coalesced droplet no longer jumps away from the superomniphobic surface. A series of
snapshots of the coalescence-induced self-propulsion of two droplets of water + 85% glycerol (u
~ 109 mPa s) indicate that our experimental results (Figure 2-10.c) match reasonably well with

our numerical simulations (Figure 2-10.d).

44



Il

a 008 FT T T A2 b :}' 03E 2 T = T a
>
o = Numerical ‘S * Experimental
©w i e Experimental % = Numerical
£ 006 F - = =
5 Poie g > o. -
¢ . £ o s i
= . £ ., i
Z 3 : AP
ks 0.04 - B 3 . i
2 . T
2 ¢ S 01f ; g
3 002F - E
£ ]
S £
- a2 -E [ |
=
0.00 &, . ) e gw B4 g 0.0 R
1 10 100 0.001 0.01 0.1 1
Viscosity, u (mPa s) Ohnesorge Number, Oh

FIGURE 2-10. Coalescence-induced self-propulsion of water+glycerol droplets on a superomniphobic
surface. (a) Jumping velocity V; as a function of the viscosity x. (b) Non-dimensional velocity Vj* as a function of
the Ohnesorge number OA. In (a) and (b), inertial-capillary and visco-capillary regimes are shown in green and
yellow, respectively. (¢) and (d) Series of snapshots from experiments and numerical simulations, respectively (u =~
109 mPa.s). The time difference between the experimental and corresponding numerical frames is negligible (< 0.2

ms).
Utilizing our superomniphobic surfaces, we have also investigated the coalescence-induced
self-propulsion of droplets of water containing different concentrations of SDS, with different
surface tensions (%, ~ 72 mN m™ to 40 mN m™ for experiments and 7, ~ 400 mN m™ to 10 mN
m™ for numerical simulations), but approximately constant droplet radius (Ry ~ 710 pm) and
viscosity (# = 1 mPa.s), to result in a range of Ohnesorge numbers (Oh = 0.003 to 0.004 for
experiments and Oh = 0.0009 to 0.009 for numerical simulations). We have limited our

numerical simulations to surface tension 7, > 10 mN m™ because there are no known liquids
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with surface tension 7, <10 mN m™ (at room temperature and atmospheric pressure).'”>"’

Recent work'””'” has demonstrated that when two similar droplets containing the same
surfactant with equal concentrations coalesce, the temporal gradients in the surface tension (due
to reconfiguration of the surfactant) disappear very quickly and do not influence the dynamic
coalescence process significantly. Consequently, in our experiments with two nearly identical
droplets with the same concentration of SDS, we do not anticipate a significant influence of the
surface tension gradients on the coalescence process and the coalescence-induced jumping
velocity V. Our results (Figure 2-11.a and 2-11.b) indicate that the coalescence-induced self-
propulsion of droplets with Ry = 710 um over the entire range of surface tension studied (i.e., 10
mN m"' < y, < 400 mN m™) lies in the inertial-capillary regime (i.e., negligible viscous
dissipation), with a constant non-dimensional velocity Vj* ~ 0.2 (also see equation 2-11). The
Jjumping velocity V; increases with increasing surface tension, as might be anticipated from its
scaling with the inertial-capillary velocity V;..* !

A series of snapshots of the coalescence-induced self-propulsion of two droplets of 6 mM
SDS in water (3, ~ 40 mN m™") indicate that our experimental results (Figure 2-11.c) match
reasonably well with our numerical simulations (Figure 2-11.d). Negligible influence of the
surface tension gradients on the coalescence process and the coalescence-induced jumping
velocity V; is further corroborated by the agreement between our numerical simulations (that do

not consider the presence of surfactants) and our experimental results.
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FIGURE 2-11. Coalescence-induced self-propulsion of SDS in water droplets on a superomniphobic surface.

(a) Jumping velocity V; as a function of the surface tension y,. (b) Non-dimensional velocity I/}* as a function of the
Ohnesorge number Oh. In (a) and (b), inertial-capillary regime is shown in green. (c) and (d) Series of snapshots
from experiments and numerical simulations, respectively (7, =~ 40 mN/m). The time difference between the

experimental and corresponding numerical frames is negligible (< 0.2 ms).

&8 1 on coalescence-induced self-propulsion of droplets indicate that the

Prior reports
transition from the inertial-capillary regime to the visco-capillary regime (which approximately
corresponds to the maximum #; with decreasing Ry) occurs over a wide range of Ry (i.e., 0.1 pm
< Ry < 50 um) and correspondingly a wide range of Oh (i.e., 0.006 < Oh < 0.22). This wide
range can be attributed to the differences in the Young’s contact angles, the apparent contact
angles, the contact angle hystereses and the length scales of surface texture employed in the

experiments or assumed in numerical simulations.* "' Our results indicate that the transition

from the inertial-capillary regime to the visco-capillary regime occurs at Ry = 20 um (Figure
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2.9a) and 0.02 < Oh < 0.05 (Figures 2.9b and 2.10b), which is within the wide range reported in
prior work.

More importantly, our results indicate that in the visco-capillary regime, the non-
dimensional jumping velocity V_,-* decreases more rapidly with increasing Ohnesorge number Oh
due to decreasing droplet radius R, (Figure 2-12) than increasing the Ohnesorge number O/ due
to increasing viscosity u (Figure 2-12). We explain this as follows — increasing the viscosity ,
and correspondingly increasing the Ohnesorge number Oh, results in a decrease in the non-
dimensional jumping velocity Vj*, as evident from equation 2-11. However, as the radius Ry
decreases, in addition to increasing the Ohnesorge number Oh, the inertial-capillary velocity Vi,
also increases. Both the increase in Ohnesorge number O/ and the increase in inertial-capillary
velocity Vi (i.e., two different factors) contribute to a decrease in the non-dimensional jumping
velocity Vj*, as evident from equation 2-11. Correspondingly, the non-dimensional jumping
velocity Vj* decreases more rapidly with increasing Ohnesorge number Ok (and increasing
inertial-capillary velocity V;.) due to decreasing droplet radius R, than increasing Ohnesorge

number Ok due to increasing viscosity g
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Recent work''? investigated the coalescence of droplets of water on superhydrophobic
surfaces with different wettability and emphasized that the solid-liquid adhesion significantly
influences the jumping velocity V; in the visco-capillary regime. In general, increasing the
contact angle hysteresis 46" of a droplet on a super-repellent surface increases the solid-liquid
adhesion. During coalescence-induced self-propulsion, higher A# results in higher dissipation of
the released excess surface energy to overcome this solid-liquid adhesion. This in turn reduces
the available released excess surface energy that can be converted to the kinetic energy of the
jumping droplet. So, higher A#", in general, results in lower jumping velocity V; than lower A6,

However, when A6 is very low, the influence of solid-liquid adhesion is negligible. This is also

111

evident from a recent report ~ that demonstrated virtually no change in the jumping velocity V;

for contact angle hysteresis 46" < 10°. In probing the visco-capillary regime (see Figures 3-9 and
3-10), we employed liquids with very high apparent contact angles (szv =~ 162° to 165°) and

very low contact angle hysteresis (AH* ~ 2° to 4°) on our superomniphobic surfaces (see CH 2-2
Supplementary Information). In other words, we employed surfaces with negligible solid-liquid
adhesion. Consequently, in our work, we do not anticipate a significant influence of solid-liquid
adhesion on the jumping velocity ¥ in the visco-capillary regime. In our work, the decrease in
non-dimensional jumping velocity V_,-* with increasing Ohnesorge number O/ in the visco-
capillary regime is primarily due to viscous dissipation.

Finally, it must be noted that although liquids with high surface tension may condense in
the Cassie-Baxter state on our superomniphobic surfaces, low surface tension liquids will
condense in the Wenzel state. This results in relatively high adhesion between the low surface
tension liquids and our superomniphobic surfaces. Consequently, coalescence-induced self-

propulsion of low surface tension droplets cannot be currently achieved on our superomniphobic
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surfaces in practical condensation applications. Further, although the binary mixtures (e.g., water
+ glycerol) employed in our work allow us to study the fundamental fluid mechanics of
coalescence-induced self-propulsion in the inertial-capillary and visco-capillary regimes, during
condensation of such binary mixtures, the vapor-liquid equilibria, which determine the
composition of the vapor phase and the liquid phase, will have to be carefully considered. So,
additional coalescence-induced self-propulsion experiments with practically relevant (chemically
homogeneous) liquids are necessary to better understand the implications for practical

condensation applications.

2.2.5. Conclusions

We employed superomniphobic surfaces to systematically investigate the coalescence-
induced self-propulsion of liquid droplets with a wide range of droplet radii, viscosities and
surface tensions in the inertial-capillary regime and the visco-capillary regime. Our results
indicate that for all the liquids studied, the non-dimensional jumping velocity Vj* is nearly
constant (Vj* ~ 0.2) in the inertial-capillary regime and decreases in the visco-capillary regime as
the Ohnesorge number O# increases, in agreement with prior work. In the visco-capillary regime,
the non-dimensional jumping velocity Vj* decreases more rapidly with increasing Ohnesorge
number Oh due to decreasing droplet radius R, than increasing the Ohnesorge number Ok due to
increasing viscosity u. This is because decreasing the droplet radius R, increases the inertial-
capillary velocity V. in addition to increasing the Ohnesorge number Oh. Both the increase in
Ohnesorge number Oh and the increase in inertial-capillary velocity V. (i.e., two different
factors) contribute to a decrease in the non-dimensional jumping velocity Vj* with decreasing Ry.
Further, in our work, the decrease in jumping velocity ¥; and non-dimensional jumping velocity

*

V; with increasing Ohnesorge number O/ in the visco-capillary regime is primarily due to

50



viscous dissipation; the role of solid-liquid adhesion is negligible because of the very high
apparent contact angles ¢ and the very low contact angle hysteresis A6'.

2.3. Coalescence-induced Jumping of Droplets on Superomniphobic Surfaces with

Macrotexture

Summary: When two liquid droplets coalesce on a super-repellent surface, the excess surface energy is
partly converted to upward kinetic energy and the coalesced droplet jumps away from the surface.
However, the efficiency of this energy conversion is very low. In this work (published in Science
Advances, 2018), we employed a simple and passive technique consisting of superomniphobic surfaces
with a macrotexture (comparable to the droplet size) to experimentally demonstrate coalescence-induced
jumping with an energy conversion efficiency of 18.8% (i.e., = 600% increase compared to
superomniphobic surfaces without a macrotexture). The higher energy conversion efficiency arises
primarily from the effective redirection of in-plane velocity vectors to out-of-plane by the macrotexture.
Utilizing this higher energy conversion efficiency, we demonstrated coalescence-induced jumping of
droplets with low surface tension droplets (26.6 mN m™) and very high viscosity (220 mPa s). These
results constitute the first-ever demonstration of coalescence-induced jumping of droplets at Ohnesorge
number>1.

2.3.1. Introduction

As described in chapter one and section 2.2, when two liquid droplets coalesce, the
released excess surface energy is partly converted into the out-of-plane kinetic energy (due to
symmetry breaking), allowing the coalesced droplet to jump away from the super-repellent
surface. Prior work on coalescence-induced jumping has demonstrated that the efficiency 7 of
converting the excess surface energy to the out-of-plane kinetic energy (which causes the droplet
to jump away from the surface) is very low.* ® ""'"113 118 guch Jow energy conversion efficiency
does not allow coalescence-induced jumping of high viscosity droplets (due to significant
viscous dissipation) or low surface tension droplets (due to lack of sufficient excess surface
energy).''®"° In order to enable the coalescence-induced jumping of a wide range of liquids
(including those with high viscosity or low surface tension), it is necessary to increase the energy
conversion efficiency. However, to the best of our knowledge, there are no reports of simple and
passive techniques that can increase the energy conversion efficiency in coalescence-induced

jumping on super-repellent surfaces.”>” "*'* In this work,'®"* we employed superomniphobic
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surfaces possessing a protruding macrotexture (comparable to the droplet size) to experimentally
demonstrate coalescence-induced jumping with energy conversion efficiency 7 =~ 18.8% (i.e., =
600% increase in energy conversion efficiency compared to superomniphobic surfaces without a
macrotexture). Our numerical simulations indicate that the increase in energy conversion
efficiency arises primarily from the effective redirection of in-plane velocity vectors to out-of-
plane velocity vectors due to the presence of the protruding macrotexture. Utilizing the
significant increase in energy conversion efficiency on our superomniphobic surfaces with a
macrotexture, we demonstrate the coalescence-induced jumping of low surface tension droplets

(e.g., tetradecane, surface tension 7, ~ 26.6 mN m™ and viscosity x~ 2.1 mPa s) and very high

viscosity droplets (e.g., water + 90% glycerol'®’, 5, ~ 64 mN m™ and =~ 220 mPa s). This is the
first-ever demonstration of coalescence-induced jumping at Ohnesorge number Oh > 1.'®!
Furthermore, based on a non-dimensionalized energy balance that accounts for the additional
surface energy stored in the coalesced droplet due to the presence of the protruding
macrotexture, we demonstrate that the Weber number at droplet departure (a measure of the
conversion of surface energy into upward kinetic energy) increases linearly with the non-
dimensional macrotexture height. We envision that the results and insights obtained from our
work will impact a wide variety of applications including self-cleaning, anti-icing, energy
harvesting, hot spot cooling, condensation and lab-on-chip devices, especially when liquids with
significant viscous dissipation and/or systems with significant solid-liquid adhesion are

. 17,27, 101, 110, 151, 163, 183, 188-190
involved.”” """

2.3.2. Fabrication and Characterization

Fabrication and characterization of the superomniphobic surfaces were conducted similar

to our prior work (see CH 2-2 Supplementary Information). An experimental apparatus
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composed of three pieces (i.e., a ridge and two flat solid surfaces) mounted on a stage with a
groove (see Figure 2-13a) was used to study the coalescence-induced jumping of liquid droplets.
The ridge was fabricated by machining an aluminum sheet (thickness ~ 0.4 mm) with a bench-
top grinding machine. The ridge was then placed between two flat aluminum sheets (2 cm x 2
cm) with beveled edges. By adjusting the location of the ridge within the wooden groove, we
altered the height of the ridge (100 um < 4, < 500 pm). After spray coating the ridge and the two
flat sheets with 20 wt.% SF100 + 80 wt.% fluorodecyl POSS blends (see CH. 2-2 Supplementary
Information), two droplets of equal volume (dispensed with a micropipette) were placed on
either side of the ridge. A very thin metal fiber (also spray coated with a superomniphobic
coating) was used as a maneuvering probe to gently nudge one of the droplets (with negligible
horizontal velocity) and induce coalescence. Note that a thinner coating of 20 wt.% SF100 + 80
wt.% fluorodecyl POSS blends was sufficient to obtain super-repellency for high surface tension
liquids (e.g., water, water + 90% glycerol), but a thicker coating, especially at the tip of the ridge
(to ensure multiple layers of re-entrant texture), was necessary to obtain super-repellency for low
surface tension liquids.
2.3.3. Results and Discussion

In order to investigate the influence of the protruding macrotexture, we experimentally and
numerically (see Section 2.2.3, Numerical Model) studied the coalescence of two water droplets
(density p~ 1000 kg m™, viscosity z~ 1 mPa.s, surface tension 7, ~ 72 mN m™, radius Ry ~ 600
pm) placed on superomniphobic surfaces without and with a protruding macrotexture (a
triangular ridge; see Figure 2-13a). Both our experimental results (see Figures 2-13b and 2-13d)
and numerical results (see Figures 2-13¢ and 2-13e) indicate = 600% increase in out-of-plane

kinetic energy of the coalesced droplet on superomniphobic surfaces with the ridge compared to
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those without the ridge. This manifests as a significant increase in the jumping velocity and
jumping height of the droplets on superomniphobic surfaces with the ridge. In each of Figures 2-
13b-e, please note that the series of six images (from left to right) represent the following
physical events: (i) onset of coalescence, (ii) capillary bridge impinging the surface, (iii)
maximum contraction of the coalesced droplet, (iv) departure of the coalesced droplet from the
surface, (v) maximum height attained by the coalesced droplet after departing from the surface,

and (vi) coalesced droplet impacting the surface upon return.

0 L0800 cocch? 6

t=0ms 1.5 3.6 4.8

FIGURE 2-13. Coalescence-induced self-propulsion with and without a ridge. a) Schematic of the
experimental set-up used to study the coalescence-induced self-propulsion of liquid droplets. The inset shows the
height of the ridge 4,. A series of snapshots showing the coalescence-induced self-propulsion of water droplets (R,
~ 600 um) on superomniphobic surfaces b) without a ridge (experimental); ¢) without a ridge (numerical); d) with
a ridge (experimental); e) with a ridge (numerical). In d) and e), the ridge height /#, = 500 pm. Time difference
between the experimental snapshots and the corresponding numerical snapshots is < 0.2 ms.

In order to understand the physical principles underlying this increase in out-of-plane
kinetic energy, we numerically studied the evolution of the excess surface energy (i.e., driving
force of coalescence) and the upward kinetic energy (i.e., kinetic energy by virtue of the net

upward velocity) during coalescence of droplets on a superomniphobic surface without and with

a ridge. We define the coordinate system as follows — droplets coalesce along the x direction, the
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ridge is along the y direction and coalesced droplet jumps along the z direction (see inset in

Figure 2-14a). The onset of coalescence of droplets with radius Ry occurs at time ¢ = 0 and

eventually the coalesced droplet attains a radius R.= 2V 3R0. At any time ¢ during the
coalescence, the driving force for coalescence is the excess surface energy
Eurf ox () = Egyp () = Egypr 5 where E gy (0 = 71y Agpr (1) is the surface energy of droplet, 4.,s
(7) s the surface area of the droplet, and E,,, . = 71v47TRc2 is the surface energy of the coalesced
droplet that has eventually attained the radius R.. At the onset of coalescence (i.e., ¢ = 0), the total
available excess surface energy E,; ..(0)= Eg,(0)-E,, .. Here, E,(0)= 71, 87RG .
During coalescence, this excess surface energy is gradually released. A fraction of the released

surface energy is converted to upward Kkinetic energy Ekin,up(t):chuiJ(t) /2, where

m, = p 4”Rc3 / 3 is the mass of the coalesced droplet and V,, (¢) is the net upward velocity of the

coalesced droplet (see CH 2-3 Supplementary Information, Components of Velocity). In our
analysis, we non-dimensionalized the relevant parameters as follows: non-dimensional time
‘ =1/t,. , where t;, =+ pRg / 7, 1s the inertial-capillary time scale, non-dimensional excess
surface energy E:Wf’ex (t*) = Egpp ox (1) / E1 ox(0), and non-dimensional upward kinetic energy
Ezin,up )= Eipp (1) / Eg 1 ox(0). At the onset of coalescence (i.e., at £ =0), E:Wf,ex (0)=1 and

EZm,up (0)=0. When the droplet departs from the surface at # = 7, (i.e., at (= t:, ), the energy

conversion efficiency 7 =EZin,up (t;). In order to better explain the physical phenomena, we

classify coalescence into three stages — stage I is from the onset of coalescence until the capillary

bridge impinges on the surface, stage II is from the capillary bridge impinging on the surface
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until the maximum solid-liquid contact area is attained and stage III is from the maximum solid-
liquid contact area until the droplet departs from the surface, as described in more detail below.
First, let us consider two droplets of water (Ry = 600 um) coalescing on a superomniphobic

surface without a ridge (see Figure 2-14a). Upon coalescence, the capillary bridge begins to

*

surf x (t*) reduces with time t*, and due

expand in y and z directions, the excess surface energy
to the symmetric deformation of the droplet relative to the xy plane of coalescence, the net
upward velocity of the droplet V,, = 0 and the upward kinetic energy of the droplet E;:in’up =0

(see stage I in Figure 2-14a and CH. 2-3 Supplementary Information, In-plane, Out-of-plane

and Total Kinetic Energy). At £ =1 (e., t = t;), 118

the capillary bridge impinges on the
superomniphobic surface (see Figure 2-14b; also see CH. 2-3 Supplementary Information,
Evolution of the Droplet Dynamics in yz view during Droplet Coalescence), causing

symmetry-breaking, which forces the droplet (i.e., the center of mass) to move upward, resulting

4,111,118

in a net upward velocity V,, and upward kinetic energy of the droplet E;.n w (see stage II

in Figure 2-14a). Simultaneously, the droplet displays maximum expansion in the x direction
with two symmetric, high-pressure lobes at +x and —x extremes (see Figure 2-14¢ and CH. 2-3
Supplementary Information, Evolution of the Droplet Dynamics in yz view during Droplet
Coalescence). Subsequently, the internal flow from the high-pressure regions at the lobes to the
low-pressure region near the center of the droplet results in droplet contraction in the x direction,
with maximum contraction and maximum solid-liquid contact area at / ~ 2 (see Figure 2-14d
and CH. 2-3 Supplementary Information, Evolution of the Droplet Dynamics in yz view during
Droplet Coalescence).* ' '® The maximum contraction results in a high-pressure region near

the center of the droplet and the maximum contact area results in the maximum upward reaction
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force on the droplet.* """ '"® This upward reaction force aligns the velocity vectors in the +z
direction, resulting in further increase in the upward kinetic energy of the droplet EZin,up (see

stage III in Figure 2-14a). However, the alignment of velocity vectors is disturbed by the radially
outward internal flow from the high-pressure region near the center of the droplet (see Figure 2-
14e and CH. 2-3 Supplementary Information, Evolution of the Droplet Dynamics in yz view

during Droplet Coalescence), impeding the upward motion of the droplet.
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FIGURE 2-14. Droplet dynamics without a ridge. a) Evolution of the non-dimensional excess surface energy

*~1.4 =2

(E *su,fex) and the non-dimensional upward kinetic energy (£ *k,-,,yup) during the coalescence of water droplets (R, =
600 um) on a superomniphobic surface without a ridge. Inset shows the coordinate system. The three stages (I, 11
and III) of coalescence are shown with different colors; b-f) A series of snapshots showing the pressure distribution
and velocity vectors within the droplet on a superomniphobic surface without a ridge. The colors represent the
magnitude of pressure and velocity. The dotted orange arrows at droplet periphery indicate the direction of droplet

deformation.
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Consequently, when the droplet departs from the superomniphobic surface at t = t; (see

Figure 2-14f and CH. 2-3 Supplementary Information, Evolution of the Droplet Dynamics in yz

view during Droplet Coalescence), it does so with a relatively low upward kinetic energy and a
relatively low energy conversion efficiency 7 =EZm’up(l‘;) ~2.8% (see stage III in Figure 2-

14) 48111
Now, let us consider two similar droplets of water (Ry = 600 um) coalescing on a
superomniphobic surface with a ridge (ridge height 4, = 500 pum; see Figure 2-15a). Upon

coalescence, similar to that on a superomniphobic surface with no ridge, the capillary bridge

*

surf ox (t") reduces with time

begins to expand in y and z directions, the excess surface energy

¢', and due to the symmetric deformation of the droplet relative to the xy plane of coalescence,

the net upward velocity of the droplet V,, = 0 and the upward kinetic energy of the droplet
E;:in’up =0 (see stage I in Figure 2-15a). As might be anticipated, in contrast to the

superomniphobic surface with no ridge, the presence of the ridge forces the capillary bridge to
impinge on the superomniphobic surface at # < 1 (i.e., ¢ < #;), causing early symmetry-breaking
(see Figure 2-15b and CH. 2-3 Supplementary Information, Evolution of the Droplet Dynamics
in yz view during Droplet Coalescence). Subsequently, similar to that on a superomniphobic

surface with no ridge, the symmetry-breaking forces the droplet (i.e., the center of mass) to move
upward, resulting in a net upward velocity V,, and upward kinetic energy E;:in,up (see stage Il in

Figure 2-15a). Simultaneously, the droplet displays maximum expansion in the x direction with
two symmetric, high-pressure lobes at +x and —x extremes (see Figure 2-15¢ and CH. 2-3
Supplementary Information, Evolution of the Droplet Dynamics in yz view during Droplet

Coalescence). Subsequently, the internal flow from the high-pressure regions at the lobes to the

58



low-pressure region near the center of the droplet results in the onset of droplet contraction in the
x direction. However, in striking contrast to the superomniphobic surface with no ridge, during
droplet contraction in the x direction, the obstruction posed by the ridge redirects the velocity
vectors primarily in the +z direction (see Figure 2-15d and CH. 2-3 Supplementary Information,

Evolution of the Droplet Dynamics in yz view during Droplet Coalescence). This redirection of
the velocity vectors results in a significant increase in the E;;-n’up (see stage II in Figure 2-15a).

Simultaneously, the high-pressure regions move downward (i.e., —z direction) and the droplet
“wraps” around the ridge with maximum solid-liquid contact area at £ =21 (see Figure 2-15d).
The maximum contact area results in maximum upward reaction force. A combination of the
upward reaction force and the high-pressure regions at the bottom of the droplet (unlike the high-
pressure region near the center of the droplet for coalescence on a superomniphobic surface with
no ridge) synergistically lead to further alignment of velocity vectors in the +z direction (see
Figure 2-15e and CH. 2-3 Supplementary Information, Evolution of the Droplet Dynamics in yz

view during Droplet Coalescence), resulting in further increase in the upward kinetic energy of

the droplet Ezm’up (see stage III in Figure 2-15a). Consequently, when the droplet departs from

the superomniphobic surface with the ridge at t*:t; (see Figure 2-15f and CH. 2-3

Supplementary Information, Evolution of the Droplet Dynamics in yz view during Droplet

Coalescence), it does so with a high upward kinetic energy and a high energy conversion
efficiency 7 = E;:in,up (t;) ~18.8% (see stage III in Figure 2-15a). Such high energy conversion

efficiency 7 is also possible in coalescence of significantly smaller droplets (Ry << 600 um) with
ridges comparable to droplet size (see CH. 2-3 Supplementary Information, Applicability to

Smaller Droplets Ry <10 pum).
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FIGURE 2-15. Droplet dynamics with a ridge. a) Evolution of the non-dimensional excess surface energy
(E *S,,,,;ex) and the non-dimensional upward kinetic energy (E*,(m,up) during the coalescence of water droplets (R, =
600 um) on a superomniphobic surface with a ridge (ridge height 4, ~ 500 um). Inset shows the coordinate system.
The three stages (I, II and III) of coalescence are shown with different colors; b-f) A series of snapshots showing
the pressure distribution and velocity vectors within the droplet on a superomniphobic surface with a ridge. The
colors represent the magnitude of pressure and velocity. The dotted orange arrows at droplet periphery indicate the

direction of drovlet deformation.

It is evident from the preceding discussion that the energy conversion efficiency during
coalescence on a superomniphobic surface with a ridge is = 600% higher than that on a
superomniphobic surface without a ridge (see Figure 2-14a and 2-15a). The higher energy
conversion efficiency arises primarily from the effective redirection of in-plane velocity vectors
to out-of-plane velocity vectors by the ridge. Utilizing this high energy conversion efficiency, we
can now achieve coalescence-induced jumping of low surface tension droplets (e.g., n-

tetradecane with p~ 760 kg m™, £~ 2.1 mPa's, y, = 26.6 mN m™', Ry ~ 480 pum; see Figure 2-
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16a and 2-16b) and high viscosity droplets (e.g., water + 90% glycerol'® with p~ 1230 kg m”,
1~220mPas, 5, ~ 64 mN m, Ry~ 480 pm; see Figure 2-16¢ and 2-16d) on superomniphobic
surfaces with a ridge. Note that we did not observe coalescence-induced jumping of such low
surface tension and high viscosity droplets on superomniphobic surfaces without a ridge (see
CH. 2-3 Supplementary Information, Coalescence of Low Surface Tension and High
Viscosity Droplets). Further, for our coalescence-induced jumping of water + 90% glycerol
droplets on superomniphobic surfaces with a ridge, the Ohnesorge number
Oh= ,u/ m ~1.14. To the best of our knowledge, this is the first-ever demonstration of
4,111-

coalescence-induced jumping of droplets at Ok > 1, i.e., in the viscosity-dominated regime.
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FIGURE 2-16. Coalescence-induced self-propulsion of low surface tension and high viscosity droplets. A
series of snapshots showing the coalescence-induced self-propulsion of n-tetradecane droplets (R, =~ 480 um, y, =
26.6 mN/m) on a superomniphobic surface with a ridge — a) experimental, and b) numerical; A series of snapshots
showing the coalescence-induced self-propulsion of water + 90% glycerol droplets (Ry ~ 480 um, £~ 220 mPa s) on

a superomniphobic surface with a ridge — ¢) experimental, and d) numerical.

In order to quantitatively investigate the influence of ridge height 4, on the coalescence-
induced jumping velocity V; (note that V; = V,,(t4)), we numerically investigated the coalescence-
induced jumping of water droplets with different radii (Ry = 60 um, 180 um and 600 pm) on
superomniphobic surfaces with ridges of different heights (0 < 4, < 600 um). Our results (Figure

2-17a) indicate that the jumping velocity V; increases with increasing ridge height 4, and
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decreasing droplet radius Ry. In order to physically understand these trends, we rely on scaling
arguments based on an energy balance. During droplet coalescence in the inertial-capillary
regime on a superomniphobic surface without a ridge, the excess surface energy is partly
converted into the upward kinetic energy of the droplet. The corresponding scaling argument

based on an energy balance (equation 2-10) can be written as:*® 11113 118184

PRV ~y1Rs (2-12)

Similarly, during droplet coalescence in the inertial-capillary regime on a superomniphobic
surface with a ridge, the excess surface energy is partly converted into the upward kinetic energy
of the droplet. However, in striking contrast to the superomniphobic surface without a ridge,

during coalescence on a superomniphobic surface with a ridge, the droplet “wraps” around the

ridge (see Figure 2-15d). In this configuration, additional surface energy is stored in the
deformed droplet. This additional surface energy scales as y,,Ryh,.. When the droplet departs

from the surface (i.e., ¢ = #;), in addition to the excess surface energy, this additional surface
energy stored in the deformed droplet is also partly converted to upward kinetic energy. The

corresponding scaling argument based on an energy balance can be written as:
37,2 2
PRV =Cryp Ry +Co v Roh, (2-13)
Here, the constants C; and C, account for the partial energy conversion and the geometric
factors. Non-dimensionalizing the ridge height as n =h./R, and the jumping velocity as
V; =V, / Vi., where V. =./y;,/pR, is the inertial-capillary velocity, equation (2-13) can be

rewritten as:

We~Cy+Cyh (2-14)
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2 . .
Here, We,; =V; = pROij / 75, 1s the Weber number when the droplet departs (or jumps away)

from the surface. We; is a measure of the conversion of surface energy into upward kinetic

energy. Hence, the energy conversion efficiency 7 can be rewritten in terms of the Weber

number We; at t = ¢, as:

4 p3p2
— : 2
_Bungpta) P37 / 0 PR

~0.8We; (2-15)
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FIGURE 2-17. Jumping velocity of coalescing droplets with and without a ridge. a) Jumping velocity of
droplets with different radii on superomniphobic surfaces with different ridge heights (data from numerical
simulations); b) Both numerical and experimental data collapse onto a single non-dimensional straight line of
Weber number at droplet departure (or jumping) vs. non-dimensional ridge height, in accordance with equation (3).
Error bars in the experimental data represent the error associated with velocity, droplet radius and ridge height

measurements.

It is evident from equation (2-14) that We; increases linearly with increasing non-
dimensional ridge height 4". Physically, this implies that a higher ridge height /, or a smaller
droplet radius R, leads to a more efficient conversion of the surface energy to upward kinetic
energy. Indeed, both our numerical and experimental results (with different droplet radius Ry and
ridge height 4,) collapse onto a single non-dimensional straight line in accordance with equation
(2-14), confirming the validity of our scaling arguments (see Figure 2-17b). Further, at 4" = 0
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#2 . . .
(ie., on a superomniphobic surface without a ridge), We; =V; ~0.041 (i.e., non-dimensional

jumping velocity, V; ~(.2), which is in good agreement with prior reports of coalescence-

induced jumping on super-repellent surfaces without a ridge.* ® ''1-113- 118. 184

Along with the ridge height 4,, the ridge angle « can potentially affect the coalescence-induced

jumping of droplets through inducing a geometric limitation for coalescence to occur. For a ridge
height 4, and droplet radius Ry (i.e., non-dimensional ridge height, h o= h./Ry), there is a

maximum ridge angle o, beyond which coalescence cannot occur because the ridge physically
obstructs the droplets from contacting each other.

In order to determine @y, consider a 2D view of the xz plane (Figure 2-18; y-axis is into
and out of the plane of the figure) with two identical droplets of radius R, contacting each other,
just prior to coalescing symmetrically relative to the yz plane. Now, consider a triangular ridge
(4BC in Figure 2-18) of height OA4 = h,, located symmetrically relative to the yz plane, between
the two coalescing droplets, with the maximum possible ridge angle BAC = a4,. When the ridge
angle a > auay, the ridge physically obstructs the droplets from contacting each other, thereby
preventing coalescence. When o = 4, €ach ridge arm (4B and AC) contacts each droplet
tangentially (at D and E). Say, the origin is at O, then the ridge peak A is (0, A4,). Let the
tangential contact point £ be (xz, yg). The slope m of the tangent AEC to the circle (representing
the right droplet), is given as:

Xr—R
m=_"E 0

zp— Ry (2-16)

The slope m of the line AE in terms of the ridge height #4,, is given as:
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_h.—zg

*E (2-17)

m =

Combining equations 2-16 and 2-17 and recognizing that E(xz, yg) must satisfy the

2 2 _p2
equation of the circle (representing the right droplet), (x=Rp)" +(z=Ry)" =Ry , we obtain,

_2Ry(Ry-h)' Rk
=" 5 2 E~ - 2
Ry +(Ry—h)" g Ry +(Ry—h,.) (2-18)

Xg

tan ( Xinax j — XE
Now, recognizing that 2 h. = zg , and using equation 2-18, we obtain:

1-(1-1")>? (2-19)

It is evident from equation 2-19 that as =0 (i.e., when the ridge height is negligible
compared to the droplet radius), dme: — 7; and as & — 1 (i.e., when the ridge height approaches
the droplet radius), a.c — 0. As may be anticipated, physically, it implies that as the ridge
height increases, the ridge should be sharper (i.e., the maximum ridge angle is smaller) to
prevent physical obstruction and allow coalescence, i.e., as i increases, e decreases (see CH.

2-3 Supplementary Information, Influence of the Ridge Angle).

FIGURE 2-18. 2D schematic of two coalescing droplets and a ridge with maximum ridge angle Q.
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2.3.4. Conclusion

In summary, we employed a simple and passive technique consisting of superomniphobic
surfaces with a ridge to experimentally demonstrate coalescence-induced jumping with a high
energy conversion efficiency 7 = 18.8% (i.e., about 600% increase in energy conversion
efficiency compared to superomniphobic surfaces without a ridge). Utilizing the significant
increase in energy conversion efficiency on our superomniphobic surfaces with a ridge, we
demonstrate the coalescence-induced jumping of low surface tension droplets (e.g., tetradecane,
surface tension 7, ~ 26.6 mN m™) and very high viscosity droplets (e.g., water + 90% glycerol, u
~ 220 mPa s). These results constitute the first-ever demonstration of coalescence-induced
jumping of droplets at Ok > 1, i.e., in the viscosity-dominated regime. We envision that the
results and insights obtained from our work will impact a wide variety of applications including
self-cleaning, anti-icing, energy harvesting, hot spot cooling, condensation and lab-on-chip
devices, especially when liquids with significant viscous dissipation and/or systems with
significant solid-liquid adhesion are involved.'” 2" 0. 10 151163 183, A88-190 1) - gpecific, we
anticipate super-repellent surfaces that possess hierarchically structured, periodic ridges
throughout the surface can enhance the energy conversion efficiency in practical applications
with droplet coalescence at multiple length scales (see CH. 2-3 Supplementary Information,
Hierarchical Structure for Coalescence-induced Jumping of Droplets at Different Length
Scales).m'192

Further, our numerical simulations indicate that the underlying mechanism for the increase
in energy conversion efficiency is the effective redirection of in-plane velocity vectors to out-of-
plane velocity vectors due to the presence of the ridge. Based on a non-dimensionalized energy
balance that accounts for the additional surface energy stored in the coalesced droplet due to the

presence of the ridge, we demonstrated that the Weber number at droplet departure (a measure of
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the conversion of surface energy into upward kinetic energy) increases linearly with the non-
dimensional ridge height. In this context, it is interesting to note that protruding macrotextures on
super-repellent surfaces can favorably alter the droplet dynamics in coalescence (by increasing
the jumping velocity and energy conversion efficiency) as well as in bouncing or splitting (by

reducing the contact time)," '

to enhance the departure of the droplet from the surface. In
droplet coalescence on macrotextures, surface energy is converted to kinetic energy and in
droplet bouncing or splitting on macrotextures, kinetic energy is converted to surface energy; in
both cases, some energy is lost to viscous dissipation. The scaling arguments presented in our
work, especially those related to surface energy stored in a deformed droplet, may be useful to
understand droplet dynamics in bouncing and splitting on ridges. While our work has primarily
focused on incorporating the influence of the ridge height into the scaling arguments, a more

detailed study is necessary to incorporate the influence of the ridge angle into the scaling

arguments.
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3. CHAPTER 3- SMOOTH SLIPPERY SURFACES

3.1. Slippery Hydrophilic (SLIC) Solid Surfaces

Summary: Hydrophilic surfaces, fabricated through tethering of hydrophilic nano-brushes to solid
surfaces, have huge potential in phase-change heat transfer (e.g., dropwise condensation) due to
significantly higher nucleation rate. However, despite such great potential, conventional hydrophilic
surfaces have not been widely used in thermal-fluidic applications due to the poor liquid mobility or lack
of slipperiness. In this work (under review in Science Advances), we, for the first time, developed a
simple “grafting to” technique to fabricate a novel hydrophilic yet slippery surface that has not been
experimentally realized thus far. Combination of very high droplet nucleation and growth rate (aroused
by the hydrophilic nature of the surface) with prompt droplet removal (due to the slippery nature of the
surface) makes it a viable alternative for state-of-art surfaces used in dropwise condensation. Finally,
relying on the selective slipperiness of our surface against low and high surface tension liquids, we
developed the first-ever simple slipperiness-based technique for water-oil separation. Due to such novel
properties, we envision that our SLIC surface will attract significant attention in the thermal-fluidic
research community and also from industrial sectors.

3.1.1. Introduction

Tailoring the interactions between solid surfaces and contacting liquids has many
biomedical and industrial implications such as fabrication of antifouling'®* and thrombo-
resistant'”” surfaces as well as surfaces to be used in devices with high-flux modes of heat
transfer'*®. Prior work has shown that compared to hydrophobic surfaces, hydrophilic surfaces
(i.e., 8 «90° are preferred for phase-change heat transfer applications (e.g., dropwise

condensation) due to lower energy barriers for heterogeneous nucleation (facilitated by higher

197 79-80

solid surface energy) ' that can result in orders of magnitude higher nucleation rate

Combination of such high nucleation rate with lower conduction thermal resistance'*®

(induced
by low contact angle) can potentially increase the heat transfer coefficient, significantly. Further,
high liquid mobility is required to enable droplet removal during condensation that is crucial for
sustained dropwise condensation. Consequently, a hydrophilic surface that is also slippery can

potentially attract tremendous interest in thermal-fluidic applications. However, lack of

slipperiness on conventional hydrophilic surfaces (see Figure 3-la demonstrating a water
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droplet that cannot slide on a hydrophilic surface even when it is tilted by 90°) hinders the
utilization of such surfaces in many thermo-fluidic applications.

Despite this experimental inability to obtain slipperiness on hydrophilic surfaces, a prior
work'”” numerically investigated the possibility of slippage of water molecules on such surfaces.
They assumed a solid surface that is i) perfectly physically homogeneous (i.e., no roughness on
the surface), ii) perfectly chemically homogeneous (i.e., uniform distribution of hydrophilic
agents on the surface) and iii) is tethered by hydrophilic nano-brushes (i.e., molecules) to obtain
low contact angle (8 = 40°). Using molecular dynamic MD simulation, they explored the critical
role of inter-tether distance D (i.e., the distance between two adjacent hydrophilic nano-brushes)
on slippage of water molecules between two adjacent nano-brushes on the surface. Their results
indicate that if the inter-tether distance D is sufficiently low, water molecules can smoothly slide
from one hydrophilic site to the next one, indicative of low energy barrier against the motion
(i.e., the surface is highly slippery); whereas on a surface with high inter-tether distance D, water
molecules need to hop from one hydrophilic agent to the next one, indicative of high energy

barrier against motion, which results in no slippery behavior.

3.1.2. Fabrication and Characterization

Motivated by the MD simulations,"”

we fabricated the first-ever non-textured (i.e.,
smooth) Slippery Hydrophilic (SLIC) Solid Surface that demonstrates unprecedented
slipperiness despite its hydrophilicity. Macroscopic water droplets (i.e., Volume of test droplets
~ 20 pl) deposited on our precisely engineered SLIC surfaces displayed advancing and receding
contact angles of 8,4, = 38 = 1° and 0., = 35 £ 1°, respectively (see Figure 3-1b, A6 = 3°).

Such negligible contact angle hysteresis results in very low sliding angle (i.e., w = 3°, see Figure

3-1b). The fabrication process contains acid-catalyzed grafting of hydrophilic nano-brushes
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(length of brushes in the straightest conformation < 2 nm) to nearly perfectly smooth silicon
wafers with sufficiently high grafting density (i.e., number of nano-brushes per unit area),
resulting in low inter-tether distance D. We hydroxylated the surface (see Figure 3-1¢) that was
followed by PEGylation (i.e., immobilization of the Polyethylene glycol nano-brushes to the
surface, see CH. 3-1 Supplementary Information). PEGylation of the surfaces conducted with
a low molecular weight (i.e., possessing very short chain length) PEG silane (i.e., 2-
[Methoxy(Polyethyleneoxy) 6-9propyl]Trimethoxysilane) using a “grafting to” technique. The
fabrication procedure of our SLIC surface is fairly simple and straightforward (i.e., no need for
complex synthetic-chemistry techniques and equipment) and can be termed “instant” as it takes
only a few minutes to fabricate a hydrophilic slippery surface at room temperature. Despite its
simplicity, the “grafting to” approach has not been considered a viable method in fabrication of
surfaces with high grafting density, because polymer chains can hardly approach a solid surface
that is already sterically hindered around pre-existing bound chains.*** Nevertheless, utilizing a
PEG silane with very short chain length in this work shrank the area surrounding each nano-
brush which is sterically unfavorable for other PEG silanes to be tethered. This indeed enabled us
to obtain high grafting densities (i.e., ¢ > 1) that are substantially above the maximum grafting

densities accessible using “grafting to” techniques.””!

To the best of our knowledge, this is the
first-ever report of very high grafting density using a “grafting to” approach. We envision that
our slippery hydrophilic solid surface will have numerous biomedical and thermal applications
including, but not limited to, self-cleaning, surfaces for sustained dropwise condensation, fluid
handling and transportation, and antifouling bio-implants.

Hydrophilic surfaces are known to display high affinity to contacting liquids that results in

spreading of the droplets on the surface and thus low contact angles (< 90°; see Figure 3-1a). If
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an external stimulation is applied to a droplet on a solid surface (e.g., the gravitational force on a
tilted surface, see Figure 3-1a), the droplet distorts from its axi-symmetry and adopts the
minimum contact angle at the receding edge (6..) and the maximum contact angle at the
advancing edge (6,4,) of the triple phase (i.e., solid-liquid-vapor) contact line TPCL. When the
applied external force (here mgsinw, where m , g, and @ are the mass of the droplet, the
gravitational acceleration and the sliding angle, respectively) is greater than the adhesion force at

the solid-liquid interface ( 7, Drcy (cos 0., —COS Qadv), where y, and Dz are the liquid surface

tension and the width of TPCL perpendicular to the direction of droplet motion, respectively),

the droplet begins to slide on the surface. '®>* Contact angle hysteresis A0 =0, —6,,. is a

measure of the energy dissipated when a droplet moves on a solid surface. Low 46 leads to low
sliding angle @, which is a measure of the slipperiness of the surface. Hence, the low sliding
angle of a droplet on a solid surface (@ — 0) represents the highly slippery nature of the surface,
whereas the sliding angle of a droplet increases (@ — 90) by decreasing the slipperiness of the
surface. Easy motion of a liquid droplet on a hydrophilic surface is impeded by pinning of the
droplet at the receding edge of the TPCPL that leads to .. — 0°. This indeed causes the droplet
to either stick to the surface (i.e., the droplet cannot slide on the surface even if it is tilted by 90°,
see Figure 3-1a), or sheds (without de-pining) and forms a continuous film on the surface.

Prior MD work'” indicated the critical role of the inter-tether distance D on the
slipperiness of hydrophilic surfaces that are perfectly physically and chemically homogeneous.

In order to investigate the mechanism underlying such superior slipperiness on our SLIC

surfaces, in this work, we estimated the inter-tether distance D ~ 2/ 7o through calculation of

the grafting density oas:**
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Here & is the thickness of the monolayer of PEG nano-brushes on the solid surface, p is the
density of the bulk PEG at 293 K, N, is the Avogardo’s number, and M, is the average molecular
weight of the PEG. Our results (see Figure 3-1d) indicate that we can vary the grafting density
from very low (o — 0 Chain nm™) to very high (¢ — 1.4 Chain nm™) by increasing the
PEGylation time #pg. This in turn varies the inter-tether distance from very high (D — 16 nm) to
very low (D — 0.9 nm). At PEGylation time #pz = 0 min, the grafting density o= 0 Chain nm™
and surface is fully covered by hydroxyl groups (—OH) which display higher affinity to
contacting liquids. This results in substantial spreading of the test droplet on the surface (i.e.,
— 0°) and the droplet sheds on the surface without de-pinning at the receding edge of the TPCL
(i.e., B — 0°) and thus forms a film when the surface is tilted. However, at very high
PEGylation time (e.g., frr¢ = 300 min), the grafting density is very high (i.e., c — 1.4 Chain nm’
%) and the surface is virtually fully covered by PEG nano-brushes. This results in a hemispherical
shape in the test droplet on the surface with contact angle €~ 36°, the receding contact angle is
close to the advancing and Young’s contact angles (i.e., 8 = 8,4, = 6,... and thus 460 — 0°) and
the droplet easily slides on the surface (i.e., @ = 3°, see Figure 3-1b). If the PEGylation time is
very low (tpeg — 0 s), the grafting density o is very low and the PEG nano-brushes are sparsely
distributed on the surface that results in very high inter-tether distance (D — 16 nm). Hence, the
test droplet is in contact with a composite layer of PEG nano-brushes and hydroxyl groups that,
compared to 7pgg = 0 s, results in an increase in the Young’s contact angle (0° < 8 — 36°; see
Figure 3-1e). In addition, increase of the receding contact angle (.. > 0°) facilitates the de-

pining of the droplet form the surface and the droplet can slide on the surface (see Figure 3-1f).
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Further increase of the grafting density o through increasing the PEGylation time /pg¢ results in
reduction of the inter-tether distance D, which in turn increases the contact angle & and reduces
the sliding angle @ (indicative of higher slipperiness). Our results (Figure 3-1e and 3-1f) indicate
a plateau in the contact angle and the sliding angle of a droplet at higher grafting density (i.e.,
inter-tether distance D < 3.3 nm). The PEG silane we used in this work contains 6-9 ethylene
glycol EG groups (see CH. 3-1 Supplementary Information). Prior MD simulations indicate that
each of these EG groups can make a hydrogen bond with a water molecule to form the hydration

layer.””

Length of a hydrogen bond is = 0.2 nm and the Flory radius of each PEG silane is = 1.3
nm.?**?% This indicates that virtually an area with diameter d; = 1.5 nm around each PEG nano-
brush can be considered as the sterically hindered area. Figure 3-1f inset indicates that at inter-
tether distance D < 3 nm, both the sliding angles and their error bars are very low. We postulate
that this threshold inter-tether distance (i.e., D, = 3 nm) corresponds to the sterically hindered
area between two adjacent PEG nano-brushes (i.e., D; = 2d;) in a fully packed condition. Inter-
tether distance threshold D, indicates a distance bellow which test droplets can hardly penetrate
between two adjacent nano-brushes and pins to the solid surface. Consequently, if the
PEGylation time #pgg > 15 min (see Figure 3-1d), the grafting density is sufficiently high (o>
0.17 Chain nm™), which results in the inter-tether distance < 3 nm. Such low inter-tether distance
(i.e., D < D)) is less than the diameter of a sterically hindered area surrounding each PEG nano-
brush that prevents the approach of the molecules of a test droplet to the solid surface (i.e., no

scope of the pining of a test droplet on such surface). Lack of pining of the test droplets on these

surfaces results in superior slipperiness (i.e., @ < 3°).
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FIGURE 3-1. Fabrication of the non-textured slippery hydrophilic (SLIC) solid surfaces. a) A water droplet on
a conventional hydrophilic surface (the droplet cannot slide on the surface even when it is tilted by 90°); b) A water
droplet on a SLIC surface (the droplet can easily slide across the surface tilted by 3° relative to the horizontal); ¢)
Schematic of the fabrication process of SLIC surfaces; d) Variation of the grafting density o by PEGylation time
tpeG; €) Variation of the contact angle @by inter-tether distance D; f) Variation of the sliding angle @ by inter-tether
distance D. Inset shows the sliding angle @ on surfaces with inter-tether distance D > D,. There is likelihood for
droplets to not slide on surfaces with D = 12 and 16 nm even if the surface are tilted by 90°. In such cases, the

sliding angle w are considered 90° to estimate the error bars. Volume of the test droplets = 20 pl.

According to the MD work,'” chemical homogeneity is a prominent parameter influencing
the liquid mobility on hydrophilic slippery surfaces. In order to investigate the influence of

chemical homogeneity on slipperiness of our SLIC surfaces, we compared the high-resolution
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Cls XPS spectra at multiple (> 30) locations on different SLIC surfaces (see Figure 3-2a; also
see CH. 3-1 Supplementary Information).

High-resolution C1s XPS spectra (see Figure 3-2a) showed the presence of a peak at 286.5
eV corresponding to the —C—O bond on PEGylated surfaces. Further, increasing the PEGylation
time #pgg results in increasing the intensity of the —-C—O peak, indicative of an increase in the
grafting density o of PEG nano-brushes on surfaces. Comparison of the intensity of -C—O peak
at different spots (> 30 locations) on surfaces with high PEGylation time (e.g., tpgg > 10 min)
indicates negligible deviation, implying excellent chemical homogeneity on such surfaces. In
contrast, Figure 3-2a illustrates two representative curves with substantial deviation in the
intensity of the —C-O peak associated with different spots on a surface with very short
PEGylation time (e.g., tpgg = 5 s), implying poor chemical homogeneity on such surfaces. This
substantial chemical inhomogeneity on surfaces with low PEGylation time is reflected in very
large error bars in the contact angle @ (see Figure 3-1¢) and the sliding angle @ (see Figure 3-1f)
of water droplet on these surfaces.

The MD simulation'” also assumed that the hydrophilic surface is perfectly smooth and
the influence of surface roughness on slipperiness was not studied. Such assumption is reflected
in fabrication of our SLIC surfaces on silicon wafers with root mean square roughness R, =
0.25 nm, implying high degree of physical homogeneity. We investigated the influence of
surface roughness on wettability and slipperiness of hydrophilic surfaces (see CH. 3-1
Supplementary Information). Our atomic force microscopy (AFM) results (see Figure 3-2b)
indicate that the contact angle & does not vary noticeably by altering the surface roughness. In
contrast, the sliding angle @ increases by increasing the surface roughness, indicative of high

sensitivity of the surface slipperiness to surface roughness and surfaces with R,,,; > 200 nm are
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no longer slippery. Figure 3-2b inset demonstrates the topography of a silicon wafer before and
after PEGylation for #pgg = 300 min, indicating the negligible influence of the PEGylation on
morphology of solid surfaces. Ellipsometry revealed that our SLIC coatings were < 1 nm thick.
Based on these results, we fabricated our SLIC surfaces with PEGylation of silicon wafers for
tpeg = 20 min for the results discussed below.

Our SLIC surfaces also display slipperiness against lower surface tension liquids. Utilizing
droplets of water containing different concentrations of sodium dodecyl sulfate (SDS)** with
different surface tensions, we systematically investigated the variation of the wettability and
slipperiness of our SLIC surfaces by surface tension p,. In agreement with Young’s law
(equation 1-1), our results (see Figure 3-2¢) indicate that the contact angle & of test droplets
reduce by reduction of the surface tension y, and thus the surface is “omniphilic”. Further, in
agreement with Furmidge’s law (equation 1-4), the sliding angle @ of test droplets reduce by
reduction of the surface tension y, and thus the surface is “omnislippery”. To the best of our
knowledge, this is the first-ever report of “omniphilic” and “omnislippery” surface (against
liquids with surface tension y, > 38 mN m™). Further, such surface tension-based selective
slippery on non-textured and non-lubricated slippery surfaces has not been experimentally
realized.””” Indeed, it is in striking contrast to SLIPS over which the sliding angle is not
influenced by surface tension (due to cloaking) and also to superomniphobic surfaces over which
the sliding angle increases by reducing the surface tension.>”’

Our SLIC surface display superior slipperiness at room condition (i.e., temperature Ty, = 25°
and relative humidity HR =~ 30%). We also explored the influences of temperature and humidity
on wettability and slipperiness of SLIC surfaces. Our results (see Figure 3-2d) indicate that the

surface can retain its wettability and slipperiness in a broad range of relative humidity (i.e., 10%
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< HR < 100%). Similarly, variation of the contact angle and sliding angle of water droplets on

SLIC surfaces by temperature (0° < Tsyrrqce < 70°) is negligible.

a 2500 b T v T T T T
40}
__ 2000 e >
5 < 30} S
) & -
W —_ (V]
; 1500 ) 5
L <
£ < 20 <
c 1000 T o
Q © £
=
£ € 10 i)
500 | . 3 n
L ] L
oF » > 0 nm 1.8 nm
1 1 1 1 1 1 1 1 A 1 i A i 1 N 1 ."0
283 284 285 286 287 288 289 0 100 200 300 400
Binding Energy (eV) Roughness, R __(nm)
c 40 T r — 10 d 50 ——————+———7———710
- =
S
E 30 -8 C E 40' -8 C
T —* s SO o 3
[} —a— 16 ¢ 4 @
= 2 = 30} de 2
2 —a— o 2 =)
< 201 s < < + + <
g + b3 EEE,,CE S A
§ 1wf = -+ 12 2 § H' t 2
o P ®w O 10} {2 @
i 1°
0 L i L i ] A L D A 1 " L i (] A 1 i 1
40 50 60 70 20 40 60 80 100
Surface Tension, 5, (mN m™) Relative Humidity, HR (%)

FIGURE 3-2. Characteristics of slippery hydrophilic (SLIC) solid surfaces. a) High-resolution C1s XPS spectra
of the unmodified and PEGylated surfaces. The -C—C peak on an unmodified silicon wafer is due to adventitious
carbon. The —C-O peak on the PEGylated surface is indicative of PEGylation. Two different representative curves
associated to the surfaces with very low PEGylation time indicate the lack of chemical homogeneity on such
surfaces; b) Variation of contact angle & and sliding angle @ by surface roughness R,,,. Inset shows an AFM image
depicting the topography of the PEGylated surface (zpzg = 300 min) with root mean square roughness, R,.,s < 1 nm
and thickness < 1 nm; ¢) Variation of contact angle 8 and sliding angle @ by surface tension of test liquids %,
indicative of the omniphilic and omnislippery nature of our SLIC surfaces; d) Variation of contact angle & and

sliding angle @ by relative humidity HR, indicative of the stability of our SLIC surfaces in a wide range of humidity.
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3.1.3. Results and Discussion

Our SLIC surface is unique due to its ) omniphilic and selective omnislippery nature, ii)
extremely smooth topography, iii) robust slipperiness, and iv) inert nature (no toxicity and
charge)’”®. Further, our fabrication technique is fairly simple allowing a systematic variation of
the grafting density in a wide range. These unique features make our SLIC surface an
exceptional candidate for a broad range of thermal-fluidic applications. For example, Figure 3-
3a demonstrates that a droplet sliding on our SLIC surface can remove dirt along its path and
thus our SLIC surface can also be used for self-cleaning applications. Further, as mentioned, our
SLIC surface is the first-ever smooth surface that display selective slipperiness based upon the
surface tension of test droplets (i.e., droplets with y;,, < 38 mN m™' cannot slide on the surface).
This property enables the separation of immiscible liquids on SLIC surfaces. To demonstrate it,
we placed a binary droplet composed of water (representing a high surface tension liquid) and n-
hexadecane dyed in red (y;, = 27.5 mN m’, representing a low surface tension liquid) on a SLIC
surface (see Figure 3-3b). According to the Young’s law (equation 1-1), n-hexadecane forms a
film (6 — 0) on the surface and water droplet stay on top of that. Note that the surface is not
slippery against n-hexadecane, while water droplet can easily slide on it. Upon tilting the surface,
the binary droplet begins to move due to the gravitational force. Since n-hexadecane cannot slide
on the surface, it only sheds (a residue of n-hexadecane is obvious along the path of the droplet),
while the water droplet can easily slide on the surface and separate from the low surface tension
impurities. To the best of our knowledge, this is the first-ever report of the separation of high
surface tension liquids and low surface tension liquids based on selective slipperiness, compared

to prior wettability-based methods.?”
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3ﬂm

FIGURE 3-3. Applications of SLIC surfaces. a) Self-cleaning on a SLIC surface; b) Separation of high surface
tension and low surface tension liquids due to the selective slipperiness on our SLIC surface. A droplet composed of

water and n-hexadecane (dyed in red) is sliding on a surface tilted by = 30°

3.1.4. Dropwise Condensation on Slippery Hydrophilic Solid Surfaces

Droplet nucleation and condensation are ubiquitous phenomena in nature and industry.
Over the past century, research has shown that heat transfer rates during steam dropwise
condensation on non-wetting (e.g., hydrophobic) surfaces can be 10X higher than widely

: . : 210-211
accepted filmwise condensation on wetting substrates.”'’

However, the need for non-wetting
hydrophobic coatings in achieving dropwise condensation of water is unclear.
Heat transfer coefficient in dropwise condensation on a solid surface is governed by nucleation

7980 the rate

and growth of droplets on the surface. According to the classical nucleation theory,
of nucleation and thus the droplet growth rate increases significantly by increasing the
hydrophilicity of the surface (i.e., reducing the contact angle) due to reduced energy barriers for
heterogeneous nucleation facilitated by higher solid surface energy."” 212 Combination of such
high nucleation rate with lower conduction thermal resistance'”® (induced by low contact angle)
increases the heat transfer coefficient, significantly. This suggests hydrophilic surfaces as ideal
candidates for enhanced dropwise condensation. However, despite this compelling potential, due
to the lack of droplet removal mechanism on conventional hydrophilic surfaces (see Figure 3-

4a), utilization of such surfaces in dropwise condensation did not receive noticeable interest in

industrial sectors.

79



Continuous droplet removal from the surface plays a key role in achieving sustained
dropwise condensation. The mobility of a droplet on solid surfaces is governed mainly by the
adhesion at solid-liquid interface, which can be decreased through reducing the contact angle
hysteresis,”” ' 21 Maintaining a high intrinsic wettability (i.e., 8,4y < 90°) with minimal
contact angle hysteresis is difficult to achieve.” Many studies have noted the formation of
discrete ‘flat” water droplets on hydrophilic surfaces during condensation (due to atmospheric

. . . . . 21721
contamination of volatile organic compounds after cleaning”'’>'®

), while the corresponding
receding contact angle is typically close to zero,”"® which results in filmwise condensation™.
Hence, for the past eight decades, researchers have focused on the application of hydrophobic
and super-repellent surfaces (displaying low contact angle hysteresis) to achieve dropwise
condensation. Droplet removal (mainly through coalescence-induced jumping) on such surfaces
is achieved at the expense of high droplet nucleation and growth rate as well as the low
conduction thermal resistance. Indeed, condensation on super-repellent surfaces can enhance the
heat transfer coefficient only by 30%.%*! Further, recent attempts on the application of super-
repellent surfaces (to remove condensate at micrometer length scales through coalescence-

induced jumping) has been threatened by nucleation-mediated flooding (i.e., nucleation of

droplets in the Wenzel state),”** progressive flooding (i.e., coalescence of droplets without

157 223-224

jumping due to high solid-liquid adhesion), °* and droplet return due to gravity. In another
direction, lubricant infused surfaces (LISs or SLIPSs) have been used to achieve dropwise
condensation due to the negligible contact angle hysteresis on such surfaces. However, such
surfaces are not considered a viable alternative for super-repellent surfaces due to their inherent

drawbacks such as water-lubricant miscibility, cloaking of water droplets, and lubricant drainage

by time.**’
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While all prior work on achieving dropwise condensation has focused on employing
hydrophobic surfaces, we postulate that achieving stable dropwise condensation on a solid
hydrophilic surface with low contact angle hysteresis is theoretically possible. Compared to
hydrophobic surfaces (see Figure 3-4b), dropwise condensation on hydrophilic surfaces (see
Figure 3-4a) has additional advantages including enhanced nucleation (due to reduced energy
barriers for heterogeneous nucleation)'”’ and growth rate, and lower conduction thermal
resistance'*® that can lead to higher heat transfer coefficient. The only parameter threatening the
superior performance of a slippery hydrophilic surface, compared to its hydrophobic
counterparts, is the droplet departure radius (#..). The departure radius 7, of a droplet (with
volume V) sliding on a solid surface is the radius of an equivalent droplet (with volume V)
with spherical shape. Small droplet departure radius 7,, on a surface can result in prompt
removal of small droplets from the surface before they can coalesce with many surrounding
droplets; whereas, too large droplet departure radius r,,, increases the possibility of droplet
coalescence and film formation on the surface. According to the Furmidg’s law, the droplet
departure radius 7,4, On a surface is governed by both contact angle (representative of the surface
wettability) and contact angle hysteresis (representative of the liquid mobility on the surface).

Hence, the droplet departure radius 7,,,, on a surface mounted vertically can be estimated as:

3 .
Foax ™ [2 Vv sin( Orec * Outy )(cos@,,.—cosb, ., 2 (3-2)
g 2

Here y;,, p and g are the liquid surface tension, the liquid density, and the gravitational
acceleration, respectively and also 6, and 8,4, are the receding and advancing contact angles,
respectively. Equation 3-2 indicates that on moderately hydrophilic to hydrophobic surfaces (i.e.,
40° < 6 < 120°, shaded in pink in Figure 3-4c), the droplet departure radius 7, 1s mainly
governed by the contact angle hysteresis (i.e., for a given contact angle hysteresis, variation of
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the 7,4 With contact angle is insignificant, see Figure 3-4c). This indicates the critical role of
contact angle hysteresis on droplet removal (and thus the sustained dropwise condensation) on
slippery surfaces. Further, droplet sliding and mobility due to gravitational force becomes
virtually invariant to intrinsic surface wettability as the contact angle hysteresis approaches zero
(see Figure 3-4c).

In order to experimentally reconcile our predictions about achieving dropwise
condensation on solid hydrophilic surfaces, we qualitatively studied the nucleation, growth and
removal of droplets on a i) hydrophilic and non-slippery surface (68 = 54°+£1° and w — 90°,
Figure 3-4-a), ii) hydrophobic and slippery surface (8 = 105°£1° and w = 5°£1°, Figure 3-4-b),

and ii7) hydrophilic and slippery surface (8 = 37°+1° and w = 5°+1°, Figure 3-4d).
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FIGURE 3-4. Dropwise condensation. a and b) on a non-slippery hydrophilic (control) and hydrophobic slippery,
surfaces, respectively. Only one droplet slides on the hydrophobic slippery surface indicating low nucleation rate
and droplet growth; ¢) Influence of contact angle and contact angle hysteresis on the droplet departure radius;
Dropwise condensation on our SLIC surfaces. High nucleation rate and growth on our SLIC surface is followed by
prompt droplet removal (through sliding and swiping) which makes free room for new nucleation and can result in

significantly higher heat transfer coefficient. Scale bars represent 1 mm.

During our experiments, the surface temperature was kept constant (i.e., T, = 20 + 2°C)
using a Peltier plate with temperature controller. Further, water vapor generated in a boiling dish
was transferred to the chamber to provide the vapor supply at temperature T, = 65+ 5°C).

Comparison of the hydrophilic and hydrophobic surfaces (see Figure 3-4a and 3-4b) clearly
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demonstrates faster nucleation and growth of droplets on hydrophilic surfaces. High nucleation
rate and growth on the non-slippery hydrophilic surface (see Figure 3-4a) follows only by
coalescence of droplets (without sliding) that will lead to transition to filmwise regime.
Nucleation rate and droplet growth are much slower on hydrophobic surfaces. Hence, it takes
longer time for a droplet to grow to the droplet departure size and begins to slide on the surface
(see Figure 3-4b). In contrast, high nucleation rate and growth on our SLIC surface (induced by
hydrophilic nature of the surface) is followed by prompt droplet removal (through sliding of
large droplets that also swipes smaller droplets along its path) which makes free room for new
nucleation (see Figure 3-4d). To the best of our knowledge, this is the first-ever report of
dropwise condensation on a hydrophilic (non-lubricated) surface. Combination of the high
nucleation and growth rate and the prompt droplet removal from the SLIC surface may result in
significantly higher heat transfer coefficient and also critical heat flux and thus makes the SLIC

surface a viable alternative for state-of-art hydrophobic and super-repellent surfaces.

3.1.5. Conclusion

Hydrophilic surfaces, fabricated through tethering of hydrophilic nano-brushes to solid
surfaces, have huge potential in phase-change heat transfer (e.g., dropwise condensation) due to
significantly higher nucleation rate and lower conduction thermal resistance. However, despite
such great potentials, conventional hydrophilic surfaces have not been widely used in thermal-
fluidic applications due to the poor liquid mobility aroused by the lack of slipperiness at the
interface of such surfaces with contacting liquids. In this work, we, for the first time, developed a
simple “grafting to” technique to fabricate a novel hydrophilic yet slippery surface that has not
been experimentally realized thus far. Combination of very high droplet nucleation and growth

rate (aroused by the hydrophilic nature of the surface) with prompt droplet removal (due to the

83



slippery nature of the surface) makes it a viable alternative for state-of-art surfaces used in
dropwise condensation. Finally, relying on the selective slipperiness of the surface against low
and high surface tension liquids, we developed the first-ever simple slipperiness-based technique
for water-oil separation. Due to such novel properties, we envision that our SLIC surface will
attract significant attention from the thermal-fluidic research community and also from industrial

sectors.

3.2. On-demand Droplet Manipulation via Triboelectrification

Summary: Droplet manipulation has attracted tremendous interest across different scientific fields over
the past two decades. However, current droplet manipulation techniques suffer from drawbacks such as
complex fabrication of manipulation platform, or low droplet motility (i.e., long response time), or
expensive actuation system, or lack of precise control on droplet motion. In this work, for the first time,
we demonstrate controlled manipulation of liquid droplets of both high dielectric strength (e.g., water)
and low dielectric strength (e.g., n-hexadecane) on a smooth and slippery surface via triboelectric effect.
Our facile and portable methodology enables on-demand, precise manipulation of droplets using solely
an electrostatic attract or repulsion force, which is exerted on the droplet by a simple charged actuator
(e.g., Teflon sheet). We further demonstrate that even a finger can act as an actuator to enable the
transport of droplet. We envision that our simple triboelectric-based droplet manipulation technique will
open a new avenue for lab-on-a-chip systems, energy harvesting devices and biomedical applications.

3.2.1. Introduction
Droplet manipulation typically refers to the actuation of an individual liquid droplet using

226

external stimuli.™” In response to the change in the surrounding physical and/or chemical

conditions induced by the external stimuli, an initially stagnant droplet (e.g., a droplet resting on

226

a solid surface) deforms and adopts a dynamic-state (e.g., sliding or rolling off).”” Upon

actuation, a droplet in the dynamic-state can be transported, splitted, merged, or arranged in a
controlled manner. These indeed enable the complex functionalities of droplets, such as chemical

228-229
and

synthesis,”® DNA analysis,”*® cell culture,”’ drug screening,”® electronic displays
energy harvesting”. Therefore, droplet manipulation has attracted tremendous interest across
different scientific fields over the past two decades. To date, a variety of external stimuli-

mediated methods based on magnetic field,”" electric field,”** light,”** wettability gradient,** or
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morphing of surface topography'*® have been developed for manipulating droplets on surfaces.
However, these methods usually have drawbacks such as complex fabrication of manipulation
platform, low droplet motility (i.e., long response time), expensive actuation system (e.g., laser)
and lack of precise control on droplet motion. In this work, for the first time, we demonstrate the
controlled manipulation of liquid droplets of both high dielectric strength (e.g., water) and low
dielectric strength (e.g., n-hexadecane) on a smooth, slippery and hydrophobic surface via
triboelectric effect. Our facile and portable methodology enables on-demand, precise
manipulation of droplets using solely an electrostatic attract or repulsion force, which is exerted
on the droplet by a simple charged actuator (e.g., Teflon sheet). We further demonstrate that
even a finger can act as an actuator to enable the transport of droplet. We envision that our
simple triboelectric-based droplet manipulation technique will open new avenues for lab-on-a-
chip systems, energy harvesting devices and biomedical applications.

Triboelectrification (or contact electrification) is a contact-induced surface charging
phenomenon, in which two surfaces acquire charges of opposite signs (i.e., positive and
negative) after they make contact and then detach from each other.”>*° Although it was
discovered over two thousands year ago in ancient Greece, the complex mechanisms involved in

the triboelectrification process are still not fully understood so far.> ¢’

Nevertheless, an
empirical triboelectric series (i.e., a list of materials ranked based on their tendency to become
positively or negatively charged) has been established over years to enable qualitative evaluation
of the triboelectric properties of different materials.**® Interestingly, no liquid is included in such
series, although the contact electrification of liquids with both high and low dielectric constants,

238-239

after they contact solid surfaces, has been observed in the past century. Despite the lack of

fundamental understanding, the contact electrification at a liquid-solid interface has attracted
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increasing interest in the past few years, particularly to develop nano energy harvesting
‘[echnologies.236 For example, it has been recently shown that pipetting a droplet of a dielectric
liquid results in accumulation of positive charges in the droplet (due to the contact of the droplet
with the pipette).240 Leveraging this positive charge, in this work,”"! we demonstrated that a
droplet can be attracted using an actuator with an inherently negative charge (e.g., Teflon sheet)
or it can be repelled using an actuator with an inherently positive charge (e.g., Nylon sheet) on a

slippery surface (see Figure 3-5a).

3.2.2. Fabrication and Characterization

We fabricated a hydrophobic slippery surface (see Figure 3-5b) through dip coating of
nearly perfectly-smooth glass cover slips in chlorine-terminated polydimethylsiloxane (PDMS,
see CH. 3-2 Supplementary Information). Combination of the extremely low roughness of the
glass cover slips and the chemical homogeneity of the hydrophobic coating resulted in a
homogeneously slippery surface that facilitates smooth slide of droplets on the surface. During
sliding of a liquid droplet on our slippery surface, triboelectrification between the droplet and the
surface simultaneously happens that leaves negative charges on the surface and also results in

242 1t has been

further accumulation of positive charges on the droplet (see Figure 3-5c¢).
demonstrated that the amount of charge acquired by the droplet upon sliding on the surface
increases by increasing the travel distance d (i.e., a length the droplet slides on the slippery
surface).”” In order to systematically investigate the influence of travel distance d on the amount
of charge acquired by the liquid droplet, we placed a droplet of water (V= 50 ul) on our slippery
surface tilted by an angle greater than the sliding angle of the droplet on the surface @w. The water

droplets flew down the slippery surface from different travel distances d (ranging from 0.5 mm

to 80 mm) spontaneously due to the effect of gravity and fell out of the surface directly between
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electrodes of an experimental setup (see Figure 3-5d).7°2% 2%

The experimental setup was
composed of two electrodes immersed in a bath of silicone oil and the amount of charge on the
droplet was precisely measured during the electrophoretic motion of the droplet between
electrodes (Details of the experimental setup to measure droplet charge can be found

240

elsewhere”™). When a charged droplet was dispensed into the liquid bath between two positive

and negative electrodes (connected to a power supply), it was deflected horizontally due to the

effect of Coulomb force (F, =g, E).** Here, g, is the net charge of the droplet and E is the

uniform, horizontal electric field between two electrodes. Within a short time after deflection, the
water droplet reached to a horizontal equilibrium in which the Coulomb force was balanced by
the drag force®* exerted on it from the surrounding silicon oil (i.e., horizontal acceleration =~ 0).
Hence, we can estimate the droplet charge ¢ when the droplet is in the equilibrium condition as:

_ 4muUR 34 +2
E 2(4+1)

(3-3)

Here, u is the viscosity of the silicone oil, U and R are velocity and equivalent radius of the

246
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droplet, and A is the ratio of the viscosity of water and silicon oil. Similar to prior work ur

results (see Figure 3-5e) indicate that the droplet charge density ¢ ” (i.e., ratio of the net charge

of the droplet ¢ to its overall surface area 4 =47zR*) increased by increasing the travel distance d
to reach a plateau due to the charge saturation of the liquid droplet. Further increase in the travel
distance d of the liquid droplet cannot alter the droplet charge density ¢”. Figure 3-5f also
demonstrates the possibility of tuning the droplet charge g by changing the travel distance d. In
this figure, the right droplet (with white sign) travelled d = 0.5 mm, while the left droplet (with

green sign) travelled d = 80 mm and thus acquired higher charges. Such greater charge enabled it
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to overpass the right droplet due to the higher applied Coulomb force, after they were both

diverted within the electric field.
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FIGURE 3-5. Charge acquired by a droplet sliding on a solid surface. a) Upon contact of a droplet with a solid
surface, it acquires positive charges, while the surface is negatively charged. The positively charged droplet can be
attracted or repelled using negatively or positively charged actuators, respectively b) A water droplet on the
hydrophobic slippery surface used in this work; ¢) Schematic of a droplet acquiring charges upon sliding on the
surface; d) A Faraday cup composed of 2 electrodes in a bath of oil (to induce a uniform horizontal electric field)
for measuring the charge of a droplet during its free fall between electrodes; e) Variation of the droplet charge
density by its sliding distance on the solid surface; f) Free fall of a highly charged (green) and slightly charged
(white) water droplets between electrodes of a Faraday cup. A greater Coulomb force applied to the highly charged
droplet enables the droplet to overpass the slightly charged droplet. Scale bar represents 5 mm.

3.2.3. Results and Discussion

When a charged droplet on a slippery surface is stimulated by an actuator (with a net

charge of g,) placed at distance L from the droplet, an electrostatic force is exerted to the droplet

88



(e, F,;~q49, / L*).** The electrostatic force attracts the liquid droplet if the actuator has

opposite charge (e.g., here Teflon sheet) or repels it if the actuator has similar charge (e.g., here
Nylon sheet). Further, the adhesion force between a liquid droplet and a solid surface can be

estimated as'®

F, dh = 7[VDTCL (COS erec —COS eadv) (3'4)

Here, y, is the surface tension of the liquid droplet, ... and 6,4 are the receding contact angle
and the advancing contact angle and Dyc; is the width of the triple phase contact line
perpendicular to the sliding direction. If the magnitude of the electrostatic force is greater than
the adhesion force at solid-liquid interface, the liquid droplet can slide toward (i.e., attraction) or
away from (i.e., repulsion) the actuator. To demonstrate the feasibility of controlled manipulation
of a liquid droplet on a slippery surface, we placed a water droplet on our slippery surface and
moved a negative actuator (i.e., Teflon film) close to the droplet (see Figure 3-6a). The water
droplet began to slowly move toward the actuator when the distance between the droplet and the
actuator was L = 6.5 mm (i.e., Figure 3-6a, ¢t = 0 s). The electrostatic force increased by
decreasing the distance between the water droplet and the actuator L resulted in acceleration of
the droplet (¢ < 0.12 s). Further reduction in the distance between the water droplet and the
actuator L resulted in significant increase in the magnitude of electrostatic force (zt — 0.15 s).
Consequently, the water droplet was highly elongated and rapidly moved toward the actuator.
Similarly, we placed a water droplet on our slippery surfaces and moved a positive actuator (i.e.,
Nylon sheet) close to the droplet (see Figure 3-6b). Immediately, the water droplet began to
quickly move away from the actuator when the distance between the droplet and the actuator was
L =2 mm (i.e., Figure 3-6b, # = 0 s). The electrostatic force decreased by increasing the distance

between the droplet and the actuator L resulted in deceleration of the droplet (¢ < 0.14 s). Further
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increase in the distance between the water droplet and the actuator L resulted in significant
reduction in the magnitude of electrostatic force (t — 0.21 s). Consequently, the water droplet

continued to very slowly move away from the actuator.

Attraction

b —— >

Repulsion t=0s

Nylon—~

FIGURE 3-6. Droplet manipulation on a hydrophobic slippery surface. a and b) Attraction and repulsion of
positively charged water droplets using a negatively charged (here PTFE) and positively charged (here Nylon)

actuators, respectively. Scale bar represents 2 mm.

Our facile and portable triboelectric-based methodology can be applied to precisely
manipulate liquid droplets in complex conditions. For example, the uphill motion of a liquid
droplet on a tilted surface is complex because it is not only affected by the adhesion force, but
also influenced by the gravitational force.”* However, our results (see Figure 3-7a) demonstrate
that a water droplet can be driven up a slippery surface tilted by 12° (i.e., sliding angle of the
same droplet on our surfaces was @ = 15°). In this experiment, an initially stagnant water droplet
(Figure 3-7a, t = 0 s) was driven up the slippery surface using an actuator with negative charges
(i.e., Teflon film). The droplet continued its uphill motion while the actuator stopped moving.
This indeed decelerated the droplet and the droplet eventually stopped at distance L = 60 mm
away from the actuator (Figure 3-7a, t = 4.5 s), where the electrostatic force on the water droplet
was balanced by the sum of the adhesion force and the gravitational force. The uphill motion of
the droplet further indicates that the electrostatic force can be significantly higher than the

adhesion force at the solid-liquid interface. Prior work?*’>* has reported the triboelectric effect
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even in liquids with low dielectric strength (e.g., n-hexadecane). This indicates the feasibility of
the manipulation of droplets of low dielectric strength using our triboelectric-based
methodology. Figure 3-7b and Figure 3-7¢ demonstrate the attraction and repulsion of a droplet
of n-hexadecane with very low dielectric constant (&~ 2.05 MV m™)**” toward or away from the

actuators (Teflon or Nylon), respectively.

FIGURE 3-7. Droplet manipulation in complex conditions. a) Uphill motion of a water droplet. Scale bar
represents 5 mm; b and ¢) Attraction and repulsion of a droplet of low dielectric constant (n-hexadecane),
respectively, on our slippery surface. Scale bar represents 2 mm.

Our triboelectric-based methodology for droplet manipulation on slippery surfaces can

provide a platform to precisely control the droplet motion on solid surfaces, which is of

importance for a range of practical applications such as lab-on-a-chip systems, energy harvesting
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devices and biomedical applications. For example, droplets of two miscible liquids can be easily
mixed in a highly controlled manner. Figure 3-8a demonstrates that a charged water droplet is
repelled via a nylon (representative of a positively charged) actuator and moved toward an un-
charged droplet of toluene (representative of a liquid miscible in water). Upon coalescence, the
two miscible droplets mixed with each other. Similarly, Figure 3-8b demonstrates that our
triboelectric-based methodology can also be employed for coalescence of two immiscible

charged and uncharged droplets (e.g., water and n-hexadecane).

FIGURE 3-8. Potential applications of the triboelectric-based droplet manipulation technique. Selective

motion of charged droplets toward un-charged droplets to induce coalescence of two a) miscible droplets (water and
toluene dyed in red) and b) immiscible droplets (n-hexadecane and water dyed in blue). Scale bar represents 2 mm;
¢) Utilization of a finger covered by Teflon tape as an actuator, demonstrating the simplicity of the triboelectric-
based droplet manipulation technique; d) Highly controlled manipulation of a liquid droplet along a complex path.

Black circles are drawn on the back side of the surface. Scale bars in ¢ and d represent 5 mm.
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Simplicity is one of the main advantages of our triboelectric-based droplet manipulation
technique. Figure 3-8c¢ demonstrates that even a finger can act as an actuator to enable the
transport of droplets. Here, a basic droplet (with pH = 9.5) was attracted via a finger covered by
Teflon tape and transported smoothly toward a droplet of Phenolphthalein (i.e., a pH indicator).
Upon coalescence, color of the merged droplet changed to pink indicative of the basic nature of
the initial droplet. Note that the dark circles were drawn to better identify the location of the
droplets at the onset of the motion. We also demonstrated (see Figure 3-8d) the capability of our
triboelectric-based mythology to provide a highly controlled manipulation of a liquid droplet
along a complex path (i.e., dark circles) using our finger as an actuator, which can attract

tremendous interest in lab-on-a-chip devices.

3.2.4. Conclusion

Droplet manipulation has attracted tremendous interest across different scientific fields
over the past two decades. However, current droplet manipulation techniques suffer from
drawbacks such as complex fabrication of manipulation platforms, or low droplet motility (i.e.,
long response time), or expensive actuation system, or lack of precise control on droplet motion.
In this work, for the first time, we demonstrated controlled manipulation of liquid droplets of
both high dielectric strength (e.g., water) and low dielectric strength (e.g., n-hexadecane) on a
smooth and slippery surface via triboelectric effect. Our facile and portable methodology enables
on-demand, precise manipulation of droplets using solely an electrostatic attract or repulsion
force, which is exerted on the droplet by a simple charged actuator (e.g., Teflon sheet). We
further demonstrated that even a finger can act as an actuator to enable the transport of droplet.
We envision that our simple triboelectric-based droplet manipulation technique will open new

avenues for lab-on-a-chip systems, energy harvesting devices and biomedical applications.
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4. CHAPTER 4- CONCLUSIONS AND FUTURE WORK

Recent advances in micro/nano-scale fabrication techniques and also chemicals with
variety of functionalities have opened up new avenues in tailoring solid-liquid interactions to
control the wettability and slipperiness of solid surfaces against contacting droplets. In particular,
extensive efforts have been devoted to the investigation of super-repellent surfaces (i.e., surfaces
that display extreme repellency to liquids) and also slippery surfaces (i.e., surfaces that allow
extreme liquid mobility). The extreme liquid repellency and liquid mobility on such surfaces
arises from the combination of appropriate surface texture and surface chemistry. Controlling the
surface texture and/or surface chemistry allows tailoring of the solid-liquid interaction to control
the droplet wetting and dynamics. Such control on the wetting and dynamics of droplets on solid
surfaces is of great interest for industrial applications such as phase-change heat transfer, liquid
transportation, anti-fouling, self-cleaning, drag reduction, corrosion control, and manipulation of
liquid droplets. The current work summarizes the fundamentals of tailoring the interaction of
droplets with textured super-repellent surfaces and also non-textured slippery surfaces and
focuses on some of their novel applications. In this chapter, the contributions of this dissertation
to fundamental science and applied science are highlighted and the potential aspects of this work

for future investigations are discussed.

4.1. Contributions to Fundamental and Applied Sciences

In this work, the following contributions to fundamental science and applied science were

made:
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(i) Metamorphic Superomniphobic Surfaces:

Contributions to fundamental science: We fabricated the first-ever metamorphic
superomniphobic (MorphS) surfaces composed of mushroom-like pillars made of a thermo-
responsive shape-memory polymer. We systematically studied the wetting transition of low
surface tension and high surface tension liquids on our MorphS surfaces and elucidated the
mechanism underlying such transition based on morphology transformation, rather than altering
the surface chemistry, which has been shown in prior work.

Contributions to applied science: We demonstrated many cycles of reversible wetting
transition on our MorphS surfaces without noticeable change in texture or chemistry of the
surfaces. We believe that such reversible wetting transitions on our robust MorphS surfaces will
have a wide range of applications including rewritable liquid patterns, hazardous liquid
transportation, biochemical assays, liquid-liquid separation membranes, lab-on-a-chip devices,
and biosensors.

(ii) Coalescence Induced Self-Propulsion of Droplets on Superomniphobic Surfaces:

Contributions to fundamental science: Utilizing our superomniphobic surfaces, we
systematically investigated the different regimes of coalescence-induced self-propulsion for
liquids with a wide range of surface tensions in addition to liquids with a wide range of
viscosities and droplet radii. Our results indicate in the visco-capillary regime, the non-
dimensional jumping velocity Vj* decreases more rapidly with increasing Ohnesorge number due
to decreasing droplet radius than increasing the Ohnesorge number due to increasing viscosity
(has not been observed in prior work). This is because decreasing the droplet radius increases the

inertial-capillary velocity V. in addition to increasing the Ohnesorge number. Both the increase
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in Ohnesorge number and the increase in inertial-capillary velocity (i.e., two different factors)

contribute to a decrease in the non-dimensional jumping velocity with decreasing radius.
Contributions to applied science: We envision that our results will provide the platform

and understanding to enable enhanced dropwise condensation of liquids with a wide range of

surface tensions or wide range of viscosities.

(iii) Coalescence-induced Jumping of Droplets on Superomniphobic Surfaces with

Macrotexture:

Contributions to fundamental science: We developed a simple and passive strategy
consisting of superomniphobic surfaces with a protruding macrotexture to experimentally
demonstrate coalescence-induced jumping with significantly higher energy conversion efficiency
1= 18.8%. Such high energy conversion efficiency (i.e., about 570% higher efficiency compared
to superomniphobic surfaces without a macrotexture) has never been reported before. Our
detailed analysis of the droplet dynamics via numerical simulations indicates that underlying
mechanism for the significantly higher energy conversion efficiency is the effective redirection
of in-plane velocity vectors to out-of-plane velocity vectors due to the presence of the
macrotexture. Further, based on a non-dimensional energy balance, we postulate and prove a
new physical scaling law (through systematic experiments and numerical simulations), which
implies that the upward kinetic energy of the jumping droplet increases linearly with the height
of the macrotexture.

Contributions to applied science: We envision that our simple and passive technique will
open a new avenue to prevent surface flooding and thus achieve sustained dropwise

condensation (especially with liquids of high viscosity and/or low surface tension), which has
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been the grand challenge in design and fabrication of ultra-efficient condensers for industrial
applications.

(iv) Slippery Hydrophilic (SLIC) Solid Surfaces:

Contributions to fundamental science: We developed a simple “grafting to” technique to
fabricate a novel hydrophilic surface that is counterintuitively slippery. We also investigated the
influence of physical homogeneity, chemical homogeneity and grafting density of hydrophilic
nano-brushes on wettability and slipperiness of such surfaces. Further, we demonstrated a
selective surface tension-based slipperiness on our SLIC surface that has not been observed on
smooth slippery surfaces so far. In addition, we showed that our surface can retain its
slipperiness in environments with a wide range of humidity and thus can be employed in
applications like dropwise condensation.

Contributions to applied science: We qualitatively demonstrated that the rate of droplet
nucleation and growth on hydrophilic slippery surfaces are significantly higher than hydrophobic
slippery surfaces. Combination of very high droplet nucleation and growth rate (aroused by the
hydrophilic nature of the surface) with prompt droplet removal (due to the slippery nature of the
surface) makes it a viable alternative for state-of-art surfaces used in dropwise condensation.
Further, relying on selective slipperiness of our hydrophilic slippery surface against low and high
surface tension liquids, we developed the first-ever simple slipperiness-based technique for
water-oil separation. Due to such novel properties, we envision that our SLIC surface will attract
significant attention in thermal and fluidic research communities and also industrial sectors.

(v) On-demand Droplet Manipulation via Triboelectrification:

Contributions to fundamental science: We demonstrated that a droplet acquired such

charge can be actuated using an external actuator and thus move on a slippery surface. We
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showed that our controlled and contactless triboelectric-based manipulation technique can be
used for both high dielectric strength (e.g., water) and low dielectric strength (e.g., n-
hexadecane) droplets. Our facile and portable methodology enables on-demand, precise
manipulation of droplets using solely an electrostatic attract or repulsion force, which is exerted
on the droplet by a simple charged actuator (e.g., Teflon sheet).

Contributions to applied science: Current droplet manipulation techniques suffer from
drawbacks such as complex fabrication of manipulation platform, or low droplet motility (i.e.,
long response time), or expensive actuation system, or lack of precise control on droplet motion.
In contrast, we demonstrated that the triboelectric-based droplet manipulation technique
proposed in this work is very simple without any complex fabrication of manipulation platform
or expensive actuation system. It also shows precise contactless control with a wide range of
liquids. Further, the actuation force can be easily tuned by altering the distance between the
droplet and the actuator that combined with high slipperiness of the surface can leads to high
mobility the droplets. We envision that our simple triboelectric-based droplet manipulation
technique will open a new avenue for lab-on-a-chip systems, energy harvesting devices and

biomedical applications.

4.2. Future Work

Perspectives on the unique challenges of this work as well as future directions are
presented here.

(i) Textured Super-Repellent Surfaces

Long chain fluorocarbons have been used in fabrication of textured super-repellent
surfaces to induce low solid surface energy. However, such materials are being phased out by

environmental agencies across the world due to the growing concerns regarding their negative
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environmental impacts (e.g., non-biodegradable) and biological impacts (e.g.,
bioaccumulation).”>’ Consequently, future work should be centered on utilization of benign
surface chemistries to eliminate such concerns of biodegradability and toxicity. Further, despite
the increasing number of reports focused on fabrication of durable super-repellent surfaces,
mechanical durability of such surfaces, especially against abrasion, continues to be a grand

challenge.**

Hence, significant efforts still need to be devoted to fabricate micro/nano-scale
textures with high deformability and/or self-healing ability to develop durable super-repellent
surfaces.

Along with general concerns mentioned above, the projects discussed in this dissertation
can be continued in the following directions:

Metamorphic Superomniphobic Surfaces: Wetting transition on our MorphS surfaces
requires heating and mechanical compression of the surface. While surface heating can be
achieved remotely, mechanical loading entails physical contact with the solid textured surface.
Future efforts must be focused on fully remotely-actuated reversibly wetting transition on our
MorphS surfaces. Surfaces with remotely-controlled switchable wettability can have numerous
implications such as micro-robots used in hazardous liquid transport as well as micro-arrays used
for bio-assays.

Coalescence Induced Self-Propulsion of Droplets on Superomniphobic Surfaces:
Despite the accuracy of the scaling law (derived based on energy balance) to predict the
coalescence-induced jumping velocity of droplets on superomniphobic surfaces in the inertial
capillary regime, we demonstrated that such argument fails to predict the velocity of droplets in

the visco-capillary regime. Future theoretical, numerical and experimental researches are

required to improve the current understanding about the coalescence-induced jumping of
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droplets in the visco-capillary regime and developing a new scaling law to predict the jumping
velocity.

Coalescence-induced Jumping of Droplets on Superomniphobic Surfaces with
Macrotexture: We envision that superior energy conversion efficiency in coalescence-induced
jumping of droplets on our surfaces can prevent surface flooding and thus facilitates the
dropwise condensation of liquids of high viscosity and/or low surface tension. Future work is
required to validate such arguments on surfaces composed of macrotextures (e.g., arrays of
ridges). If such surfaces can successfully demonstrate coalescence-induced jumping of droplets
with low surface tension and high viscosity and prevent flooding in dropwise condensation in the
lab scale, it will open new avenues in design of compact condensers and heat exchangers in
various industrial sectors. Further, more scalable techniques to fabricate surfaces composed of
required macrotextures need to be developed. In addition, superomniphobic surfaces with
macrotexture can be used to control the jumping of coalesced droplets and their directionality to
develop ultra-efficient micro heat pipes used in hotspot cooling of micro-devices. Applicability
of our scaling law to predict the energy conversion efficiency (or the jumping Webber number)
of droplets in the viso-capillary regime also needs to be evaluated.

(i) Smooth Slippery Surfaces

In contrast to textured super-repellent surfaces, the mechanism underlying the slipperiness
of non-textured slippery surfaces is still unclear and future experimental research combined with
numerical simulations are required to elucidate the mechanisms of such slipperiness on
hydrophobic and hydrophilic surfaces. In addition, influence of wettability (characterized using
Young’s contact angle) and slipperiness (characterized using contact angle hysteresis or sliding

angle) on liquid mobility on such surfaces needs to be investigated in detail. Further, durability
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of smooth slippery surfaces in different applications, longevity of their slipperiness in various
operating conditions, and also standard storage conditions of these surfaces need to be explored.

Along with general concerns mentioned above, the projects discussed in this dissertation
can be continued in the following directions:

Slippery Hydrophilic (SLIC) Solid Surfaces: In this work, we qualitatively explored the
influence of wettability and slipperiness on droplet nucleation and growth rate as well as the
droplet critical radius. These effects should be investigated quantitatively in detail. In addition,
influence of such improvements on the heat transfer coefficient and critical heat flux of dropwise
condensation should be quantified. Further, application of our technique to fabricate hydrophilic
slippery surfaces using other substrates (e.g., metals and plastics) needs to be investigated. Such
metallic slippery hydrophilic materials can be used to develop ultra-efficient thermal equipment
such as compact shell & tube heat exchangers and condensers, plate heat exchangers with
antifouling properties, and spray cooling used in data centers. Further, due to its hydrophilic and
highly slippery nature, they can attract interest in fog harvesting in humid regions.

On-demand Droplet Manipulation via Triboelectrification: Our on-demand droplet
manipulation technique relies on the contact electrification at solid-liquid interface. The
mechanism of such contact electrification needs to be elucidated. In addition, numerical
simulations are required to quantify the attraction and repulsive forces applied to the droplets by
the actuators. Further, future research should focus on the application of our simple, controlled

and contactless technique to manipulate droplets on lab-on-chip devices.
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APPENDICES

CH. 2-1 Supplementary Information

Fabrication of MorphsS surfaces:

The photocurable prepolymer solution was prepared by mixing 1,3,5-triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione (TATATO, Sigma-Aldrich Co.), tris[2-(3-mercaptopropionyloxy)ethyl]
isocyanurate (TMICN, Bruno Bock) and tricyclodecane dimethanol diacrylate (TCDDA, Sigma-
Aldrich Co.) at a molar ratio of 0.345:0.345:0.31 (TATATO:TMICN:TCDDA). The
concentration of the photoinitiator, 2,2-dimethoxy-2-phenylacetophenone (DMPA, Sigma-
Aldrich Co.), was 0.1 wt.%. After thorough mixing, the pre-polymer solution was applied to the
surface of a cleaned silicon wafer via spin coating. The shape memory polymer thin film (~55
um thick) was obtained by irradiating the spin coated sample with 365 nm UV light for an hour
and post-curing overnight at 120°C. In order to fabricate the SMP pillars, first, a 220 nm thick
silicon oxynitride layer was deposited on the top of cured shape memory film through plasma
enhanced chemical vapor deposition (PECVD, Figure 2-3). Then, a 1.5 um thick layer of
photoresist S1813 (DOW Electronic Materials) was spin coated on the sample surface and baked
at 115°C. Hexamethyldisilazane was used as primer to provide good adhesion between the
silicon oxinitride layer and photoresist layer. Upon UV irradiation of the photoresist through
masks with hexagonal arrays of circles (with different circle size and inter-circle spacing) at a
dose of 110 mJ/cm” using a mask aligner (Karl Suss MA6B Contact Printer) and subsequently
developing the photoresist in MF-319 (DOW Electronic Materials), hexagonal patterns of

photoresist columns was obtained. These hexagonal patterns were transferred into the silicon
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oxinitride layer via reactive ion etching (RIE) at ~30 °C and a pressure of 120 mTorr using a
CF4/0O; gas mixture. The shape memory polymer pillars were then etched using O, RIE at
elevated temperatures (~200 °C) and at a pressure of 220 mTorr. Upon removal of the silicon
oxynitride layer using hydrofluoric (HF) acid, surfaces with hexagonally arranged mushroom-
like pillars fabricated with the thermo-responsive shape memory polymer were obtained. The
surfaces were further modified via vapor phase silanization at 120°C for 1 hour using 200 pL of
heptadecafluoro-1,1,2,2-tetrahydrodecyl trichlorosilane (Gelest) to impart low solid surface

energy.

Characterization of surface morphology and solid surface energy:

The surface morphology was examined using a scanning electron microscope (SEM; JEOL
JSM-6500F) at 10 kV. Owens-Wendt approach®’ was used to estimate the solid surface energy
of the MorphS surfaces by employing non-textured, fluorinated shape memory polymer films
with n-hexadecane (68 = 0,4, = 79°) as the non-polar liquid and water (6 = 8,4, = 114°) as
the polar liquid.

Measurement of contact angles and roll off angles:

A contact angle goniometer (Ramé-Hart 200-F1) was used to measure the contact angles
and roll off angles. The contact angles were measured by advancing or receding ~8 pL droplets
on the surface using a micrometer syringe (Gilmont). The roll-off angles were determined by
tilting the stage until the ~8 pL droplet rolled off from the surface. Five measurements were
performed on each surface. The errors in contact angle and roll-off angle were £1° and +1°,

respectively.
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Ex-situ wetting transition:

To induce the morphological transformation, the MorphS surface with the mushroom-like
pillar texture was heated to a temperature of 65°C, which is higher than the glass transition
temperature Ty ~ 60°C of the SMP, using a heating stage mounted on the contact angle
goniometer. A compressive stress (~10 MPa) was exerted on the heated surface over an area of 1
cm’. The surface was then quickly cooled down to room temperature with nitrogen. The
morphology was transformed and “locked” into a new collapsed pillar texture. When the
collapsed pillar texture was reheated to a temperature of 65°C, the morphology transformed to
the mushroom-like pillar texture within 1 minute due to the ramp rate of the hot plate, and the
surface was subsequently cooled to room temperature. The surface wettability was characterized
by measuring the contact angles and roll off angles of water and n-hexadecane, with different
droplets on the as-prepared or the recovered mushroom-like pillar texture and the collapsed pillar
texture.

In-situ wetting transition:

A droplet of water or formamide was placed on the collapsed pillar texture and heated to
~65°C within 1 minute using a heating stage mounted on the contact angle goniometer. Due to
the ramp rate of the heating stage, it took ~55 s for the surface temperature T to increase from
room temperature to 65°C (i.e., above the glass transition temperature T, =~ 60°C of shape
memory polymer). The actual transition of the collapsed pillar texture to the mushroom-like
pillar texture occurred in < 10 s when T > T (Figure 2-6.a and 2-6.b). Snapshots of the droplet
on the surface were obtained as the morphology transformed from the collapsed pillar texture to

the mushroom-like pillar texture. The droplet volume was estimated via image analysis.

118



CH. 2-2 Supplementary Information

Fabrication of superomniphobic surfaces:

We fabricated hierarchically structured (i.e., a finer length scale texture superimposed on
an underlying coarser length scale texture), re-entrant textured, superomniphobic surfaces by
conformally spray coating stainless steel wire meshes (coarser texture) with blends of
fluorodecyl POSS and super-fast instant adhesive SF100 (finer texture). As received, corrosion-
resistant, 304 stainless steel wire meshes (wire diameter = 25 um and pore size = 38+1 pm;
McMaster) were cut into the required size (e.g., 2 cm X 2 cm), rinsed with DI water, cleaned in
acetone (Fisher Scientific) with an ultrasonic cleaner (Branson) for 5 min and then dried with
nitrogen (Airgas). No further surface treatment was performed on the stainless steel wire meshes.
A 20 mg/ml solution of 20 wt% SF100 (super-fast instant adhesive, 3M'™) + 80 wt%
fluorodecyl POSS** in Asahiklin AK-225 (Asahi Glass) was spray coated (at a pressure of 30
psi) on the wire mesh using an air brush (Paasche) held 15 cm from the surface. Subsequently,
the substrate was allowed to dry at room temperature for an hour. The pore size of the wire mesh
reduced to = 14£5 um after spray coating the blends of fluorodecyl POSS and super-fast instant
adhesive SF100 to make it superomniphobic.

Morphology characterization:

The morphology of the superomniphobic surfaces was imaged using a scanning electron
microscope (SEM; JEOL 6500F) at 5 kV.

Root mean square roughness measurements:

The root mean square roughness R,,s of the surfaces was measured with a 3D optical

profilometer (Veeco). At least five measurements were performed at different locations on each
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surface. The root mean square roughness R,,; = 5+1 um, for the finer texture (spray coated
blends of fluorodecyl POSS and super-fast instant adhesive SF100) of our superomniphobic
surfaces.

Contact angle and surface tension measurements:

A contact angle goniometer and tensiometer (Ramé-Hart 260) was used to measure the
apparent contact angles (sessile droplet method) and surface tensions (pendant droplet method)
using = 2 pL droplets. At least six measurements were performed on each surface. The errors in
contact angle, roll off angle and surface tension measurements were +2°, £1° and £1 mN m™,
respectively.

Liquids used for droplet coalescence experiments:

We employed a micropipette (Fisher Scientific) to dispense droplets of DI water with

different radii (450 um < Ry < 760 pum; this range of droplet radius was easily accessible using a

255-257

simple syringe, without using complex techniques ) onto the superomniphobic surfaces.

Droplets of different viscosity were obtained by using DI water containing different

187

compositions of glycerol (Sigma-Aldrich). ”" Droplets of different surface tension were obtained

by using water containing different concentrations of sodium dodecyl sulfate (SDS; Fisher

Scientific).?

Using SDS in water, the lowest surface tension y, that can be achieved is j, = 38
mN m™, at the Critical Micelle Concentration, CMC ~ 8 mM.*** **® The apparent advancing

contact angle @’ , the apparent receding contact angle ¢ and physical properties of the tested

liquids are listed in Table SI 2-2-1.
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TABLE SI 2-2-1. Density, viscosity, surface tension, apparent advancing contact angle and apparent receding
contact angle of various test liquids on superomniphobic surfaces.

Liquid Density, p Viscosity, 4 Surface tension, Apparent advancing  Apparent receding

[kg m] [mPa s] 7y [NNm™']  contact angle, 0 aav [°] contact angle, 0 e [°]
Water 998 1 72 165° 163°
water + 20% glycerol 1047 1.8 71 164° 162°
water + 40% glycerol 1099 3.7 70 164° 162°
water + 50% glycerol 1126 5.1 69 163° 160°
water + 60% glycerol 1154 10.8 68 163° 160°
water + 65% glycerol 1167 15.2 68 163° 160°
water + 80% glycerol 1208 60.1 66 162° 158°
water + 84% glycerol 1219 98 65 162° 158°
water + 90% glycerol 1235 219 64 162° 158°
I mM SDS in water 998 1 67 162° 159°
1.5 mM SDS in water 998 1 61 161° 158°
2 mM SDS in water 998 1 56 160° 155°
3 mM SDS in water 998 1 46 158° 152°
6 mM SDS in water 998 1 40 157° 151°
n-hexadecane 770 3 27.5 156° 147°

Droplet coalescence experiments:

In all of our experiments, we dispensed two droplets of equal volume very close to each
other (~2 mm apart) on a horizontally placed superomniphobic surface. The droplets were
dispensed using a calibrated micropipette, which is a simple technique that allowed reasonable
control over the volume, and consequently the droplet radius Ry. Leveraging the negligible
contact angle hysteresis on our superomniphobic surface, we used a syringe to blow air on one of
the stationary droplets so that it gradually (with horizontal approach velocity ¥;, < 0.01 m s in

all our experiments) moved towards and coalesced with the second droplet. In all our
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experiments, the kinetic energy due to the horizontal approach velocity is ~pR;’V;° < 10" J and

the released excess surface energy is ~yRs° > 10™ J. In other words, in all our experiments,

Ih < 1078 Consequently, we anticipate that the non-zero horizontal approach velocity does not
ic

play a significant role in our coalescence-induced droplet jumping experiments.'” We
determined the jumping velocity V; of the coalesced droplet from the droplet trajectories using a
technique explained in prior work.* ''* High-speed movies of coalescing droplets were obtained
using a high-speed camera (Photron Fastcam SA3) at 5000 frames per second. The trajectory of
the coalesced droplet was recorded using the ‘center of mass’ based on the video images.'"® All

experiments were conducted at room temperature. In all our experiments, Bond number Bo =

pgR3 /vy, < 0.1 (ie., very low).

CH. 2-3 Supplementary Information

Components of Velocity

The volume of fluid (VOF) model is employed here to simulate the two immiscible fluids
(i.e., air a and the test liquid /) by solving a single set of momentum equations and tracking the

114

volume fraction of each of the phases throughout the domain.” ™ This model assumes that each

cell within the computational domain contains either one phase (i.e., air a or test liquid /) or two
phases (i.e., both air a or test liquid /) separated by an interface. In each cell, the volume fraction
pof each phase is tracked. For example, if the cell contains only the test liquid, /=1 and £, = 0;
and when the cell contains both the phases, 0 < £ <1 and 0 < £, < 1. For each cell, equivalent

properties (e.g., density p) of the phase mixture are calculated by a rule of mixtures as

pcell,eq = ﬂcell,apa +ﬂcell,lpl » where ﬂcell,l + ﬂcell,a =1. The mass of each cell is
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Mol = Peeil eqPeeii » Where geen is the volume of the cell. The equivalent properties are then used

to solve a single set of momentum equations at each cell throughout the computational domain
and determine the velocity components for each cell (i.e., Veeix, Veeny and Veeyz). At each time
step, once the volume fractions f..;;4(t) and B..;(t) and the velocity components Vee«(t), Veeu,(t)
and V. .(t) are determined for each cell, the magnitude of velocity for each cell is determined

as:

v, =172 v Ve . 82-3-1
cell,total(t)_ cell,x(t)+ cell,y(t)+ cell,z(t) ( )

During coalescence, the droplet deforms symmetrically relative to the xz and yz planes (see
Figure SI 2-2-1). Consequently, at each time step, the net velocity of the droplet in x direction
Vierx(t) = 0 and the net velocity of the droplet in the y direction V., (t) = 0 (i.e., the center of
mass of the droplet does not move in the x direction or the y direction). However, due to
symmetry breaking caused by the superomniphobic surface without or with a ridge, the net
velocity of the droplet in z direction (i.e., net upward velocity of the droplet)

Vier 2 (1) =V (1) 2 0 . Recognizing that different cells in the computational domain have different

mass, this net upward velocity can be estimated through the mass-weighted average of the z

component of the velocity in each cell as:

{mcell,+z O Vet 42O =My () Veey (2 )}
m

Vip ()= z (S2-3-2)

C
Here, mce +-(t) and Ve +-(t) are the mass and the magnitude of the z component of the velocity
in cells with positive (i.e., upward) Ve -(t). Similarly, m.;_-(t) and V. _.(t) are the mass and the

magnitude of the z component of the velocity in cells with negative (i.e., downward) V. (t).

c:p47z'Rc3/3

Note that " is the mass of the coalesced droplet.
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In-plane, Out-of-plane and Total Kinetic Energy

During coalescence, the excess surface energy Eg,r.(t) of the droplet is released (see
Figure 2-13a and 2-14a) and partly converted into the total kinetic energy Epjinsomi(t) of the
droplet. The total kinetic energy of the droplet can be estimated as the sum of the total kinetic

energy of the cells within the entire computational domain as:
1
Eingorat )= 5 Z\Meant O it o1 ) (82-3-3)

Note that Ve wmi(t) 1s defined by equation S2-3-1 and the total kinetic energy Exin orai(t) of
the droplet is the sum of the in-plane kinetic energy (in x and y directions) and out-of-plane
kinetic energy (in the z direction). During the coalescence, the in-plane kinetic energy manifests
as symmetric deformation of the droplet (relative to the xz and yz planes), in the plane of
coalescence (i.e., xy plane, see Figure 2-13b through 2-13f, Figure 2-14b through 2-14f and
Section S3). During stage I of coalescence (see Figure 2-13a and 2-14a), the out-of-plane kinetic
energy manifests as symmetric deformation of the droplet perpendicular to the plane of
coalescence. During stages II and III of coalescence (see Figure 2-13a and 2-14a), the out-of-
plane kinetic energy manifests as both the deformation of the droplet perpendicular to the plane
of coalescence and net motion of the center of mass of the droplet in the upward (i.e., +z)
direction (see Figure 2-13c¢ through 2f and Figure 2-14c¢ through 2-14f as well as Section S3).
The upward kinetic energy (i.e., kinetic energy by virtue of the net upward velocity) is a fraction

of the total kinetic energy of the droplet that is given as:

1
Etinap ()= 1V iy (0 (82-3-4)
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Figure S2-3-1. Components of the total kinetic energy. Evolution of the non-dimensional total kinetic energy
E *,d,,,,,,,a, and the upward kinetic energy of the droplets £ *ki,,,up coalescing on a superomniphobic surface a) without

and b) with a ridge.

Vip(t) 1s defined by equation S2-3-2. In our analysis, we non-dimensionalized the total

sk %
E;. t)=E_ 1)/ E 0
kinetic energy as ~Kntotdl ()= Egingoral )/ suf ex( ), and the upward kinetic energy as

Egin @) = Ein )] Esgrsr (0
tinap () = Einp )/ suf e ) Comparison of the kinetic energies of a coalescing water

droplet (Ry = 600 um) on a superomniphobic surface with a ridge (ridge height 4, = 500 um) and
without a ridge (see Figure S2-3-1a and S2-3-1b) indicates that the ratio of the upward kinetic
total the droplet departs from the surface

energy to the kinetic energy when

* * * *
E ()] Ey t ) . : . .
tinap (1a) / tinorat (1) ~ 76% and 19% for with and without a ridge, respectively. This implies
a more effective redirection of velocity vectors during coalescence on a superomniphobic surface
with a ridge compared to that on a superomniphobic surface without a ridge.

Evolution of the Droplet Dynamics (vz view) during Droplet Coalescence
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Figure S2-3-2. Velocity vectors and pressure distribution (yz view). a-e) A series of snapshots showing the

*~0.1 *~13 r~21 *~23 *~2.6

pressure distribution and velocity vectors within the droplet on a superomniphobic surface without a ridge; f-j) A
series of snapshots showing the pressure distribution and velocity vectors within the droplet on a superomniphobic

surface with a ridge (ridge height %, = 500 um). The colors represent the magnitude of pressure and velocity.

Applicability to Smaller Droplets (RO < 10 um)

We demonstrated that our strategy to enhance the energy conversion efficiency in
coalescence-induced jumping of droplets by using a ridge (with height comparable to the droplet
radius) is applicable to droplets with radius R, on the order of tens of um to hundreds of pm (see
Figure 2-16). In some applications (e.g., condensation), there can be a wide droplet size
distribution, including smaller droplets with radius Ry < 10 um. In order to demonstrate that our
strategy can indeed be applied to smaller droplets with radius Ry < 10 um, we conducted
numerical simulations on coalescence of water droplets with Ry = 5 um on superomniphobic
surfaces (water contact angle €= 165°) without a ridge and with a ridge (non-dimensional ridge

height 4" = 0.95, i.e., ridge height /4, ~ 4.75 pm).
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Our results (see Figure S2-3-3) indicate that on the superomniphobic surface without a

ridge the energy conversion efficiency 7 = 1.8% (coalesced droplet can barely jump away),

while on the superomniphobic surface with a ridge, the energy conversion efficiency 7 = 22.3%

(i.e., about 1200% increase in energy conversion efficiency).
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FIGURE S2-3-3. Coalescence-induced jumping of smaller droplets. Evolution of the non-dimensional upward

kinetic energy (£ *km,”p) during the coalescence of water droplets (Ry = 5 pm) on a superomniphobic surface without

and with a ridge (4" = 0.95).

Coalescence of Low Surface Tension and High Viscosity Droplets

Coalescence of low surface tension droplets (e.g., n-tetradecane with #~ 2.1 mPa s, p =

760 kg m”, 5, ~ 26.6 mN/m, Ry ~ 480 um) and high viscosity droplets (e.g., water + 90%

glycerol with g = 220 mPa s, p = 1230 kg m-3, »» = 64 mN/m, Ry = 480 um) on

superomniphobic surfaces without a ridge is shown in Figure S2-3-4a and S2-3-4b. It is evident

that the low surface tension and high viscosity droplets cannot jump away from a

superomniphobic surface without a ridge.
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FIGURE S2-3-4. Coalescence of low surface tension and high viscosity droplets. a) A series of snapshots
showing the coalescence of n-tetradecane droplets on a superomniphobic surface without a ridge. b) A series of
snapshots showing the coalescence of water + 90% glycerol droplets on a superomniphobic surface without a ridge.

Note the droplets cannot jump away from the surfaces.

Influence of the Ridge Angle

- h'=01, a,, =167°
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FIGURE S2-3-5. Schematic depicting the influence of non-dimensional ridge height 4" on the maximum ridge

angle .

In order to determine if the ridge angle « influences the energy conversion efficiency 7
significantly, we conducted numerical simulations at a low ridge angle («~ 10°) and a high ridge
angle (& —> Qax) for non-dimensional ridge heights 4” = 0.1, 0.5, 0.9 (see Figure S2-3-5). Our
results (see Table S2-3-1) indicate that 7 increases with increasing « (especially evident at lower
k7). This is because, as « increases, the ridge intervenes in the coalescence process earlier and
leads to effective redirection of in-plane velocity vectors to out-of-plane. From a fundamental
standpoint, a more detailed study is necessary to thoroughly understand the influence of the ridge
angle a on the detailed droplet dynamics. From an applied standpoint, the increase in energy

conversion efficiency 7 due to increase in ridge angle « is limited to lower non-dimensional
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ridge heights /" (with lower energy conversion efficiency 7); and it is not as significant as the

increase in energy conversion efficiency 7 due to increase in non-dimensional ridge height /4 .

Table S2-3-1. Influence of the ridge angle « on the energy conversion efficiency 7 in coalescence-induced jumping
of droplets with radius Ry = 600 pm at different non-dimensional ridge heights /",

*

h all 71%I
0.1 10 4.9

0.1 160 8.0

0.5 10 11.8
0.5 100 13.5
0.9 10 18.8
0.9 20 18.9

Hierarchical Structure for Coalescence-induced Jumping of Droplets at Different Length
Scales

Our results indicate that super-repellent surfaces designed with macrotextures (e.g.,
triangular ridges with height comparable to the droplet radius) can enhance the energy
conversion efficiency in coalescence-induced jumping of droplets. This can have significant
implications for a wide variety of applications including self-cleaning, anti-icing, energy
harvesting, hot spot cooling, lab-on-chip devices and condensation, especially with high
viscosity and/or low surface tension droplets.

If the enhanced energy conversion efficiency is to be obtained throughout the super-
repellent surface, it requires a periodic arrangement of triangular ridges (e.g., discrete
tetrahedrons or continuous ridges) with height comparable to the droplet radius. In some
applications (e.g., condensation), there can be a wide droplet size distribution, spreading over
multiple length scales. If the enhanced energy conversion efficiency is to be obtained in such

cases, it requires a super-repellent surface that is hierarchically structured with ridges at multiple
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length scales so that the finer ridges can enhance the energy conversion efficiency for the smaller
droplets and the coarser ridges can enhance the energy conversion efficiency for the larger
droplets (see Figure S2-3-6a). On such surfaces, at each ridge of each length scale, we anticipate
heterogeneous nucleation to predominantly occur along the edges of the base of the ridge due to
lower free energy barrier,"”' " followed by droplet growth and coalescence-induced jumping
with enhanced energy conversion efficiency (Figure S2-3-6b). Further, for each application, the
geometry, size and pitch of the ridges at each length scale must be optimized within the
parametric space allowed by the fabrication techniques and the geometric limitations for
coalescence — ridge angle o < ., (equation 2-19) and the ridge height 4, < D (half the inter-

feature spacing).

e

a //""’ . b - i .

FIGURE S2-3-6. Schematic of a super-repellent surface with periodic arrangement of triangular ridges. a)

Super-repellent surfaces with hierarchically structured ridges at two length scales. The finer ridges enhance the
energy conversion efficiency for the smaller droplets and the coarser ridges enhance the energy conversion
efficiency for the larger droplets. b) Heterogeneous nucleation (along the edges of the base of the ridge) and droplet

growth, followed by coalescence-induced jumping on the super-repellent ridge.
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CH. 3-1 Supplementary Information

Fabrication of Slippery Hydrophilic (SLIC) Solid Surfaces

Silicon wafers (<1 0 0> orientation) were cut to 2 cm X 2 c¢m, cleaned by sonication in
acetone and ethanol, rinsed with deionized (DI) water and dried with nitrogen. For PEGylation,
cleaned silicon wafers were exposed to oxygen plasma (PlasmaEtch) for 5 min and subsequently
immersed in a solution consisting of 1 pl of 2-[Methoxy(polyethyleneoxy)6-9propyl] tri-
methoxysilane and 8 pl of hydrochloric acid in 10 ml of anhydrous toluene for required time
(tpeg) at room temperature. Finally, the PEGylated surfaces were rinsed thoroughly with
anhydrous toluene, ethanol and DI water and stored for further use.

Fabrication of Slippery Hydrophobic Solid Surfaces

Details of the experimental protocol to fabricate slippery hydrophobic solid surfaces can be
found elsewhere.*"’

Hydrophilic Silicon Wafer

Silicon wafers (<1 0 0> orientation) were cut to 2 cm X 2 c¢m, cleaned by sonication in
acetone and ethanol, rinsed with deionized (DI) water and dried with nitrogen.

X-ray photoelectron spectroscopy (XPS)

XPS analysis was conducted on the surfaces using a PHI-5800 spectrometer (Physical
Electronics). XPS was conducted using a monochromatic Al Ka X-ray source operated at 15 kV
and photoelectrons were collected at a takeoff angle of =45° relative to the sample surface. At
least 30 different locations were analyzed to assess the chemical homogeneity of the PEGylated

surfaces.
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Atomic Force Microscopy (AFM)

The surface morphology and the surface roughness of the substrates were characterized
with AFM (Bruker MultiMode 8-HR). AFM was conducted with silicon nitride probes mounted
on cantilevers in the ScanAsyst” mode. AFM images were acquired by scanning 5 pm x 5 pm
areas on the PEGylated surfaces in air, under ambient laboratory conditions, at a scan rate of 1
Hz. The images were analyzed with NanoScope Analysis 1.8 software to obtain the root mean
square roughness R,,s. At least 30 different locations were analyzed to assess the roughness of
the PEGylated surfaces.

Ellipsometry

The thickness of the dry brush was measured by Ellipsometry using a J.A. Woollam
variable angle spectroscopic Ellipsometry (model VASE-VB-250). For Ellipsometry
measurements, oxidized silicon wafers were used. A spectral scan of the surface was collected
between 500 and 900 nm with an incident angle between 60 and 80°, in increments of 5°. The
dry brush thickness was determined using a three-layer planar model of the solid surface from
the collected spectra, considering the refractive index of air (n = 1.003), PEG (n = 1.45), fused

silica upper layer (n = 1.457), and silicon (n = 3.881), and subsequently related to grafting
density (o) using equation 3-1 and then to inter-tether distance using D ~ 2/ Jro 2

Measurement of contact angles and sliding angles

The contact angles were measured using a contact angle goniometer (Rame-Hart 200-F1).
The contact angles were measured by advancing or receding ~8 pL droplets on the surface. At
least six measurements were performed on each surface. the sliding angles were measured

through tilting the stage of a contact angle goniometer (Rame-Hart 200-F1).
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CH. 3-2 Supplementary Information

Fabrication of Slippery Hydrophobic Solid Surfaces

Glass cover slips (purchased from VWR) were cleaned by sonication in acetone and
ethanol, rinsed with deionized (DI) water and dried with nitrogen. Then, cleaned cover slips were
exposed to oxygen plasma (PlasmaEtch) for 5 min and subsequently dip coated in a solution
consisting of 1 ml of Chlorine terminated polydimethylsiloxane and 10 ml of hexane (in glass
petri dishes). The cover slips were gradually removed from the glass petri dishes and let the
excess solution fully evaporate on the surface. Finally, the modified surfaces were rinsed

thoroughly with hexane and DI water and dried with nitrogen.
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