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Abstract

Water-repellent, superhydrophobic (SH) surfaces have attracted a remarkable interest in re-
searchers for both purely academic pursuits and industrial applications, including nanoflu-
idics and microfluidics, coatings, and drag reduction, due to their unique self-cleaning and
drag reduction properties. This thesis presents the synthesis, characterization, and appli-
cation of superhydrophobic surfaces, which are inspired by lotus-leaf surfaces that repel
water droplets. More specifically, we investigate the effects of nanograss structure and ad-
ditive surfactant on both droplet wetting and evaporation dynamics. We furthermore use a
thermodynamic model to design and fabricate SH surfaces using additive manufacturing.
We first investigated the initial wetting state, evaporating dynamics, and contact line
movement of a naturally-evaporating water droplet on such SH surfaces of random nano-scale
roughness, with an extremely low solid packing fraction, and surface roughness. Systematic
measurements of the droplet contact angle, base diameter, height, and volume were per-
formed for several SH nanograss surfaces. Our results show that all the droplets deposited
initially form a gas-trapping, Cassie-Baxter state. Small droplets subsequently evaporate
with a constant contact angle mode, followed by a mixed mode at the end of the droplet
lifetime. On the contrary, for relatively large droplets, two distinct evaporation modes are
found. Some of the larger evaporating droplets were initially in a constant contact angle
mode and underwent a mixed mode, while others began with a mixed mode with slowly
decreasing base diameter and contact angle. By increasing the droplet size, for the first
time, stick-slip motions of the contact line for large droplets on SH nanograss surfaces were

studied. The experimental data of contact angle-dependent evaporative mass flux are found
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to nearly collapse onto one universal curve for different droplet sizes and initial contact
angles, in agreement with an evaporative cooling model.

To study the effect of the aqueous surfactant solutions on the wetting and the contact
angle behavior of SH microstructures with high and low roughness levels, we experimen-
tally and theoretically examine the influence of a double chain cationic surfactant, didode-
cyldimethylammonium bromide (DDAB), on the wetting states and contact angles on SH
surfaces made of hydrophobic micro-cylinders. We use two types of micro-patterns of differ-
ent surface roughness, r, and packing fraction, ¢, and vary nine surfactant concentrations
(Cs) in the experiments. At low Cg, some of the surfactant-laden droplets are in a gas-
trapping, CB state on the high-roughness microstructures. In contrast, some droplets are in
a thoroughly wetting Wenzel (W) state on the low-roughness microtextures. We found that
the contact angle of CB drops can be well predicted using a thermodynamic model consider-
ing surfactant adsorption at the liquid-vapor (LV) and solid-liquid (SL) interfaces. At high
Cs, however, all the DDAB drops wet on W mode. Based on a Gibbsian thermodynamic
analysis, we find that for the two types of SH surfaces used, Wenzel state has the lowest
thermodynamic energy and thus is more favorable theoretically. The CB state, however, is
metastable at low Cg due to a thermodynamic energy barrier.

Although the SH surfaces fabricated using nano- or micromachining technologies are
well-repelled water and other fluids, their fabrication processes can be complicated, time-
consuming, and expensive. We report facile and simple (one- and two-step) approaches
to fabricate SH surfaces with high contact angle (CA) and low roll-off angle (ROA) for
self-cleaning and water-repellent applications. Using the one-step method, we are able to
produce transparent superhydrophobic (TSH) surfaces with random roughness to study the
effect of the regular patterns vs. the arbitrary structures in the SH CA and the wetting
properties. In the two-step process, we incorporate a 3D-printing technique with the hy-
drophobic coating to produce robust SH textures composed of regular square pillars, which
are designed according to a thermodynamic theory for a stable gas-trapping CB state. Our

measurements of static and dynamic CAs of water drops on all the prepared SH surfaces
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agree well with a Cassie-Baxter model.

In summary, this thesis work contributes to a better understanding of the wetting and
evaporation dynamics of pure water and surfactant drops on SH surfaces of different rough-
nesses and packing fraction levels. In particular, additive surfactants has strong effects on

the wetting characteristics at high concentrations.
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Chapter 1

Introduction

1.1 Wetting Phenomenon on a solid surface

The interaction between a solid and a liquid phase is known as surface wetting behavior.
Wetting is one of the most common phenomena in daily life, and its application can be
easily found in watercolor painting [I], droplet-based microfluidics [2], DNA extraction [3],
inkjet printing [4, [5, 6], and so on. An understanding of the wetting phenomena of solids
by liquids is essential in research, medical, and industrial processes, ranging from artificial
tissue engineering to practical applications such as self-cleaning, oil-water separation, and
anti-icing textiles. Especially surfaces with high liquid repellency, mostly inspired by nature,
have attracted great attention in the last decade.

The contact angle is the angle where the intersection between the liquid-gas (lg) interface

meets a solid-liquid (sl) interface, and it is used for the characterization of surface wettability.

1.1.1 Wetting on smooth surface

The wetting behavior on a flat and chemically homogeneous surface can be described by

Young’s [7] equation by balancing the interfacial forces at the three-phase contact line:

Ysg — Vsl
Vig

(1.1)

cosfly =



Vsg

Figure 1.1. Schematic view of the droplet contact angle as in Young’s equation.

Here 54 is the solid-gas (sg) surface tension, v is the solid-liquid interfacial tension, -,
is the liquid-gas interfacial tension, and fy is the macroscopic Young’s contact angle in a

thermodynamic equilibrium.

1.1.2 Wetting on a rough surface: Wenzel’s and Cassie’s models

Since an ideally smooth and homogeneous surface does not exist in reality, micro- or nano-
roughness, defects, or chemical heterogeneities can affect the wetting properties significantly.
Surface hydrophobicity or hydrophilicity can be adjusted by either increasing or decreasing
the surface roughness. In 1936 Wenzel (W) published a pioneering study on how surface
roughness affects the apparent contact angle [8]. A roughness factor here (r) is defined as
the ratio between the actual surface area beneath the drop and the horizontally projected
area on a 2D plane. In the Wenzel model, the drop is deposited on a surface, and it is
assumed that the droplet completely wets the asperities of the rough surface. The apparent

contact angle on such a rough surface (fy) can be described as:
cos Oy =1 cosby, (1.2)

which relates Young’s contact angle, 6y, to the W apparent contact angle, Oy. The W
equation predicts that the apparent contact angle decreases on a hydrophilic material and
increases on a hydrophobic material with increasing the surface roughness level. However,
for an extremely rough, hydrophobic surface, the W model predicts a total drying of the

surface (fyy = 180°), which is not physical due to the lack of contact between the drop and
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Figure 1.2. Scheme of (a) Wenzel’s model and (b) Cassie-Baxter’s model on rough surfaces.

the substrate. In this case, it is energetically favorable that the liquid drop rests on air
pockets and touches the surface only on top of the asperities leading to a composite surface,
which implies that a part of the surface under the drop remains dry.

The composite wetting regime was addressed in 1944 by Cassie and Baxter (CB) [9], the
apparent contact angle on a composite surface consisting of two materials can be predicted

from the following equation:
cosBcp = f1cosfy + focosbs, (1.3)

where Ocp is the CB apparent contact angle, 61 and - are the contact angles on two different
kinds of materials, and f; and fo are the fractional surface areas of the two components
being in contact with the liquid drop. By considering that the liquid fully rests on air,
the "contact angle" at the liquid-air interface would be 180° and fs = 1 — f;. Here, the
solid-liquid fraction f; can be replaced by ¢. More precisely, the contact angle of such a
"fakir" drop is an average between the angles on solid, and on air, equation can be
rewritten as follows:

cosbOop = ¢pcosby +¢p—1, (1.4)

where ¢ represents the solid-liquid fraction under the contact area, fy is Young’s contact

angle on a flat surface. This suggests that to achieve a high apparent contact angle, the



contribution from the solid phase; should be as small as possible. In general, the more stable
wetting state (either Wenzel or Cassie-Baxter) is determined by which exhibits the lower
apparent contact angle. However, the Cassie-Baxter state may be kinetically trapped into a
metastable state, even when the Wenzel state would be energetically favorable. Furthermore,
in certain systems, transitions between the two wetting regimes can occur spontaneously, or

they may be induced by an external stimulus.

1.1.3 Wetting Transition

Wetting transition or so-called Cassie-Baxter to Wenzel state transition is an irreversible
process since the droplet in Wenzel state is more energetically favorable than the droplet
in Cassie state. Such transition could be spontaneous or caused by many factors, such as
drop impact from a certain height, external pressure on a droplet, evaporation of droplets
on rough solid surfaces, or substrate vibration |10} 11} [12]. In the Wenzel model, the surface
roughness can be defined as r [§]:

_ cos by

= 1.5
" cosfy’ (15)

where 6y is W apparent contact angle, and fy is Young’s contact angle. The apparent
contact angle here can be estimated by minimizing the surface energy of a droplet. While
in Cassie-Baxter state, because of the air trapped beneath a droplet on the solid surface,
the contact angle is determined by the value on-air (180°) and #cp on the solid surface as

shown previously. The solid-liquid fraction, ¢, will be determined as follows [9]:

0 1
_cosbes * 1 (1.6)
cosfy + 1

This equation is applicable for very rough surfaces with a large value of () or very hydropho-
bic surfaces (large 0y ), while the Wenzel equation can hold for slightly hydrophobic solids
(Ay just above 90°). Both equations and should thus be successively applied as
the contact angle increases. To obtain the critical contact angle between the two states, one
can use a model based on the comparison of the global surface energies, Ecp and Eyy, for

a CB and the Wenzel wetting droplet on the rough surfaces, respectively. The total surface



energy Fop or Eyy is the magnitude of the total energies needed for creating interfaces when
placing a CB or Wenzel drop onto the rough surfaces. Based on thermodynamics, a stable
CB occurs when E¢p has a lower energy compared to that of a W wetting mode, i.e., Ecp
< Ew, by tuning the surface parameters of r and ¢. The total surface energies for the two
states on the rough surfaces can be calculated using the roughness, r, and the solid fraction,

¢ 11, 13, 14, (15, [16]:

FEcg = Sy ['Ysgr + ’}qg(l - ¢ (1 + COS QY))] + 'YIgScap ) (17)

Ew = Sy, [Vsgr — Mg cos 0y ] + Vg Scap, (1.8)

where 5 and 7, are the interfacial tensions for the solid-gas and liquid-gas interfaces,
respectively, Scap is the spherical cap surface area of the water drop entirely in contact with
the air, and S}, is the base surface area.

One can arrive at the physical criterion of the critical contact angle 8* that delineates
the surface parameters for a stable CB vs. Wenzel state, by equating Eop = Eywy:

-1

cosf” = (1.9)

From this equation, three states will be defined based on the contact angle. These regions
will be summarized in Fig. Figure [I.3] showed that for a moderate hydrophobicity
where 90° < Ay < 0%, the apparent contact angle 6 is fits better W model and the water
penetrates surface texture. However, if 8y > 6%, the water droplet will be sitting on the air
pockets where the air remains trapped below the drop, and 6 should be obtained using CB
equation. A dotted line describes the metastable CB regime, and it is also reported that
the CB regime is observed when 8y < 8* despite high surface energy.

We used the criterion discussed above to divide the wetting states into stable CB,
metastable CB, and stable Wenzel states. However, the stability of the superhydropho-
bic surfaces (the thin air film separating the substrate from the water in the CB state) was

studied in underwater experiments. Lee et al. [17] fabricated hydrophobic microstructures



of a certain geometric criterion on hydrophobic nanostructured surfaces integrated with
a measure for self-limiting electrolysis. The surfaces studied here maintained gas-trapped
state under high liquid pressure up to 7 atm as well as in the presence of surface defects.
Another study was done by Poetes et al. [I8] using plastron superhydrophobic surfaces.
Here, the stability of the plastron was studied in underwater experiments. The lifetime of
the gas-trapped state of the plastron exhibited a rapid decrease from 385 hours to 1 hour

by increasing the immersion depth from 0.3 m to 1.35 m, respectively.

+ cos @
1 cos 6" o cosby
|
W
N
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Figure 1.3. The relationship between Wenzel and Cassie models. Figure adapted from
reference [19].

1.1.4 Contact angle hysteresis

A contact angle hysteresis (CAH) is an alternative evaluation of liquid mobility on a surface.
When a small enough amount of liquid is added to a drop, the contact line will still be
pinned, and the contact angle will increase; similarly, if a small enough amount of liquid
is withdrawn from a drop, the contact line will still be pinned, and the contact angle will
decrease. Therefore, a drop sitting on the solid surface has a range of contact angles from the

advancing (maximal) contact angle to the receding (minimal) contact angle. The contact
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Figure 1.4. Schemes of (a) Advancing and (b) receding contact angle measurement using the
captive-drop goniometry (CDG) method. (c¢) Advancing and receding contact angle using
tilting-plate goniometry (TPG) method [21].

angle hysteresis, cag, is normally defined as the difference between the advancing contact

angle (044,) and receding contact angle (Oge.) [20]:

HC'AH = eAdv - 0Rec- (110)

To measure the advancing and receding contact angles, two widely methods used: captive-
drop goniometry (CDG) and tilting-plate goniometry (TPG) [21].

First, captive-drop goniometry (CDG): in captive-drop goniometry (CDG) method, the ad-
vancing contact angle is measured while adding volume into a droplet to the maximum just
before the contact line of solid-air-liquid phase advances, while the receding contact angle
is measured when removing volume from a droplet just before the reduction of the contact
line of solid-air-liquid phases (as shown in Fig[1.4] (a-b)).

Second, tilting-plate goniometry (TPG): The tilting-plate goniometry measures the advanc-
ing and receding contact angles on both sides of a liquid droplet (left and right) when the
solid surface is tilted at the sliding angle of this droplet towards the surface, as shown in
Fig. [[-4k. In some cases, the liquid droplet does not leave the surface even when the surface
is turned upside down (180°); here the advancing and receding contact angles are measured
when the surface is tilted at 90°. According to equation , we can see that the tilting
angle depends on the advancing and receding contact angle instead of the static contact
angle. A smaller contact angle hysteresis is required to fabricate superhydrophobic surfaces.

For a superhydrophobic surface, not only the static contact angle but also the tilting angle



should be considered, which means droplets on the surface can easily escape at a certain

angle (0capg < 10°). This small angle required in many applications, such as self-cleaning.

1.2 Superhydrophobicity

Both surface energy and surface roughness have a remarkable effect on the wetting properties
(contact angle) of solid surfaces [11], 22]. Based on the contact angle between the drop
and the solid surface, there are two types of surfaces: hydrophobic and hydrophilic. A
hydrophobic material is known for its ability to repel water, which is different than the
hydrophilic material that can easily get wet. The basis of these expressions comes from the
Greek words “hydro” which means “water” and postfix “phobos” and “philia” meaning “fear”
and “love” respectively. Both hydrophobic and hydrophilic materials can be characterized
using static and dynamic contact angles. Based on the contact angle between the droplet
and the surface, the surface called hydrophilic if the contact angle is below 90°. Conversely,
hydrophobic surfaces have a contact angle above 90°. In a special case, when the contact
angle is between 150° and 180°, and contact angle hysteresis (CAH) is less than 10°, the

surface is called superhydrophobic (SH) |12}, 23].

1.2.1 History of Superhydrophobic Materials

The research on surfaces with a high contact angle started a long time ago. Between 1907 and
1923, high contact angles (CA) around 160° and above were observed on surfaces coated with
soot, arsenic trioxide and lycopodium powder, and another with galena modified with steric
acids shows that research relating to superhydrophobic materials dates back a long time [23].
A few years later, Wenzel, Cassie and Baxter initiated the basics behind superhydrophobic
phenomena [8, 9, 23]. After that, the research regarding such surfaces progressed slowly,
especially according to surface geometry and or surface roughness effects on wetting behavior
until 1996 when T. Onda et al. fabricated a super-water-repellent fractal surface made of
alkylketene dimer with a water contact angle on this surface as large as 174° [24]. A year

later, the origin of the “lotus effect” in nature was described by Neinhuis and Barthlott



as a natural source of superhydrophobic surfaces [23]. They showed that the epicuticular
wax crystalloids of such plants are responsible for their water repellent and self-cleaning
properties [25], 26 27]. Since then, significant research efforts have been devoted towards
the understanding of the surface structure of different plants and animals that have similar
properties and then the fabrication of such superhydrophobic coatings using relatively simple
and inexpensive techniques. Most of the techniques presented in the literature include micro-
and nanofabrication and chemical processes. For example, etching [28] 29], polymer coating
[30], replica molding [31], self-assembly [32] [33], and electrospinning [34]. Superhydrophobic
materials have become significant for many applications, including self-cleaning [35] [36],

anti-fog [37, B8], anti-corrosion [39] [40], drag reduction [4I], [42], and anti-icing surfaces
|43, [44].

1.2.2 Existence of Superhydrophobicity in Nature

Considerable examples of superhydrophobic materials have existed in nature and have in-
spired researchers to duplicate them artificially. Taking the lotus leaf (Nelumbo nucifera) as
an example of a naturally occurring superhydrophobic surface. This leaf is provided with a
hierarchical surface structure (epicuticular wax crystals), which is responsible for the super-

hydrophobicity and the self-cleaning properties of such a plant. Once the lotus leaf is tilted,

Figure 1.5. Superhydrophobic surface in nature. (a) Lotus leaves. (b) SEM image of the
surface structures on the lotus leaf. The scale bar represents 20 um. The figure is extracted

from [23].

water droplets roll off the surface and collect dust and any other containment along the way

due to the micro and nanoscale roughness on the leaf surface. Such micro- and nanoscale



roughness decreases the adhesion and the contact area between the water droplets result-
ing from rain or fog, thereby enhancing the easy roll-off of these droplets from the surface
of the leaf. Indian Cress (Tropaeolum majus) is another example of a self-cleaning water-
repelling leaf with microscopic length-scale surface roughness [45]. Butterfly wings are also
another example of superhydrophobic material that is responsible for protecting their body
from water and contaminants through the hierarchical structure that makes their surface
superhydrophobic [46]. These examples demonstrate that superhydrophobic behaviors exist

widely in nature among plants and animals.

1.2.3 Applications of Superhydrophobicity in Science and Engineering

Superhydrophobicity is a term that has been used to describe extremely water repellent
rough surfaces. There are many applications for superhydrophobic surfaces in both science
and engineering. The most obvious uses for superhydrophobic surfaces are to repel water,
which allows the surface to clean itself. The self-cleaning and water repellent properties are
indeed used to make waterproof coating since we are surrounded by many surfaces that need
to be clean, from window panels to car windshields and house walls. Apart from self-cleaning
and water-repellent properties, superhydrophobic surfaces have a lot more applications, such
as drag reduction, anti-corrosion, anti-bacterial, anti-icing, and oil-water separation.
I. Drag reduction: superhydrophobic surfaces can reduce the drag in the water by reduc-
ing the interaction between the water and the surface. This led to the formation of a thin air
layer at the interface, which enhances the mobility of water droplets to travel on the super-
hydrophobic surfaces. Drag reduction in superhydrophobic surfaces has been investigated
in-depth in recent years. For instance, superhydrophobic surfaces can be used on ships so
they can travel with less energy consumption and drag in the water [41], 42| [47, [48] 49].

II. Oil-water separation: another significant application of superhydrophobic surfaces
is in the field of oil-water separation. In most cases, these surfaces can be easily wetted by
liquids with low surface tensions such as hydrocarbons than that of water. In this case, the

superhydrophobic surfaces will be treated mostly on the membrane for oil-water separation
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[50, 5I]. Feng et al. showed that a mesh coated with PTFE revealed two different wettability
behaviors for oil and water. For oil, it showed complete wetting (superoleophilic) property,
while for water, it changed to an extremely nonwetting surface (superhydrophobic). The
utmost difference in wettability for oil and water manifested the possibility to separate oil
and water [52, 53], 54] [55].

III. Anti-corrosion: corrosion-induced failure plays a significant role, especially in mi-
croelectronic devices, pipelines, aircraft, and automobiles, leading to an enormous economic
loss. The major type of corrosion is known as iron rushing. This kind is occurring mainly
due to the exposure of metals to water and oxygen. To prevent such problem from hap-
pening and to improve the reliability of such devices is to coat them with superhydrophobic
coatings that will enhance their water-repellency and anti-corrosion properties [35, [39].

IV. Anti-icing: when surfaces exposed to ice through freezing rain or super-cooled wa-
ter, especially during winter in cold-climate regions, serious problems or sometimes material
damage will occur to such surfaces. To protect these surfaces and delay the ice forma-

tion, superhydrophobic surfaces are a good option due to the least fraction of water contact

43, 44 [56).

1.2.4 Fabrication Methods for Superhydrophobic Surfaces

A superhydrophobic surface idea is mostly inspired by the “lotus leaf” due to the micro-
and nanoscopic structure on the surface of this plant, and the entire surface is covered by a
low surface energy wax. The existence of both low surface energy material and micro- and
nano-scale roughness reduces the adhesion of water drops on the plant surface, and hence
a combination of these factors can be used to fabricate superhydrophobic surfaces. There
are various techniques reported in the literature to create superhydrophobic surfaces with
different structures. Generally, most of these methods either start with preparing the rough
surface by etching the surface followed by a surface hydrophobization treatment or using
coating techniques to roughen the surface followed by hydrophobic coatings such as film or

molecule deposition, self-assembly of hydrophobic layers, or solution coating. Here some
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recent development techniques are presented. An easy way to roughens glass, silicon, or
metal surfaces is the plasma etching approach. The plasma etching method is an effective
way to make the surface rough by polishing it to create micro or nano roughness in a single
step. He et al. changed the hydrophilic silicon surface to superhydrophobic by altering the
surface roughness and the chemical coating composition. They used reactive ion etching and
catalyzed etching to prepare a superhydrophobic silicon surface with both micro- and nano
dual-scale pillars. They found that the contact angle of water drops on silicon surfaces with
nanopillars near to 150°, whereas the contact angle hysteresis remained less than 3° [57].

Another study was done by M. Lejeune et al. [58] to describe an efficient method to
generate rough structures on silicon surfaces by using reactive etching of a photoresist layer.
They used SF6 and CHF3 plasmas to generate the surface roughness on silicon surfaces for
surface wettability modification. Due to the non-uniform removal of photoresist, the remains
reside on the surface acts as a mask to generate roughness on the silicon surface. After the
formation of the surface roughness, a CFx layer was deposited on the rough surface using
plasma-enhanced chemical vapor deposition. The surfaces treated by the CHF3 plasma are
all superhydrophobic up to 10 min of etching, whereas SF6 etching will not fabricate su-
perhydrophobic after 2.5 min etching time. These results are due to differences in the Si
etch rate with the two fluorocarbon gases. By increasing the etching time for SF6 to 5 min,
the surface contact angle increased to 116°, which is approximately the contact angle on a
flat surface for CFx coatings. Dorrer et al. also reported a method to control the superhy-
drophobicity or superhydrophilicity of a surface by manipulating the surface chemistry using
different polymer coatings on Si nanograss surfaces fabricated by anisotropic plasma etch-
ing. They used a hydrophobic polymer poly(heptadecafluorodecylacrylate) (PFA) to coat
Si nanograss surfaces, and they achieved contact angle as high as 179° with no observable
hysteresis and very low solid-liquid fraction around ¢ = 10~ [59].

Another widely used technique to generate surface roughness is lithography. Lithography
is a technique to transfer structures from a mask onto a film or surface. In this approach, a

photoactive polymer layer is irradiated by light through a featured mask followed by layer
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development where either the exposed or unexposed polymer is removed selectively, leav-
ing a positive or negative image of the mask for the desired pattern on the surface. This
technique can generate a very small, well-defined, and uniform structure. However, for in-
dustrial applications, surfaces need to be on a large scale, processed fast, and cheap, which
limits the industrial applications of lithography. Bico et al. studied the effect of isotropic
and anisotropic structures on superhydrophobicity by using lithography to generate some
structures such as shallow cavities and stripes on Si surfaces. They observed that when
deposited a small drop of water on such surfaces, the drops can look like a pearl with a
contact angle close to 180° [60]. Shirtcliffe et al. also reported a lithography technique
to produce a large area of high aspect-ratio patterns by using SU-8 as photoresist. The
contact angle on the hydrophobized SU-8 pattern surface used here was around 155° with
low solid-liquid fraction around ¢ = 0.19. The wettability of the pattern surface can be
controlled by changing the pillar diameter, height, and the distance between the pillars [12].
Wang et al. [61] fabricated mushroom-shaped micro pillars mask using conventional lithog-
raphy technique. Afterwards, PDMS of a good replication capability and low cost is used
as a filling material to duplicate the structures from the template. Lee et al. [62] were
able to achieve transparent and superamphiphobic surfaces from mushroom-like micropillar
arrays by combining photolithography, replica molding, and self-assembly techniques. af-
ter that, they used O2 plasma etching for 30 min to enhance the hydrophobicity of these
surfaces. The advancing and receding contact angles after the etching process were 155°
and 154°, respectively. Hu et al. [63] fabricated mushroom-shaped micropillars (MSMPs)
using poly(methyl methacrylate) (PMMA) via electrohydrodynamic structuring technique.
The MSMPs have a unique microscopic shape that is suitable to produce a highly robust
nonwetting surface due to their specific overhang shape, which has a larger tip diameter
than the shaft below. The measured apparent contact on the surfaces fabricated here was
around 152°. A standard lithographic technique is also used to produce the master mold
test structure of mushroom-shaped with overhanging caps. Subsequently, PDMS is used

to duplicate the mushroom-shaped microstructure. Teflon is used as a chemical coating
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to enhance the surface superhydrophobicity. The advancing contact angles (CAs) of these
microstructures were 166° +4.2°, 151° £ 2.9°, and 119° + 2.2° when in contact with a water,
ethylene, and olive oil droplet, respectively [64].

There are many more techniques previously reported to make the hydrophobic material
rougher or to hydrophobized surfaces that already rough, such as sol-gel processing, layer-by-
layer (LBL) and colloidal assembly, electrochemical reaction and deposition, electrospinning,
and chemical (or physical) vapor deposition (CVD or PVD) [65]. These techniques were able
to fabricate mostly two-dimensional (2D) patterns or only fabricate arbitrary structures un-
less using a higher expense mask with specific geometry or simple 3D structures [66], 67, 68].
Although some studies reported complex 3D structures, their process is quite complicated,
time-consuming, and expensive [36] [69]. In recent years, additive manufacturing or as so-
called 3D-printing technology has attracted much interest because it can not only produce
3D structures with well-defined geometries on both rigid and flexible substrates via a one-
step process but can also be used for a wide variety of resin materials [22, [70]. Even though
a few studies report that the 3D-printing technology is highly efficient in manufacturing SH
surfaces [54}, [55, [71], [72} [73], [74] [75], [76], there are still some challenges in the fabrication of
resilient SH surfaces due to their short-term wetting stability or some additional complicated
steps involved in the fabrication. Therefore, simple, more versatile, and commercial ways to
manufacture 3D structured SH surfaces are still lacking and needs to be further studied, as

the topic of the current thesis work presented in Chapter 4.

1.3 Sessile Droplet Evaporation on Superhydrophobic Surfaces

To date, many experimental and theoretical studies investigated the wetting and evapora-
tion characteristics of droplets on surfaces with robust superhydrophobic features, so that
surfaces always maintain high contact angles values. Three modes of droplet evaporation
on superhydrophobic surfaces have been observed: a constant contact radius (CCR) mode,
a constant contact angle (CCA) mode, and a mixed-mode [13] 14}, [77, [78, [79, 80]. In the

CCR mode, the contact line remains pinned while the contact angle reduces, whereas, in the
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CCA mode, the contact angle remains fixed as the contact line recedes. The droplet con-
tact radius and contact angle decrease simultaneously in the mixed mode. During droplet
evaporation, droplets deposited on superhydrophobic surfaces may not be able to sustain
their non-wetting Cassie-Baxter state, and transition to a Wenzel state may occur, which
in turn leads to loss of superhydrophobicity of such surfaces. This evaporation process can
trigger Cassie to Wenzel transition, due to a decrease in droplet size and the corresponding
increase of the internal pressure [13] 81l [82]. The surface structure has also been reported
to influence the stability of superhydrophobic surfaces. It has been debated that; a surface
structure composed of a compact arrangement of pillars with higher aspect ratios is more
likely to sustain its water repellent properties [14]. Experiments on wetting and evapora-
tion are conducted on superhydrophobic surfaces with microscale surface structures that are
usually concerned with a loss of SH properties during evaporation [13] [I4]. However, using
a finer scale, such as nanoscale features, may be beneficial in delay such transition. Due to
the fabrication techniques and device limitations, experimental researches on SH surfaces
with regular and random nanoscale surface roughness are still rare. Recent studies have
revealed that the droplet evaporation rate on superhydrophobic surfaces was reported to
be reduced due to the influence of the evaporative cooling effect at the droplet interface
[83] 84, B5]. In this regard, the effect of the nano-structured SH on the wetting properties
and the evaporation rates of water droplets needs to be studied through carefully designed

experiments, presented in Chapter 2 of this thesis.

1.4 Surfactant Solutions

Amphiphilic surfactants or as so-called surface-active agents are molecules that tend to
reduce the interfacial tension at the interface [86, 87, 188, 89, 00, O1], [92]. Surfactant generally
consists of two distinct regions: a nonpolar hydrophobic tail, which avoids contact with water
molecules and a polar hydrophilic head group with an affinity towards water via hydrogen
bonding, dipole-dipole interaction or ion-dipole interaction [93), [94]. The hydrophobic tail

is composed of a hydrocarbon chain that can be linear, cyclic, or branched [93], 94} [95] [06].
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Due to the coexistence of both hydrophilic polar head and nonpolar hydrophobic tail on
the same molecule, the surfactant can adsorb at the solid-liquid or liquid-vapor interfaces
and form self-organized structures. Generally, surfactants are classified into four main types
according to the charge of the polar hydrophilic head group: anionic, cationic, non-ionic,

and zwitterionic surfactants [97, [98].

1.4.1 Anionic surfactants

Anionic surfactants can be divided according to their polar hydrophilic head group into
carboxylates, sulfates, sulphonates, and phosphates [97, 98]. The most commonly produced
anionic surfactants are linear alkylbenzene sulphonates, alkyl ethoxy sulphates, and alkyl
sulphates. Examples of common anionic surfactants are sodium dodecyl sulphate (SDS),

sodium dodecylbenzene sulphonate, and sodium laureth sulphate [88], [89] OT].

1.4.2 Cationic surfactants

The hydrophilic group in the cationic surfactants carries a positive charge. The most com-
mon cationic surfactants used are long-chain amines or quaternary ammonium salts. Halides
or sulphates are used as counterions, while amine-based surfactants must be in a protonated
state to function, so they cannot be used in alkaline conditions [97), [08]. Cationic surfactants
can be mixed with water and with non-ionic and zwitterionic surfactants, except anionic
surfactants. Many of the applications of cationic surfactants are based on the adsorption of
the surfactant at solid surfaces because many natural and synthetic surfaces are negatively
charged, such as antistatic agents in hair conditioners, softening agents in fabric softeners,
corrosion inhibitors, and anticaking agents in fertilizers. Examples of cationic surfactants,
dodecyltrimethylammonium bromide (DDAB), dipalmitoylethyl dimonium chloride, ethyl

lauroyl arginate hydrochloride, and didecyldimethylammonium chloride (DDAC) [99, [100].
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1.4.3 Non-ionic surfactants

The polar hydrophilic head group in the non-ionic surfactants can be either an uncharged
polyethyleneoxide or polyhydroxyl chain. The most common advantages of non-ionic surfac-
tants are the compatibility with all other types of surfactants, water, and electrolytes. Non-
ionic surfactants are used as emulsifiers, wetting agents, and dispersing agents, e.g., in clean-
ing products, laundry detergents, cosmetics, paints, and paper products [97, 98]. Common

examples of non-ionic surfactants are Tween 20, Triton X-100, and Brij 58 [93] ©94], 05, 96].

1.4.4 Zwitterionic surfactants

Zwitterionic surfactants are electrically neutral because their hydrophilic head groups have
both a positive and a negative charge. Most of the zwitterionic surfactants are pH-sensitive,
which means they change the state of ionization with change pH values. Therefore, they
are very mild to the skin and eyes and thus can be used in shampoos, cosmetics, and fabric
softeners. Zwitterionic surfactants can show either anionic or cationic surfactant features
depend on the solution type. In alkaline solution, pH-sensitive zwitterionic show features
of anionic surfactants and acidic solutions features of cationic surfactants. Like non-ionic,
zwitterionic can also be mixed together with all other types of surfactants. Examples of
common zwitterionic surfactants are 1 auryl hydroxysultaine and sodium lauroamphoacetate
[97, ©F].

Surface active agents are omnipresent in many fundamental and industrial applications,
such as mixing immiscible liquids, e.g., water and oil, forming an emulsion, for dispersing
nanoparticles in a base fluid, to tune the wetting and spreading of the working fluids, or in
microfluidic devices to control the coalescence of emulsion droplets [101], 102} 103, 104, [105].
Wetting and spreading of pure liquids on SH surfaces have been extensively reported in the
literature [13, [14), B35, 37, 44, 48], 49, [56], 106l 107, 108]. Amphiphilic aqueous surfactant
solutions, on the other hand, were investigated to a less extent and there are only few
experimental studies reported CB-W transition of surfactant drops on SH surfaces |86 [89]

93, 94, 95, ©6]. What’s more, theoretical models regarding the prediction of the stability
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and the probability of surfactant concentration-dependent CB and W wetting states are still
lacking, and hence the full understanding is still missing. Therefore, this motivates a part

of the thesis work, presented in Chapter 3.

1.5 Overview of the thesis

The primary objective of this thesis is to use a facile, simple and non-expensive fabrica-
tion techniques to obtain superhydrophobic surfaces of different geometrical parameters and
roughnesses and to give a better understanding of the wetting and evaporation dynamics
of pure water and surfactant-laden droplets on these surfaces. The first work toward this
objective was the experimental study of wetting and evaporation dynamics of pure water
drops (in terms of the contact angle, base diameter, droplet height, and droplet volume) on
nanograss superhydrophobic surfaces with extremely low solid-liquid fraction, reported in
Chapter 2 to understand the effect of the nanograss structure on both droplet wetting and
evaporation dynamics.

In addition to the pure water, we next investigate the effect of cationic surfactant
(DDAB) of different initial concentrations on droplet wetting upon microstructured super-
hydrophobic surfaces of various geometrical parameters and surface roughnesses. Here, the
effect of DDAB surfactant concentration on the wetting state is studied through the static
and dynamic contact angle measurements via side-view snapshots of droplets and through
the bottom-view snapshots for the wetting state analysis, discussed in Chapter 3.

Since most of the previously reported fabrication techniques to obtain superhydrophobic
surfaces were sophisticated, time-consuming, and costly expensive, we report facile, simple,
and cheap one and two-step processes to prepare transparent super-repellent and superhy-

drophobic surfaces of different roughness levels, reported in details in Chapter 4.
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Chapter 2

Evaporation Dynamics of Water
Droplets on Superhydrophobic

Nanograss Surfaces]|

2.1 Introduction

Droplet evaporation is an omnipresent process that also finds plentiful decisive applica-
tions, including watercolor painting [I], droplet-based microfluidics [2], DNA extraction [3],
inkjet printing [4] [5 [6], and fabrications of bio-materials and photonic crystals through self-
assembly [0, 109, 110]. Therefore, fundamental understating of droplet evaporation dynamics
under various key parameters, such as surface structure or roughness [14, [111], nano-particle
suspensions [112], and surface wettability [I113] is crucial so as to control the processes tai-
lored for the desired applications. In particular, evaporating droplets on superhydrophobic
(SH) surfaces has recently received a significant interest because of their promising appli-
cations for self-cleaning [37, 107, [108], improving corrosion resistance [35], optical devices

[38, 114} [115], anti-icing [44), [56], anti-fouling [106], and friction control [47, 48| [49]. SH sur-

'The material presented in this chapter is based on Aldhaleai, A., Khan, F., Thundat, T., and Tsai,
P.A., “Evaporation Dynamics of Water Droplets on Superhydrophobic Nanograss Surfaces”, under revision,
International Journal of Heat and Mass Transfer, 2020.
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faces are commonly characterized by a large contact angle (6 2 150°) with water and small
contact angle hysteresis (CAH), the difference between advancing and receding contact an-
gles [I1]. Deposition of water droplets on SH surfaces relies on the interplay between surface
chemistry and roughness, while two common wetting modes are observed: (i) Cassie-Baxter
wetting (CB or the so-called Fakir) with air (or vapor) trapped under-beneath the droplet
[9, 1T, 116] and (ii) Wenzel (W) regime where the liquid fills in the surface cavities [§].
Albeit various beneficial applications, it has remained challenging to use superhydropho-
bic surfaces for long-term stability since most of them lose their liquid-repellency once ex-
posed to chemical [I17], high temperature environments [I18], [IT9] or surfactant additives
[40]. Another factor that limits the commercial use of the SH surfaces is the occurrence of
the irreversible wetting transition from Cassie-Baxter to Wenzel state during evaporation
[1T) 13, [14), (79, 120}, 121), 122, [123], thereby destroying the superhydrophobicity of a low
CAH and air-trapping state.

Both static wetting (in terms of static contact angle) and water evaporation dynamics
on SH micro-textures, e.g., regular micro-pillars [3], 14, [79 124, [125], 126, 127, 128 129],
random micro-fibers [107, 117, 118], or micrometer-sized mushroom-shaped pillars |80} [130],
have been actively studied over the last two decades. Whereas, in comparison, fewer studies
have been conducted on SH nano-scale structures or fibers [14], 35, 37, [40] 56, 111, 114}
118, 131] primarily due to challenges of nano-fabrications. Besides the packing fraction, ¢,
the length scale of surface roughness can play a crucial role in the pinning (or retention)
and de-pinning forces exerted on droplets by solid surfaces/textures [129], thereby affecting
contact line movement and evaporation modes of water droplets on various SH surfaces. The
evaporation dynamics and dynamic wetting on superhydrophobic nano-textured surfaces
(e.g., SH nanograss-liked surfaces), however, were investigated to a less extent [59] 132 133]
134]. In particular, experiments regarding the contact line movement of evaporating drops
on SH nanograss surfaces (with pointy or needle-liked contact areas) are rare, and hence the
full understanding is still missing. Further investigations are hence needed to shed light on

the roughness effect on evaporation modes and rates as well as contact line movement on
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500 pm

H,0 with 6 ~ 165°

Figure 2.1. (a) SEM image of superhydrophobic nanograss (NS) surface with random
nanoscale structure; (b) the corresponding side-view snapshot showing a large contact angle
(0 ~ 165°) of water droplet.

various SH surfaces.

In this work, we fabricated SH nanograss-liked surfaces and investigated the initial wet-
ting state, evaporating dynamics, and contact line movement of a naturally-evaporating
water droplet on such SH surfaces of random nano-scale roughness, with an extremely low
solid packing fraction, ¢ = 0.05 £ 0.01, and surface roughness, r = 1.05 £ 0.01 (see Fig. .
Here, ¢ and r are conventionally defined as the ratio of the liquid-solid surface area to the
total (liquid-solid and liquid-gas) areas and the ratio of the total surface area to the pro-
jected one (on a 2D plane), respectively, and estimated using a nanocone geometry (see
Appendix A.1, for details). Systematic measurements of the droplet contact angle, base
diameter, height, and volume were performed for several SH nanograss surfaces. Our results
highlight the influences of nano-roughness and droplet size on the evaporation dynamics.
By increasing the droplet size, for the first time, stick-slip motions of the contact line for

large droplets on SH nanograss surfaces were studied.

2.2 Experimental

2.2.1 Sample preparation

Several SH nanograss surfaces were fabricated using reactive ion etching (RIE) on 4-inch

wafers, cleaned using a standard piranha solution in prior. Fig.[2.Th shows a side-view, SEM
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image of such SH surface used. The formation of nanograss is a result of the passivation
and etching process in a standard RIE etching process. The RIE etching is performed using
a mixture of Hy and O9 gases with a flow rate of 100 standard cubic centimeters per minute
(sccm) and 80 scem, respectively. Additionally, trace value of SF6 plasma is also supplied
and used during the etching process. The etching and passivation steps are performed at a
pressure of 80 mTorr and 150 mTorr, respectively. During RIE, plasma power is adjusted
between 150W and 135W for the steps of passivation (for 52 s) and etching (for 12 s),
respectively. After the nanograss formation, the wafer is coated with photoresist, which
provided protection during the subsequent step of dicing. After dicing, each 1 cm x 1 cm

piece is soaked in acetone overnight; this step helps in removing photoresist completely.

2.2.2 Droplet evaporation experiments

For the evaporation experiments, water droplets of 10-uL are gently deposited on the NG
surface using a syringe pump. One camera (Thorlabs DCC3240C) coupled with a long-range
magnifying lens (Navitor 12x) was used to record side-view of the evaporating droplet at
1 fps (frame per second). Fig. is such a snapshot showing the initial wetting state of
Cassie-Baxter state [11], while air is trapped beneath, and the drop rests on the top of the
nanograss with a large contact angle, 6 > 160°.

To analyze the evaporation dynamics, we first extracted the shape of droplets from the
side-view snapshots using Image]J software [I35]. Subsequently, a Matlab code based on
the axisymmetric drop shape analysis (ADSA) method was applied to measure the drop
volume (V'), contact angle (6), droplet height (h), and the drop size. The ADSA method
numerically fits a theoretical Laplacian curve based on the Young—Laplace equation with the
gravitational effect with known surface tension values to an experimental profile of the drop
shape obtained [136], 137, [I38]. The experiments were performed under ambient temperature

(22 £1°C) at 1 atm and slightly varying relative humidity (RH) conditions.
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2.3 Results and Discussion

2.3.1 Evaporation dynamics

Fig. illustrates the evaporation dynamics of water droplets on SH nanograss (NG) surface
in terms of dimensionless time (t/t;) normalized by the total evaporation time (¢s), under
slightly different RH ~ 24.8 + 1.2%. Fig. shows that the droplet on the SH NG surfaces
began with a large 6 ~ 166° + 1.5° in a CCA mode, in agreement with a CCA-mode evap-
oration observed on SH surfaces with nano-roughness and a low CAH =~ 5° by Kulinich et
al. [139]. In comparison, previous data of the evaporation dynamics on SH nano-structured
(NS) pillars [I4] started with a CCR mode, subsequently followed by a CCA mode, and
ended the evaporation with a mixed mode. Remarkably, all the water droplets on SH NG
surfaces were in a CB state, whereas the droplets on SH nanostructured pillars can form a
CB droplet for high roughness r > 3.51 and a Wenzel droplet for relatively low r < 1.98 [14],
as shown in Fig. a-b. As revealed in Fig. [2.2b, for SH nanograss surfaces we observed
that for small water droplets (of initial diameter Dy ~ 2.6 £ 0.17 mm) the contact diameter
(Dy) decreases linearly with the dimensionless time from 0 to 90% t; at a slope of ~ -1 + 0.2,
implying a very mobile contact line without pinning on SH NG surfaces. This corresponds
to the linearly decreasing of Dy/Dy with a decaying slop of 5 = —0.39+0.04, obtained with a
best linear-fit in Fig. [2.2p, because of simultaneous decreasing H and V' during evaporation
(shown in Fig. c-d ). Fig. reveals that the droplet volume changes non-linearly with
time, consistent with the evaporation characteristics on SH carbon nanofibers (CNF) [77]
with a random structure and large initial 8 ~ 150°. However, the evaporation mode ob-
served on such SH CNFs of random roughness is CCR [77], different from the CCA initially
observed by our SH Nanograss surface. In comparison, recent studies on SH nanoporous
membrane made of hydrophobized anodic aluminum oxide (AAO) show a CCR mode of
evaporating droplets, with a pinned contact line, during most of evaporation time [78]. The
authors discussed that evaporating water droplets stick on such surfaces, very likely, because

of air entrapped in the nanoscale pores that are not interconnecting [78]. These comparisons
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Figure 2.2. Time-evolution of (a) contact angle, 6, (b) dimensionless base diameter, Dy/Dy
of evaporating water droplets on the SH nanograss (NG) surfaces (shown in Fig. [2.2p) (m,
o, A, v). Here, time, ¢, is normalized with the total evaporation time, t;. The length
scale is normalized with, Dg, the free drop diameter of the same initial volume. Initially,
for t/t; = 0 - 0.8, the drop evaporates with a constant contact angle (CCA) mode with
average 6 ~ 166°, while the dimensionless contact diameter, D,/Dy, decreases linearly with
dimensionless time with a decaying slope of 8 = —0.39. At the end of the evaporation (for
t/ty between 0.8 and 1), both Dy, and 6 decrease, corresponding to a mixed mode. The inset
in (b) reveals a slight increase in Dy, after ~ 0.9¢; as the droplet underwent a CB to Wenzel
(W) transition while water impregnating into the rough cavities. For a comparison, the
previous experimental data by Bussonniére et al. [14] using more regular, nanostructures
(NS) are also plotted (¢, ¥, «, ») for 6 and D, in (a) and (b), respectively. Depicted in
(c) is the dimensionless droplets, H /Dy, for four independent droplets. The inset shows the
contours for an evaporating droplet with Dy = 2.85 mm. Time-varying droplet volume, V|
is shown in (d), and the insets show the time evolution of droplet shape for Vj = 12 pl.

highlight that both ¢ and the shape or morphology of nano-textures or nano-roughness play
an important role in the pinning of contact line and, hence, initial evaporation mode, being
CCR or CCA.

Once the evaporation time reaches 0.9tf, the transition from partially-wetting CB to
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Wenzel state occurs at a critical contact angle, ranging from 114° to 155.6° and critical
base diameter, Dy = 450 + 60 pm, where the contact diameter underwent a slight increase
shown by the Fig. inset. We estimated that the Laplace pressure inside the droplet
increased during the process from its initial value, APy, = 111.4 + 6.8 Pa to the critical
Laplace pressure, AP}, ranging from 305.4 Pa to 591.4 Pa (estimated from four independent
experiments). The value of Laplace pressure is calculated using the drop radius of curvature
(see Appendix A.2 for the details). Such CB to W transition could be triggered by the
decrease in the droplet size so that the Laplace pressure increase inside the droplet from
its initial value to the critical Laplace pressure. We identified such CB-W transition by an
increase in Dy since water penetrates nano-rough structures and thus enlarges the contact
diameter. This method agrees with and is also used by a recent study on drops evaporating
on pillar-like microtextured SH surfaces [123]. The corresponding critical contact angles,
contact diameters, and Laplace pressure are reported in Appendix A.2.

Water droplets on our SH NG surfaces were in a CB state with a large CA (0 > 160°)
and evaporated mostly in CCA mode, followed by a mixed mode. During final evaporation
t>0.9ty, both & and Dy, decrease simultaneously, in a so-called mixed mode, until completely
dry out [79]. A CCA mode followed by a final mixed mode on SH surfaces with a small CAH
has also been observed during evaporation on SH micro-patterned surfaces and random nano-
structure with low ¢ < 0.04 [59, [79, 123]. In comparison, whereas for SH nano- and micro-
structured surfaces with a higher ¢ [79, 80], three sequential stages of evaporation dynamics
of (i) CCR, (ii) CCA, and (iii) mixed mode (of CCR and CCA) were reported. Combing
with our data on SH NG surfaces, the above comparisons between various experimental
data reveal that, despite different types of surface morphology, water droplets on various
superhydrophobic surfaces of small packing fraction ¢ and a low CAH evaporate in a CCA
mode initially. On the other hand, regardless of micro or nano-sized roughness, droplets

evaporate in a CCR mode initially on SH surfaces with a large CAH.
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2.3.2 Stick-Slip motion for large droplets

In contrast to smoothly decreasing in Dy for the small droplets (of Dy » 2.6 mm) shown
in Fig. 2:2] stick-slip motions of the contact line were observed during the evaporation of
relatively large droplets (of Do ~ 4.2 + 0.2 mm) deposited carefully. Fig. a-b shows such
(jumping) results of the contact angle and diameter evolution of large evaporating droplets
on SH NG surfaces, for initial air-trapping CB state for different droplets with different
RH between 21% and 52%. Two distinct initial modes of evaporation were observed when
depositing large water droplets Dy > 4 mm on SH NG surfaces. First set of data (m,«) in
Fig. 23] a have slightly different free drop diameter Dy ~ 4.04 and 4.43 mm, respectively,
and started initially at CCA mode similar to small droplets, while Dj recedes steeply. On
the other hand, the other data for Dy » 4.13 mm (e) and 4.08 mm (A) underwent a mixed
mode (of CCR and CCA) evaporation with very slowly decreasing Dy and 6. When t/t;
between 0.9 and 1, mixed mode occurs, while both 6 and Dj diminishes simultaneously.

(a) 180 ®)
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Figure 2.3. (a) Contact angle, 6, and (b) the normalized contact diameter, Dy/Dy, as
a function of the normalized time, t/t;, measured for water droplets of Dy ~ 4.2 mm at
various relative humidity (RH). In (a) and (b), stick-slip motions are observed for large
droplets, and the insets show the droplet shape before and after the jump in changing 6.
This trend repeated for the all stick-slip/jump events observed for various large droplets of
Dy = 4.04 (m), 4.13 (o), 4.08 (A), and 4.43 («) mm.

Experimentally, we observe that water drop has a certain initial contact angle, 6y, after

the deposition of the droplet. Water droplet starts to lose liquid during evaporation, resulting
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in a deviation from that of the initial equilibrium state due to the changes in droplet shape
and CA, causing the triple line to move [I40]. When 6y reaches a minimum possible value
below or equal the receding contact angle, 6, ~ 156.9° + 1.2°, which is measured by using
a sessile drop method while reducing the droplet volume on the surface. Subsequently, the
contact line starts to move, and the first jump is observed. The advancing contact angle for
the SH NG surfaces is also measured, 6, » 164.5° + 0.6°, with the sessile drop method by
slowly increasing the droplet volume. With the average 8, and 8, measured, one can estimate
the magnitude of the adhesion force, Fj4,, between the water droplet and SH NG surface,
via Fyqn = CyRyy(cos 8, — cosf,) [10, 141], where Cy is a geometric prefactor depending on
the shape of the drop base on the solid surface (Cy = 4/ for a circular contact, e.g., Eq. (10)
in Ref. [I41]), and R, is the base radius of the droplet. Based on the equation, our estimates
of the droplet adhesion forces on the SH NG surfaces are » 3 and 6 u/N for the small and
large water droplets used, respectively. The order of magnitude of these adhesion forces
calculated is consistent with (but smaller than) previous estimations using micro-pillared
SH surfaces [142].

The stick-slip motion is revealed by a sudden decrease of Dy and an abrupt increase in
0, indicated by the sudden movement of the three-phase contact line occurring for all the
large droplets. Fig. insets, for example, display a water droplet of Dg = 4.43 mm before
and after the slip or jump motion, with their § changing from 156° to 168° (which recovers
to nearly its initial value of 6y + 3°) and Dj from 0.96 mm to 0.82 mm.

This jumping motion is very likely attributed to the excess free energy available due to
the reduction in the droplet size and 6 [143]. Using the thermodynamic Gibbs free energy
of the drop due entirely to interfacial free energies, Shanahan [140] proposed a theoretical
model estimating certain excess energy as a criterion for contact line movement. The excess
free energy per unit length is associated with the contact line movement by dr, resulting in
the change in 6 on smooth or rough surfaces, and can be expressed as [140]:

vsin? 0y (2 + cos By ) (61)?
2r ’

0G (2.1)
where ~y is the surface tension at the liquid-air interface, 6y is the initial equilibrium con-
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tact angle of the surface, §r is the slipped distance local to the stick-slip event, and r is
local pinned contact radius before the triple line slips. As evaporation proceeds, the slipped
distance, dr, the distance between the actual contact radius, r, and the corresponding equi-
librium value, r,, increases, and hence 6G increases with (67)2. When 8G reaches the
potential energy barrier value, sufficient energy is available, causing the triple line to jump
to its new equilibrium position at a lower contact radius. While CA after the jump recovers
nearly to the initial 6y, as shown in Fig. 2.3p.

To calculate the excess free energy, we measured 6y, ér, and r during each slip events
using eq. (see Appendix A.3 for the values). The average jumping distance, dr, on
our SH NG surfaces is 132 +40 pm, contrastingly compared to that of approximately the
micro-pillar spacing of O(10 pm) for evaporating droplets stick and slip on SH regular micro-
pillars [124], 127]. Intriguingly, the latter indicates that the origin of the stick-slip motion of
contact line stems from the pinning and de-pinning forces exerted by the individual (regular)
pillars where water droplet sticks upon, which is consistent with the results reported for
periodic nano-pillars by Molecular Dynamics (MD) simulation [129]. In contrast, for our
SH NG surfaces due to needle-liked structures, large water droplets can slip with a much
greater 0r. The average value of 6G calculated for the large droplets on SH NG surfaces
is about 107 J m~!. This value is one order of magnitude less than that reported by
Shanahan and Sefiane on randomly rough PTFE substrates [144], and in the same order of
magnitude of those reported by Ramos on microstructured PTFE surfaces [I45]. The low
values for 6G on microstructured PTFE and our SH NG surfaces can be attributed to the
robust superhydrophobicity of their and our substrates. In a CB state, the small solid-liquid

contact area, resulting in a high contact angle, can decrease 6G values.

2.3.3 Evaporation rate

The classical theory of the vapor-diffusion model is widely used to predict the evaporation
mass flux across the vapor-liquid interface of an evaporating droplet [146]. In this model,

Popov assumed that the vapor transport by free convection, induced by the density difference
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between dry and humid air, is negligible compared to diffusive transport. The influence of
the evaporative cooling of the droplet on the evaporation rate is also neglected. Hence, the
vapor transport occurs mainly by diffusive spreading of the water vapor in air. To determine
the diffusive out mass flux from the drop surface, the change in the vapor concentration
field around the droplet, Ac = ¢s — ¢, has to be calculated. Here, c; is the saturated
vapor concentration at the surface and co, is the vapor concentration away from the droplet.
To formulate the problem, a cylindrical coordinate system (r,z,®) is used, with r being
the radial coordinate, z the normal direction to the substrate, and ® the azimuthal angle
coordinate. The origin of this system is chosen such that z = 0 corresponds to the substrate
and r = 0 to the center of the droplet. In this case, the problem is axisymmetric, that
is, ®-independent. The boundary conditions imposed along the spherical-cap droplet with
arbitrary contact angle 6 are (i) ¢ = ¢, , the saturated vapor concentration, along the droplet
surface; (ii) ¢ = ¢s0, the ambient vapor concentration, far away from the drop; and (iii) the
substrate is impermeable, hence d¢/dz = 0 along the substrate. The diffusive flux is given by
J = -DvVc. Popov used analytical solution to determine the rate of mass loss from a droplet
of arbitrary contact angle, and we provided these equations in Appendix A.4.

This model was able to predict the evaporation rate for some experimental studies
conducted in ambient air on carbon nanofiber (CNF) [77], smooth hydrophobized silicon
wafers, and rough hydrophobic Teflon [147]. The simplification ingrained in the model such
as assuming that vapor-diffusion is the only transport mechanism governing the droplet
evaporation without considering the evaporative cooling may limit its applications to other
experimental data, and it has been shown to either underpredict [148, [149] or overpredict
[83, [84) [85] the evaporation rate.

Here, we compare the experimental dimensionless mass flux rate, M = m, in
Fig. [2.4] using water droplets on SH NG surface, where R is the base radius, D is the
water vapor diffusion coefficient in air, cg is the saturated vapor concentration, and c.. is
the vapor concentration far away from the droplet, with the analytical vapor-diffusion model

(dashed line) [146] and with a numerical simulation (solid line) considering cooling effect
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Figure 2.4. Water evaporation rate on SH nanograss surface. The dimensionless evaporation

mass flux rate, |[M| (measured from the measured droplet volume) as a function of CA

(0) for different droplets. Comparison between our experimental results (0) with a vapor

diffusion model derived by Popov [146] (- - --) and an evaporation cooling model [85] (——)

displayed that the low evaporation rate observed can be attributed to a cooling effect. For

a comparison, the previous experimental data by Bussonniére et al. [14] (<1,0,0, O) using
SH NS and Gelderblom et al. [77] () using SH carbon nanofiber (CNF) are also plotted.

[85]. The direct form of the Popov model concludes that the rate of mass loss only depends
on the contact angle but slightly overestimates the evaporation rates measured on our SH
NG surfaces.

Our data is in agreement with the recent studies by Bussonniére et al. [14] and Dash
et al. [125], revealing that droplets evaporate more slowly on SH nano-patterned surfaces.
Further numerical simulation [85] suggested that this deviation is likely attributed to the
evaporative cooling effect. At a high contact angle, the contact diameter becomes small,
limiting the heat flux between the substrate and drop, which in turn leads to a decrease
of saturated vapor concentration, and hence slower evaporation. Our data reveal a better
agreement with the numerical simulation considering a cooling effect during evaporation
[85], and with the results using SH nano-structured surfaces [14]. At high CA, more than ~

150°; the experimental data deviate from the cooling model (Solid line in Fig. with a
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lower rate. This deviation may attribute to the spherical droplet assumption used in both
models and the observed perversion of the drop shape at such a high CA from a spherical

cap [85], [146].

2.4 Conclusions

In summary, the wetting state, evaporation dynamics, and contact line movement of evap-
orating water droplets on SH nanograss surfaces with an extremely low ¢ ~ 5% were exper-
imentally elucidated. Different from that evaporating drops can form either CB or Wenzel
state, depending on r and ¢, on more regular SH micro- or nano-structured pillars, all small
droplets on SH NG surfaces formed a gas-trapping CB wetting state and evaporated in a
constant contact angle mode for most of the droplet lifetime. Besides, beneficial to vari-
ous applications, the SH nanograss surfaces delay the CB to Wenzel Wetting transition to
a later time at 0.9¢;. In contrast to smaller drops, stick-slip motions of the contact line
were observed for the first time, for large droplets of initial drop size of Dy ~ 4.2 mm on
SH nanograss surfaces. This jumping motion is attributed to the excess free energy (of
0(108Jm™1)) available in the system, due to the change in the droplet shape and contact
angle, and hence the contact line movement when 6 reaches #,.. Finally, the classical vapor-
diffusion model slightly overpredicts the water evaporation rate on SH nanograss surfaces
with a low CAH and smaller contact area, while the evaporative cooling effect could better
predict the evaporation rate. In terms of applications, using the superhydrophobic nanograss
surfaces water droplets evaporate mostly in a constant-contact-angle mode, with a very mo-
bile contact line, and delay the CB to W wetting transition (to 0.9 ¢;), compared to the
initial CCR mode and pinning contact line observed on most of SH regular micro-structures
and nano-pillars. This suggests robust SH surfaces composed of nano-grass structures of a

low ¢ (£0.05) and a low CAH for advantageous, self-cleaning surfaces with water droplets.
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Chapter 3

Effect of a Cationic Surfactant on
Droplet Wetting on
Superhydrophobic Surfaces!|

3.1 Introduction

The wetting and spreading characteristics of pure liquids on solid surfaces is of significant
interest in several engineering and industrial applications, including droplet-based microflu-
idics [104], 105], coating [38], inkjet or electrohydrodynamic jet printing [I50], and mem-
branes technology, especially for oil-water separation [54, [55]. In the past two decades,
droplet wetting on low-energy surfaces, as so-called ultrahydrophobic or superhydrophobic
(SH) surfaces with water contact angle (CA) (0 > 150°) and small contact angle hysteresis
(CAH), has received a great interest due to their promising applications for friction control,
anti-icing, anti-fouling, self-cleaning, and improving corrosion resistance [35] 37, [44], 47 [48]
49, 56), [106], 107, [108]. Such surfaces are not only chemically hydrophobic but also physi-
cally rough, consisting of both micro/nano-scaled roughness or structures. These useful SH

surfaces allow the drop to sit on the top of the surface textures with air trapped underneath

'The material presented in this chapter is based on Aldhaleai, A. and Tsai, P.A., “Effect of a Cationic
Surfactant on Droplet Wetting on Superhydrophobic Surfaces”, Langmuir, 36, 16, 4308-4316, 2020.
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with a partial gas-liquid interface, as the so-called Cassie-Baxter (CB) or "Fakir" wetting
state |9, [11].

The presence of a gas layer minimizes the interfacial energy, thereby making a CB state
more favorable by reducing the contact area between the liquid and solid phases. However,
the long-term stability of the preferred CB state on SH surfaces is still challenging and can
be lost through an irreversible wetting transition to Wenzel (W) state, where the liquid
fills in the surface cavities, when exposed to chemical [I17], high temperature environment
[118], 119], surfactant additives [40], or evaporation [I3] [15]. To date, the wetting properties
of SH surfaces have been extensively investigated, but mostly limited to pure liquids |11}
13| [14], 351, [37, [38], [44], 47, [48, [49] [56], 106], 107, 108, 151), 152, [153]. In contrast, amphiphilic
aqueous surfactant solutions have been investigated to a less extent on SH surfaces, and
there are only a handful experimental studies reported CB-W transition of surfactant-laden
drops on SH surfaces [86), [87, 88|, 89, 00, 011, 92| 93], ©4], ©5] O6].

In this work, we investigate experimentally and theoretically how a cationic surfactant
and its concentration changes the contact angle (CA) and wetting state of a droplet on
ultra-hydrophobic microstructures of different solid-fraction (¢) and surface roughness (r).
Systematic measurements of both CA and wetting states were conducted for nine DDAB
surfactant concentrations. We compare our experimental results with thermodynamic pre-
dictions that consider surfactant adsorption at interfaces to examine Cs-dependent CA.
Using Gibbsian thermodynamic analysis, we also elucidate theoretically the probability and

the stability of the experimentally observed CB state at low Cf.

3.2 Experimental

3.2.1 Sample Preparation and Materials

Transparent polydimethylsiloxane (PDMS) microstructured SH surfaces with a square array
of parallel cylindrical pillars (of height H = 4.8 um) were prepared using a replica modeling

process [I3]. Two pattern diameters (D) and pitches (P): D = 4.9 ym, P = 7.5 ym (surface
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S1) and D = 4.6 um, P = 14.5 um (surface S2) were used to obtain different ¢ and r (see
Fig . The packing fraction, ¢ = ZTI?;, is the ratio of the liquid-solid surface area (pillar-

TDH

top area) to the total (liquid-solid and liquid-gas) areas, and surface roughness, r = 1+ *53~,

is the ratio of the total surface area to the projected one (on a 2D plane). In other words, r
describes the relative change in the liquid-solid area for a rough surface compared to a flat
surface in a Wenzel state [§], while ¢ describes the percentage of the liquid—solid contact
area in a Cassie-Baxter case [9].

The surfactant solutions were prepared by dissolving didodecyldimethylammonium bro-
mide (DDAB) powders (Sigma-Aldrich, 98%, with a critical micelle concentration (CMC)
of = 0.085 mM) in ultrapure Milli-Q water (PURELAB Ultra, resistivity: 18.2 M{2.cm) for
nine different normalized concentrations, Cs = C/CMC = 0, 0.02, 0.05, 0.1, 0.2, 0.25, 0.5,
0.75, and 1, where C is DDAB surfactant concentration, and Cg is the normalized surfactant
concentration by the critical micelle concentration (CMC). All solutions were prepared in
glass beakers that were first cleaned with acetone, subsequently with ethanol, and finally

rinsed thoroughly with Milli-Q water.

3.2.2 Wetting Experiments

For each surfactant concentration, ten drops were gently deposited using a 10 ! micro-
pipette on each freshly made microstructured SH and flat PDMS surfaces. Two synchronized
cameras were used to record the side and bottom views of the droplets upon deposition at
1 fps (frame per second). The side-view was recorded using a CCD camera (Thorlabs
DCC3240C) coupled with a long-range magnifying lens (Navitor 12x) and the bottom-view
using a color camera (Axiocam 105) integrated into an inverted microscope (Zeiss, with
a bx objective). To measure the contact angles, we first extracted the shape of droplets
from the side-view snapshots for the first and last 10 s of a 100 s acquisition period using
Image]J software [135]. Subsequently, a Matlab code based on axisymmetric drop shape
analysis (ADSA) method was applied to measure the contact angle (6) [14] [136] 137, [138].

Advancing and receding contact angles were also measured using the sessile drop method
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Figure 3.1. Schematic of the experimental setup in (a). (b) Different initial wetting states:
side-view of a DDAB-laden droplets of C's = 0.1 resting on a SH surface of r = 1.33, ¢ =
0.08 (S2) in a CB state and in a W state, respectively. (c-d) Microscopic images of the two
types of superhydrophobic microstructures used, with a square pillar pattern with a pillar
diameter (D) and pitch (P), first, » = 2.31, ¢ = 0.34 (for the SH S1 surface) in (c), and
second, r = 1.33, ¢ = 0.08 (for the SH S2 surface) in (d), respectively.

by slowly increasing and decreasing the droplet volume on the surface, respectively. Drop
wetting states were determined through the bottom-view snapshots (see Fig. [3.2). All
experiments were performed under ambient temperature (24 °C) at 1 atm and relative

humidity of 29 + 3%.

3.3 Theoretical

3.3.1 Contact angle models

To investigate the dependence of CAs and wetting states on the normalized cationic sur-
factant concentration, Cg, we follow a thermodynamic model proposed by Milne et al.[154]

studying SDS-surfactant drop (on a Teflon SH surface). This theory combines the Gibbs ad-
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sorption equation, Young’s, Cassie-Baxter, and Wenzel equations with adsorption isotherm
to explain the effect of surfactant adsorption at each interface, which subsequently will in-
fluence the thermodynamic CAs. Firstly, the Gibbs adsorption describes the differential
change in surface energy with a differential change in a surfactant concentration (Cs) in the
aqueous solution:

dysy = -TxyRTd In (Cs), (3.1)

where vy is the interfacial tension, I';, is the surface coverage per unit area of surfactant
at the interface xy (x and y represent a liquid (L) solid (S), or vapor (V) phase), R is
the universal gas constant, T is the absolute temperature, and Cg is the non-dimensional
surfactant concentration.

To compute I'yy, we use general isotherm equation proposed by Zhu-Gu [155] including
Langmuir-type (L), S-type (S) and two plateaux- type (LS) adsorption isotherms. This
general isotherm can be applied to liquid-vapor (LV), solid-liquid (SL), and solid-vapor
(SV) interfaces, but here we assume no adsorption at the solid—vapor interface (i.e., I'sy =
0). The adsorption isotherm, I';,, is:

o KayCg™
F:Ey = Facy Ny )
1+ Ky Cg

(3.2)
where I'70 is the maximum surfactant concentration at the interface, Ky is the equilibrium
constant for adsorption, and n;, is known as an empirical fitting parameter in the Zhu-Gu
[155] adsorption isotherm.

By coupling the Gibbs adsorption equation (eq. ) with Zhu-Gu [155] adsorption
isotherm (eq.) and integrating at the LV interface, one obtains an expression for LV

interfacial tension ~1y as a function of surfactant concentration, Cg:

T'tvRT

v (Cs) = v - In (1+KyCEw), (3.3)

where ”YEV is the LV interfacial tension of pure water, i.e., for Cs = 0, 'y is the maximum
surfactant concentration at the LV interface, R is the universal gas constant, T is the absolute

temperature, Ky is the adsorption equilibrium constant, and nry is an empirical fitting
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parameter. These LV adsorption parameters (I'ty, Krv, and nry) are obtained by fitting
eq. to the experimental data of surface tension as a function of DDAB concentration
[100L, 9], i.e., yv(Cs).

To account for the surfactant adsorption on the SL interface, we applied a similar ap-
proach by solving Young’s equation [7]: cosfy = (ysv — vsL)/7Lv, where vgv, YsL, and ~yry
are the interfacial tension at the SV, SL, and LV interfaces, respectively. Using the Gibbs
adsorption, i.e., eq. and Zhu-Gu eq. for the SL and LV interfaces, one can arrive
at a modified Young equation [I54] depending on surfactant concentration:
rg RT

n

cos 09y + == 1n (1 + Kgr,Cg")

IR RTSL ’ (3'4)
’YEV — —I;E/LV In (1 + KL\/CSLV)

Oy (Cs) = cos !

where 08\/ is the Young contact angle for pure liquid on flat PDMS. This modified Young
equation relates the contact angle of a drop on flat homogeneous surface with Cy (i.e.,
Oy (Cs)) and is used to fit our experimental data of fy(Cs) on flat PDMS to compute the
surfactant adsorption parameters (i.e., I'sy,, Kgr,, and ngr,) at the SL interface (see Appendix
B.2 for the details regarding the data fitting).

Two classical models are widely used to describe the contact angle on rough, rigid,
homogeneous, and chemically inert surfaces. On the one hand, Wenzel (W) [§] equation is
applied when the liquid has fully penetrated the cavities of the surface: cosfw = r cosfy,
where Oy is the Wenzel CA, and r is the surface roughness. On the other, when the liquid
sits on top of the surface texture, with air trapped beneath the drop in the surface cavities,
Cassie-Baxter (CB) [9] equation is used: cosfcp = ¢cosbfy — (1 — ¢), where Ocp is CB CA
and ¢ is the packing fraction of the liquid-solid surface area (pillar-top area) to the total (SL
and LV) areas. To account for the surfactant adsorption for a drop on such rough surfaces,
Cs, r and ¢ will affect surfactant adsorption since the surfactant molecules will adsorb to
both the LV and SL interfaces. Following the same process by substituting the modified

Young equation (eq.(3.4))) into the W and CB equations, we arrive in the forms of the Milne
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et al.[154] modified W and CB CA equations:

I'gyRT

oo
SL
ns

cos 0%y + 7 —In (1+Ks.Cg%")
o _TnRT : (3:5)

Ow(Cs) = cos™!
"}/LV T In (1 +Kché1LV)

rg RT
nsL

', RT
L[ cos0ply + ¢ In (1+KspCg™) + (1-¢)=2=1n (1+KyCg™)

0cB(Cs) = cos™ = RT
A - —I;L‘;N In (1+KyC{™)

(3.6)
where G%V and O%B are the W and CB CAs for pure liquid on a rough surface and can be
estimated using: cos 08\, = rCos 92, and cos H%B = ¢cos H% - (1-¢), respectively. Here, H% is
the Young CA for pure water on a flat PDMS surface, R is the universal gas constant, T is the
absolute temperature, I'[3, and Kpy are Zhu-Gu [155] adsorption parameters that describe
the maximum surfactant concentration at the LV interface and the equilibrium constant for
adsorption, respectively. I'g; and Kgy, represent similar quantities but for the SL interface,
and npy and ngy, are empirical fitting parameters in the Zhu-Gu [155] adsorption isotherm.

Eqgs. - are predictive equations to quantify the influence of DDAB surfactant
adsorption at the LV and SL interfaces on the contact angle of the drops on flat and textured
surfaces (characterized by ¢ and 7). In terms of physical mechanisms, the first term in the
numerator in eq. and eq. describes the effect of the surface roughness and the solid-
fraction on the CA of pure water. The second term in the numerator expresses the effect of
surfactant adsorption on the SL interface. The third term in the numerator in the modified
CB equation and the denominator for both modified W and CB equations describe the effect
of surfactant adsorption on the LV interface as a function of Cg in determining the contact
angle on textured surfaces. It is worth noting that we have not considered any pinning
effects for both CB and W contact angles. On the one hand, such theoretical prediction for
a Wenzel state, usually with pinning contact line, can contribute to some errors, and has
shown a deviation from the experimental data by previous studies using SDS surfactants
[154]. On the other hand, such consideration without a contact line pinning is acceptable

for predicting a CB contact angle since the CB mode generally accompanies with high CAs
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and high mobility [156]. In addition, to the best of our knowledge, no predictive theory for

the pinning of the contact line in the CB state is available.

3.4 Results and Discussion

3.4.1 Wetting states

Figure [3.2]shows the side and bottom-view snapshots on both superhydrophobic microstruc-
tures (surfaces S1 and S2) with two distinct wetting states: Cassie-Baxter (CB) and Wenzel
(W). To distinguish between these states, a bright contact area at the center was observed
when the drop sitting on top of the surface roughness with air underneath, representing a
CB drop. In contrast, a dark central, contact area was observed when water completely wets
the surface structure as in a Wenzel state. Such color contrast (bright vs. dark) between the
CB and Wenzel wetting is caused by the different refractive indices between air and water.

Our results shown in Fig. [3.2] reveal that drops were in a CB state when Cg between
0 and 0.25 on the higher-r SH surface S1 (r = 2.31, ¢ = 0.34) but in a W state when
Cs ranges from 0.5 to 1 (Fig. [3.2h). On the lower-r SH surface S2 (r = 1.33 and ¢ =
0.08), with 9-10 independent experiments, we observed that DDAB drops of Cs between
0 and 0.75 can sometimes form a CB or a Wenzel wetting state, while their representative
experimental snapshots are shown in Fig. [3.2(bl) and B.2[b2), respectively. At 1 CMC,
DDAB drops were always in a Wenzel wetting state for both SH surfaces, S1 and S2. We
discuss and explain the probability for the presence of different wetting states (being a CB
or Wenzel state) experimentally and theoretically in the later sections. In brief, depending
on the surface parameters, r and ¢, there is a wetting transition from a CB to W wetting

state of DDAB drops with increasing Cg for both SH surfaces.

3.4.2 (s-dependent contact angles

Fig. [3.3] shows the experimental and theoretical results for the Cs-dependent CAs of CB
and W drops on both SH surfaces: S1 (®) and S2 (@). The CAs of CB drops on the SH
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Figure 3.2. Side- and bottom-view snapshots of drops with different surfactant concentra-
tions of DDAB, C' (0 to 1 CMC), on the SH microstructured surface S1 (r = 2.31, ¢ =
0.34) in (a) and surface S2 (r = 1.33, ¢ = 0.08) in (bl and b2), showing a transition from
Cassie-Baxter (CB) to Wenzel (W) wetting at high DDAB concentration. Both DDAB con-
centration and the surface parameters influence the wetting state. On one hand, as revealed
in (a), DDAB drops on the high-r SH surface (S1) were always in a gas-trapping CB state
at low C' (of C' = 0 to 0.25 CMC) and a Wenzel state at high C. On the other, we observed
that low-C' drops (of C' = 0 to 0.75 CMC) can sometimes form a CB, as shown in (bl), or
a Wenzel state, as revealed in (b2), on the lower-r SH (S2). At 1 CMC, all drops were in a
W mode.

microstructures, S1 (®) and S2 (@), were almost constant regardless of the change in Cs.
However, the CAs decreases with increasing Cg for Wenzel drops and reach a minimum
value of § ~ 100° and 6 ~ 80° for S1 (<) and S2 (O), respectively.

The theoretical predictions were estimated using the modified W and CB equations,
ie., eq. (3.5) and . As revealed in Fig. there is a good agreement between our
experimental data (filled symbols) and the predictions (solid lines, eq. (3.6)) of the Cs-
dependent CAs of CB drops, particularly for the SH surface S2. This better agreement for
the S2 may be attributed to the smaller solid fraction (lower ¢) and, hence, less pinning
of the contact line. Both measured and predicted CB CAs on the lower-¢ S2 are larger

compared to those on the higher-¢ S1 due to greater liquid-air contact with smaller ¢.
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Figure 3.3. Measured and predicted contact angles for DDAB droplets at concentrations
between 0 and 1 CMC on two SH microstructures: high-r S1 and and low-r S2. The CA
data were measured during the first 10 s in (a) and last 10 s in (b) of a period of 100 s
right after the droplet deposition. Different symbols denote CB (#) and W (<) drops on
the high-r S1, while CB (@) and W (O) drops on the low-r S2. The error bars represent
the standard deviations of ten drops for each Cg. Theoretical prediction of the CB and W
contact angles considering surfactant adsorption, given by eqgs. —, are also plotted
for S1 (=== ) and S2 (===, =:=1), respectively.

While there is a good agreement of the Cs-dependent contact angles of CB drop on
both SH surfaces, the prediction using a modified W equation was not good for both S1
(o) and S2 (=+=+) surfaces (dashed lines in Fig. [3.3)). This may be attributed to a larger
deviation due to the pinning contact line whose effect was not considered in the theory for a
Wenzel DDAB drop on the microstructures [91], [157]. In addition, to get better predictions
of the Cs-dependent CAs of W-state drops, one may need to include the contribution from
pinning for W drops due to the greater solid-liquid contact area (higher ¢) [I57) [158]. It
has been shown that the modified CB equation can predict the measurements of CB CAs
successfully and can be expanded to other types of surfaces with different ¢ and r values as

well as various surfactant solutions once the data of 8y and 71y are available.

3.4.3 Advancing and receding contact angles

The wetting behavior of DDAB surfactant drops on flat PDMS and both microstructured

SH surfaces S1 and S2 is also investigated through the measurements of advancing (faqy)
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Figure 3.4. (a) Advancing and (b) receding contact angles measured for DDAB drops at
for different concentrations between 0 and 1 CMC on three types of surfaces: Flat PDMS
(a), SH microstructures S1 (m) and S2 (@), using a sessile drop method by adding (or
withdrawing) liquid to measure the advancing (or receding) CAs. Error bars show the
standard deviations obtained from ten experiments. The advancing contact angles for DDAB
drops on a SH silica-based thin film () are plotted for comparison [96].

and receding (frec) CAs as a function of Cg, shown in Fig. and , respectively.
On higher-r S1, the advancing and receding CAs for pure water (Cs = 0) measured to be
Oagy = 163.9 £ 2.2° and Oge. = 159.0 + 1.4°, respectively. Both the advancing and receding
CAs decrease with increasing Cs and reach a minimum value when Cg = 1 of Oaqy =
139.3 +4.3° and frec = 103.9 +4.8°, respectively. The lower-¢ and r S2, on the other hand,
showed lower advancing and receding CAs of pure water 059, = 145.8 £ 2.3° and Orec =
136.5 £ 0.74°. We may attribute the lower advancing and receding CAs on S2 to a CB
to Wenzel wetting transition, which occurs during the measurement and subsequently the
liquid homogeneously wets on the surface textures resulting in a lower CA. Similarly, as Cg
is increased, the advancing and receding CAs on S2 start to decrease when Cg > 0.5 and
reach a minimum value at Cs =1 of Opqy = 121.6 £3.7° and Ore. = 91.7+3.7°, respectively.
Both surfaces S1 and S2 lost their superhydrophobicity with increasing Cg when Cg > 0.5
(Fig. B.4p-b).

As shown in Fig. [3.4h, our measurement for the advancing CA on S2 reveals a good
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agreement with that on SH thin-film porous sol-gel surface (v)[96]. Finally, the advancing
CAs on flat PDMS are nearly constant for Cg from 0 to 1, while the receding CAs reduce

from Ogec — 101.5+2.7° at Cg = 0 to Opec — 80.1+1.7° at Cg — 1.

3.4.4 Free energy analysis for the stability and metastability of the wet-

ting states

Although the modified CB eq. well predicted Cg-dependent CA for CB drops, it doesn’t
explain the probability and the stability of the wetting states (shown in Fig. . To get a
better understanding concerning the stability and the metastability of the observed wetting
behavior and to explain the occurrence of different wetting states depending on the Cg
on the different microstructures, we carried out an analysis starting from the Gibbsian
thermodynamics [15, 911 [159] 160, 161, 162, 163], following the work by Shardt et al. [91]
using SDS surfactants, and analytically estimated the free energy (E) for our composite
system of DDAB-laden surfactant droplets sitting on a microstructured surface. The derived
free energy equation, F — Ey, with respect to the assumed reference state has the form of

Shardt et al. [91] free energy:
E - Ey = ypymR*(2 - 3cos 0 + cos® 0) — dmypy R, (3.7)

where Ej is the free energy at the assumed reference state of a spherical drop without any
SL contact; R is the spherical cap radius of curvature; Ry is the initial radius of a spherical
drop of 10 ul; cosf = fcosfy(Cs)— f1. Here, f is the ratio of the SL surface area (pillar-top
area) to the total (SL and LV) areas, and f; is the ratio of the LV interfacial area to the
total projected area beneath the drop (See Appendix B.3 for the derivation).

We followed a model that a droplet transiting from CB to W wetting state usually occurs
through two main phases described below [15, [16, OT]. In this first phase, after droplet
deposition, the liquid is falling down along the pillars with an assumed flat LV interface as
in a CB wetting state (with f = ¢ and f; = 1 - ¢), until it wets the bottom of the surface.
Here, we assume that only the cylinder’s walls are wet and the bottom surface is not wet,

so f increases and f1 =1— f. At the end of the first phase, the value of f further increases
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Figure 3.5. Free energy (E) with respect to the reference state (Ep) during the wetting
transition of the drop from CB to W passing through the intermediate states where the
drop partially wet the microstructures for 9 surfactant concentrations on SH surfaces S1
in (a) and S2 in (b). (c) The difference between the W and CB free energy as a function
of Cg = C/CMC is of the order of 107" J for S1 (===) and S2 (===). (d) The free energy
barrier (i.e., the difference between the maximum free energy (Ey,qz) and the CB free energy,
Eraz — Ecp, as a function of Cg for S1 (m) and S2 (A).

as the solid-liquid contact area increases. In the second phase, liquid gradually wets the
bottom surface from the pillar edges towards the center. In other words, f continues to
increase until the bottom area is completely wetted with the liquid, while fi =7 — f. A full
transition to Wenzel wetting occurs when f =r and f; = 0, where cos = rcosfy(Cs) as in
the Wenzel equation [8], 9, [15].

Fig. (a-b) shows the free energy, E, of DDAB-surfactant droplets with respect to the
chosen reference state, Ey, for nine different values of Cg on the high-r SH surface S1 in (a)
and low-r S2 in (b), as a function of f. Here f describes the depth of liquid penetration

in between the pillars. On the one hand, for droplets with Cg from 0 to 0.2 CMC on both
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SH surfaces, the free energy first increases as f increases until the maximum free energy
(Emagz) 1s reached, and subsequently decreases to reach a minimum value of the free energy
in a Wenzel state. On the other, for Cs between 0.25 and 1 CMC on both surfaces, the
free energy of the DDAB drop initially starts from a maximum value at a CB state and
continuously declined as f increases until the Wenzel state, which has lower free energy by
O(1077.J) compared to that of the CB state. The difference in the free energy between W and
CB as a function of Cy (Fig. [3.5c), Ew — Ecp < 0, reveals that Wenzel state is theoretically
and thermodynamically preferred since Eyy is the lowest, in agreement with the typical
CB-W transition criterion observed previously for pure liquid [11, 13} [14], 15 164, [165].
However, based on the analysis there is a free energy barrier between the CB and W states,
Erax — Ecp > 0 (see Fig. [3.5d), to be overcome for a drop to transient to W state for both
SH surfaces at 0 $ Cg < 0.25. In other words, the CB is metastable due to the free energy
barrier at these concentrations (See Appendix B.4 for the derivation).

The predicted free energy barrier, Fp,q: — Ecp > 0, for the higher-r S1 (m) is relatively
higher when Cs < 0.25, of the order of magnitude of O(1078 ~ 107".J) (shown in Fig. [3.5d),
and is consistent with our experimental observations that all DDAB drops are in a CB
state on S1 (revealed in ) The presence of the high energy barrier for S1 makes a CB
state thermodynamically more favourable at these concentrations. In contrast, due to the
lower energy barrier of O(1078.J) for low-r SH S2 (shown in Fig. [3.5(d), some droplets were
observed to be in a CB state while some at a Wenzel wetting state for Cs between 0 and
0.75 CMC. Fig. shows the respective probability of a CB or W wetting state observed
based on ten independent experiments. At high Cs = 1 CMC, a W state was observed on
both surfaces.

Apart from our two types of SH surfaces investigated, we provide a layout of optimal r
and ¢ for designing robust SH surfaces with a stable CB state that has various beneficial
applications such as self-cleaning. By equating Ecp = Ew using eq. , one can arrive
at the physical criterion of the critical modified Young’s contact angle for a surfactant-laden

droplet, 6%, which delineates the surface parameters for a stable CB vs. Wenzel state:
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Figure 3.6. Percentage of experimental droplets in a Cassie-Baxter (CB) and Wenzel (W)
state as a function of normalized surfactant concentration (Cg) for high-r S1 in (a) and
low-r S2 in (b), based on an average of ten independent droplets for each DDAB surfactant
concentration. (c) Phase diagram of CB and W wetting states based on the free energy
analysis eq. as a function of the solid-liquid fraction (¢) and the Young’s modified
contact angle on a Flat PDMS, 0y (Cs) for two different surface roughnesses (). Symbols
show the modeled CAs for the experimental parameters of r and ¢ for the SH S1 (<) and
S2 (v) for Cg between 0 and 1 CMC, while 0y (Cs = 0) = 109° and 0y (Cs = 1) = 59° for
DDAB-laden droplets. Side- and bottom-view snapshots showed a stable W (Left, ) and
a metastable CB (Right, <) drops, respectively. In (c), the critical boundaries delineating
the stable CB and Wenzel states are depicted by the lines for both S1 (===) and S2 (=),

using the criteria derived, namely cos 65 (Cs) = (%)

cos by, = (%) [14, 164, 165]. In the phase diagram shown in Fig. , using this method

we summarize the thermodynamic stability predictions of wetting states depending on Cyg,

0y, ¢, and r. A stable CB region is predicted for a large fy < cos™ (%), whereas a stable

Wenzel state occurs for small fy (< 90°) in Fig. [3.6c. The valid range of fy to establish

robust, stable CB state for our DDAB surfactant droplets is ranging from 109° to 135° for
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S1 and S2, respectively, as shown in Fig. [3:6k. In comparison, this angle depends on both
the type of surfactant used and the surface material, and some studies reported different
ranges in the literature. Milne et al. [I54] reported that the range of fy of sodium dodecyl
sulfate (SDS) on smooth Teflon is ranging between 112° and 93°. Shardt et al. did another
recent study [91] using SDS surfactant on flat PDMS and showed a different range from 99°
to 92°. In the case of Triton X-100 and CTAB surfactants, the contact angles on smooth
PTFE surface are larger than that of SDS on flat PDMS (from 110° to 92° and from 110°
to 95° of Triton X-100 and CTAB, respectively) [166].

To examine the occurrence of metastable CB state in our experiments, we used a the-
oretical criteria based on the differential of the free energy barrier with respect to f, i.e.,
OE[0f|-¢ > 0 |16, O1]. From Fig. and using such criterion, we can conclude that for
the metastable CB state to appear, 6y should be greater than 90°, while a Wenzel state is
thermodynamically stable for all ¢ and r with a small 8y < 90°. In addition, the metastable
CB region for S1 extends from #y = 90° to the blue dashed line (orange area), while that
for S2 expands from 0y = 90° to the black solid line and overlaps with the metastable CB
region for S1. These are in agreement with our experimental observations, where W states
appeared at higher Cg (i.e., low fy) and metastable CB states observed for lower Cg (i.e.,

high 6y).

3.5 Conclusions

In summary, we experimentally measured the contact angles and wetting states of DDAB
surfactant-laden drops for nine different concentrations on two types of superhydrophobic
microstructures of different packing-fraction (¢) and surface roughness (r). A model con-
sidering surfactant adsorption at the LV and SL interfaces has been derived and compared
to these experimental data. The experimental data and the theoretical predictions of the
CB contact angles were in good agreement. However, the theoretical prediction using a
modified W equation didn’t predict well the Wenzel contact angles for both surfaces, likely

due to the pinning effects of the wetting contact line. We further consider thermodynamic

47



surface energies to predict the stability or metastability of the wetting states depending on
Cs. We found that the Wenzel state is thermodynamically favorable for both SH surfaces at
all DDAB concentrations, but there is a free energy barrier between the CB and W states
for Cs < 0.25 for our SH surfaces. This thermodynamic analysis implies that the CB state is
metastable at these concentrations and, moreover, this metastable CB state becomes more
stable on surfaces with greater ¢ and r. Based on the free energy barrier and the adsorp-
tion thermodynamics for surfactant-laden drops, we highlight the prediction of a stable and
robust gas-trapping, CB state superhydrophobic microstructures beneficial for various ap-
plications of self-cleaning and low-friction, when meeting the following two criteria: first, a
large Young contact angle of a surfactant-laden drop on the flat surface: 6y (Cs) > 90° and,

second, large values of r and ¢ which satisfy cosfy(Cs) < (f%dl))
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Chapter 4

Fabrication of transparent and
microstructured superhydrophobic
substrates using additive

manufacturing|

4.1 Introduction

Superhydrophobic (SH) surfaces consist of hydrophobic material with micro- and nano-scale
roughness or structures, with a static water contact angle (CA) greater than 150° [1I], and
have attracted significant interest due to their importance in both scientific research and
practical applications. Many natural living systems such as lotus leaves [25, 20] 27], ramee
leaves [167], rice leaves [168|, and butterfly wings [169] exhibit superhydrophobicity, giving
rise to self-cleaning [35, 37, [I70], water or oil repellency [51], 53], drag-reduction [42], anti-
icing [44], anti-fouling [106], and many other appealing applications. These applications

have inspired many researchers to develop artificial SH surfaces with biomimetic structures

!The material presented in this chapter is based on Aldhaleai, A. and Tsai, P.A., “Fabrication of transpar-
ent and microstructured superhydrophobic substrates using additive manufacturing”, submitted to Additive
Manufacturing, 2020.
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of an ultrahigh CA, but ultralow water adhesion.

The wettability of SH surfaces strongly depends on both the surface geometry (e.g., sur-
face roughness and structures) and chemical nature (e.g., surface free energy). Therefore,
most studies have mainly focused on either altering the chemical composition of the ma-
terial or creating efficient micro- or nanoscale structures to fabricate robust SH structures.
The effect of micro- or nanoscale structures on surface wetting is commonly attributed to
two wetting modes: first, homogeneous Wenzel (W) wetting state, where the liquid fills
in the surface cavities and completely wets the surface textures [8] and, second, hetero-
geneous wetting of Cassie-Baxter (CB) mode, in which the liquid drop sits on the top of
the hydrophobic texture with gas trapped beneath the drop [9]. The gas-trapping CB wet-
ting state, contributing to a large contact angle and a low CA hysteresis, is critical to
resilient superhydrophobicity, which is beneficial for various applications in surface engi-
neering. However, the long-term stability of the preferred CB state on SH surfaces is still
challenging and can be lost through an irreversible wetting transition to Wenzel state, when
exposed to a high-temperature environment [I71], droplet evaporation [I3], or surfactant
additives [911 96].

In so far, numerous efforts have been made in fabricating artificial robust hydrophobic or
SH surfaces using several micromachining technologies, including lithography [172], chemical
etching [28], deep reactive-ion etching (DRIE) [29], polymer coating [30], replica molding
[31], self-assembly [32] 33], electrospinning [34], and so forth. These techniques are able to
fabricate mostly two-dimensional (2D) patterns or 3D random structures or random rough-
ness, unless using costly or multiple masks with specific geometries or simple 3D structures
[66, [67), [68]. Albeit some studies reported complex 3D structures, their fabrication process
is rather complicated, time-consuming, and expensive [36}, 69].

Additive manufacturing (or 3D-printing technology) has recently attracted much interest
because it can produce 3D structures with well-defined geometries on both rigid and flexible
substrates via a one-step process and also utilize a wide variety of resin materials [70, [173].

Although a few of studies have lately demonstrated that a 3D-printing technology is effective
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Figure 4.1. Schematic of the three processes for preparing superhydrophobic (SH) surfaces.
In (a), transparent SH surface and SH powder were prepared using a one-step heating
procedure of liquid PDMS at 350°C for four hours. When the liquid PDMS is heated, it
decomposes and generates soot, depositing on a glass slide (GS) to form a transparent SH
surface. The remaining silicon powder left in the pyrex also shows SH properties for water
droplets. In (b) and (c), using two-step processes, we first 3D-printed microstructures (MS)
and subsequently coated them with a hydrophobic coating with candle soot (top) or OTS
solution (bottom) for 10 mins. The inset on the right shows the microscope (top-view) image
of the 3D printed microstructures after a hydrophobic coating. The scale bar corresponds
to 500 pm.

in manufacturing SH surfaces [22], 54], [55, [72], (73, [74], [75] [76, 174], 175, 176l 177, [178], there
are still some challenges in the fabrication of resilient SH surfaces due to their short-term
wetting stability or some additional complicated steps involved in the fabrication.

Here, we report facile and simple (one- and two-step) approaches to fabricate SH sur-
faces with a high CA and low roll-off angle (ROA) for self-cleaning and water-repellent
applications (see Fig. . Using the one-step method, we are able to produce transparent
superhydrophobic (TSH) surfaces with random roughness, to study the influence of random
structures vs. regular patterns on the wetting properties and contact angles of water droplets

on the SH surfaces fabricated. In the two-step process, we incorporate a 3D-printing tech-
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nique with a hydrophobic coating to produce robust SH textures composed of regular square
pillars, which are designed according to a thermodynamic theory for a stable gas-trapping
CB state. Finally, our measurements of static and dynamic CAs of water droplets on all
the prepared SH surfaces show high values and agree well with those predicted by using the

Cassie-Baxter model [9].

4.2 Material and Methods

4.2.1 Chemicals and devices

Polydimethylsiloxane (PDMS) (Sylgard184, Part A) with a curing agent (methylhydrosilox-
ane with Pt catalyst, Part B) was supplied by (Dow Corning Corporation). Microscope glass
slides (GS, 26 mm x 76 mm x 1 mm) were purchased from (Bio Nuclear Diagnostics Inc)
for the fabrication of the transparent SH surfaces. A muffle furnace (Thermo scientific) was
used for the heat treatment process. Pyrex was used as a container for the PDMS during the
heat treatment. Octadecyltrichlorosilane (OTS), toluene, sulfuric acid, hydrogen peroxide,
acetone, and ethanol were obtained from Sigma-Aldrich Canada. Commercial candles were
used for the hydrophobic coating of candle soot. All of the reagents were used as received
without any further treatment. The water used in this experiment was ultra-pure Milli-Q
water (PURELAB Ultra, resistivity: 18.2 MQ.cm). 3D microstructured substrates were 3D

printed with a clear resin using a 3D printer (Formlabs, Form 2).

4.2.2 One-Step Fabrication of Transparent Superhydrophobic Surfaces

A glass slide (GS) was used as the solid substrate, which was repeatedly and ultrasonically
cleaned with acetone, ethanol, and rinsed with Milli-Q water several times, and finally
dried using a nitrogen gun. The substrates were subsequently placed in a freshly prepared
“piranha” solution [14], a mixture of HySO4/H203, 4:1 (v/v), for 1 h and rinsed several times
with flowing Milli-Q water and finally dried with nitrogen. PDMS base and curing agent

(at 10:1 mass ratio) were poured and mixed in a pyrex container for 10 mins. The mixture
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was then degassed in a vacuum desiccator until all the air bubbles were removed. The GS
subsequently was placed upside down on the top of the pyrex, which contained the PDMS
solution and was heated in a muffle furnace at 350° for 4 hours. The distance between the
PDMS liquid and the GS, as shown in Fig. [f.Th, was about 1.5 cm. After the heat treatment
(350° for 4 h), the liquid PDMS decomposed and generated soot, which in turn deposited
on the upper GS, forming a transparent SH surface [I79] (see Fig.[4.2h). The surface coated
with PDMS soot had an average static water contact angle of # ~ 170 + 2°, as shown by
the side-view in Fig [f.2h. The remaining white silicon powder left in the pyrex also shows

super-repellency against water.

4.2.3 Two-Step Fabrication Processes of 3D-printed Superhydrophobic

microstructures

To obtain SH microtextures, we designed our surfaces to have regular micron-sized square
pillars of width, D, height, h, and interspace, .S, in a square lattice with a periodicity, P =
D+S (see Fig.|4.2p-c). The microstructures were characterized with two crucial geometrical
parameters: solid-liquid packing fraction, ¢, which is the ratio of the liquid-solid surface
area (pillar-top area) to the total (liquid-solid and liquid-gas) areas, and surface roughness,
r, corresponding to the ratio of the total surface area to the projected one (on a 2D plane).

These parameters can be calculated using the following relations [I81), [182]:

D2
¢ = ﬁa (41)
P2 +4Dh
r=—ps (4.2)

Generally, r describes the relative change in the liquid/solid area for a rough surface com-
pared to a flat surface in a Wenzel state [8]. ¢ describes the percentage of the liquid-solid
contact area in a CB mode [9].

To design SH surfaces with a stable CB state, we use a model based on the comparison

of the global surface energies, Ecp and Ew, for a CB and the Wenzel wetting droplet on
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Figure 4.2. (a) Side-view of a water droplet deposited on the transparent PDMS-soot SH
surface fabricated, revealing a Cassie-Baxter (CB) wetting state with an extremely high
contact angle of 8 = 169.7°. Side-view of a water droplet deposited on the 3D-printed
microstructures coated with candle soot (CS) in (b), while with OTS in (c). After the
hydrophobic coating, the additive manufactured microtextures become superhydrophobic
(SH) with a large contact angle (6 > 150°), revealing a gas-trapping CB wetting state for
a water droplet. The insets in (b) and (c¢) show the top-view of the SH micro-structures
fabricated. The microtextures are 3D-printed with a square pillar pattern of pillar width (D),
height (h), and separation distance (.5), which are designed according to a thermodynamic
theory to have a stable CB wetting state. Here, D, h, and S are of the order of magnitude
of 10™*m, yielding the surface roughness and packing fraction to be r = 2.87 and ¢ = 0.27,
respectively. The small inset in (c¢) shows an optical microscopic image of the top-view of the
superhydrophobic surface coated with OTS (A). The scale bars in (b) and (c) correspond
to 500 pum. (d) Phase diagram based on the energetic argument [14} [15], [I80] can be divided
into a stable CB state region (in the upper region, e.g., yellow) and a stable W phase
(in the lower region, e.g., green, pink, and blue) for different Young’s angles (fr). For a
comparison, we also plot previous experimental data by Yeh and Chen using square-pillar
microstructures [I81] (with 0O, m, denoting a CB and Wenzel state, respectively). The critical
CB-W separation lines based on Eq. are plotted for different Young’s contact angles
on flat surfaces, for Yeh and Chen’s OTS-coated surface with 0 = 110° [I81] (=) as well
as our surfaces coated with OTS of 0 = 123° (-++) and with CS of 0p = 135° (===). At
high surface roughness (r) and high solid-fraction (¢), the initial drop shape always exhibits
CB states (denoted by the open symbols A & 0O), whereas a Wenzel state (denoted by the
filled symbols m) is more likely observed experimentally at low r and ¢.

the microstructures, respectively. The total surface energy Ecp or Eyw is the magnitude

of the total energies needed for creating interfaces when placing a CB or Wenzel drop onto
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the microstructures. According to thermodynamics, a stable CB occurs when Egp has a
lower energy compared to that of a W wetting mode, i.e., Ecp < Eyw, by tuning the surface
parameters of 7 and ¢. One can arrive at the physical criterion of the critical contact angle
0* that delineates the surface parameters for a stable CB vs. Wenzel state, by equating Ecp

— Py [11, 13, 14} 15, 16]:
_¢-1
S

This criterion is plotted in Fig. [I.2d, while the detailed derivation is given in the Ap-

cos6* (4.3)

pendix C.1. For the given important surface properties of r, ¢, and 0r, which is Young’s
contact angle of a water droplet on the flat surface of the same material, a stable CB state
can occur on the hydrophobic micro-structures with a high roughness r > (¢ — 1)/ cos 0 + ¢
(i.e., the upper (yellow) area in Fig d). Based on the criterion above, we designed us-
ing SolidWorks and subsequently printed two microstructured substrates using a 3D printer
(Form2). In our designs, considering the printing resolution of our 3D printer, the mi-
crostructures are printed in an area size of 66 mm x 20 mm, with micropillars of h = 750
pm, D = 410 pym, and S = 400 pgm. The corresponding surface parameters, according to
eqs. 7, are r = 2.87 and ¢ = 0.27, indicated by the symbol (4) in Fig. d, and
theoretically a stable CB wetting is expected for a water droplet on the SH microstructured
fabricated.

We experimentally measured the contact angles of a water droplet on the flat 3D-printed
surfaces coated with candle soot and OTS to be 135° and 123°, respectively, so as to estimate
O for these materials. With these values of 6p measured, using eq. , we plot the critical
criteria for the different fp-values in Fig. [£.2d. Based on the thermodynamic model, a stable
CB drop occurs in the upper region above the critical criterion (i.e., higher r), whereas a
Wenzel state is more favorable for low-roughness surfaces (i.e., the grey, pink, and blue
regions for different Young angles, 0p) since Ey < Ecp. In a good agreement, we always
observed a CB state of the initial drop on the SH substrates fabricated with 3D printing
since our microstructure design has r = 2.87 and ¢ = 0.27, shown as (2) in Fig. , which

is located in the upper (yellow) region of a stable CB state (above the critical criterion
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boundary for the Young angle of interest, e.g., fp = 135° and 123°).

From the two 3D-printed microstructures, one of the printed substrates was subsequently
coated with candle soot [183], [184] [I85] [186], while the other with an OTS solution [I87, 188,
189] to achieve super-repellent properties with a high contact angle. The former 3D-printed
microstructured substrate was brought horizontally over the center of the candle flame upside
down and moved across back and forth for 10 mins until the substrate became black to obtain
a uniform layer of soot deposition (see Fig. for the schematic procedure). The distance
between the candle soot flame and the 3D-printed microstructures, as shown in Fig. 4.1b,
was about 1-2 cm. The substrate treated with candle soot, shown in Fig. [£.2p, had an
average static water contact angle of 6 ~ 158 + 2°.

The second microstructure was dipped into an OTS/toluene solution (0.2 ml of OTS
into 100 ml of toluene, 0.2 vol%) for 10 mins to allow the OTS to uniformly deposit on the
sample (see Fig. for the illustration). Substrate modified with OTS was cleaned by
sonication in toluene and by rinsing again with toluene, ethanol, and Milli-Q water several
times, and finally dried with nitrogen. The surface treated with OTS, shown in Fig. [{:2k,

had an average static water contact angle of 6 ~ 147 + 2°.

4.3 Results and Discussion

4.3.1 Wetting State and Contact Angle Measurements

The wettability of both the TSH and the 3D-printed SH microstructures (shown in Fig. |4.2])
is characterized using static water CA, dynamic CA (in terms of the advancing and receding
CAs), and the ROA. The roll-off angle (ROA) or so-called “the angle of inclination” is
the minimum tilting angle at which a water drop rolls off a tilted SH surface. The ROA
is measured experimentally using a movable stage (Thorlabs TTR001), which allows for
accurately tilting from its initial horizontal position to an inclined position. While still
horizontal, a 10 pl Milli-Q water droplet was gently deposited on the testing surface, after

which the stage was slowly tilted until this droplet began to roll over the surface. At this
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Figure 4.3. Comparison of water droplet static, dynamic (in terms of advancing and re-
ceding), and roll-off contact angles on (a) Glass substrate coated with PDMS-soot, (b)
3D-printed microstructures (r = 2.87, ¢ = 0.27) coated with candle soot (CS), and (c¢) 3D-
printed microstructures coated with OTS. Both the glass coated with PDMS-soot and the
CS microstructured SH surfaces show a high static contact angle and a low roll-off angle,
ORrotr < 5°.

point, the stage angle relative to horizontal was measured and recorded. This measurement
was performed at least seven times for each sample, and all reported ROAs are averages of
all measurements.

On the one hand, static water droplet CAs on the TSH surface with random roughness
showed greater contact angle with # ~ 170 + 2°. On the other, the static CA on the 3D-

printed SH microstructures coated with CS and OTS were smaller, with 6 ~ 158 + 2° and
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0 ~ 147+2°, respectively. All these fabricated substrates were superhydrophobic, i.e., § > 150°
as shown in Fig. [.3] From Fig. [£.3p-b, we can clearly see the trapped air between the
surface microstructures underneath the drop. Since both the 3D-printed microstructured
SH surfaces have the same surface structure (¢ = 0.27 & r = 2.87) but have different static
water droplet CA (by » 10°), revealing that not only the surface pattern but also the coating
chemical composition can alter the SH CA on the surfaces. Two classical models have been
used to describe surface wettability in terms of surface roughness r and solid-liquid contact
area ¢: Cassie-Baxter (CB) and Wenzel (W) models. In a CB state, the surface structure
assumed to be partially wetted by the liquid. In this case, the liquid droplet is in contact
with the top of the surface pattern, while a thin air layer is trapped beneath the drop.
Surface texture, in the later, is assumed to be completely wetted with liquid in a W state.

The contact angle for each model is formulated as follows [9, [§]:

cosfcp = pcosOp — (1 - ¢), (4.4)

cos Oy = rcosbp, (4.5)

where Ocp is the CA of water droplets on a rough surface in a CB state, ¢, as defined in
eq.(4.1)), is the solid-liquid area fraction to the projected area, O is the Young CA of a water
droplet on a smooth, flat, rigid, homogeneous, and chemically inert surface, O is the CA
of water droplets on a rough surface in a W state, and r is the surface roughness factor.
To compare with our experimental data, static water droplet CAs are then theoretically
estimated using the CB equation and the Young CAs on the flat GS as well as the
flat 3D-printed surfaces coated with OTS and CS, i.e., fg ~ 35°,123° and 135°, respectively.
As shown in Fig. [f.Zh, the experimental CAs agree well with the CAs modeled by the CB
equation , revealing that all the studied surfaces wetted in a CB mode with air trapped
beneath the drop. Since the valid range of the cosine function is between -1 and 1 and
the multiplication of the terms (rcosfp) is either < -1 or > 1, the Wenzel equation is not

applicable in our case.
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Figure 4.4. Comparison of measured static water droplet CA in (a) and dynamic CAs (in
terms of advancing (b) and receding (c)) with Cassie-Baxter theoretical model on glass

substrate coated with PDMS-soot (O,==), 3D-printed microstructures (r = 2.87, ¢ = 0.27)
coated with candle soot (CS) (O,===), and 3D-printed microstructures coated with OTS

In addition to the static water droplet CA, the dynamic CAs (i.e., advancing and receding
CAs) and ROAs are measured to evaluate the surface adhesion. Fig. b-c¢ shows water
droplet advancing and receding CAs on the three types of SH surfaces fabricated. The
average advancing CA and the standard deviation of seven water droplets on the TSH
surface was about a4, ~ 168.9+1.4°, which is close to that on the 3D-microstructured surface
coated with CS, 0pq, ~ 167.4 + 2.5°. While the advancing CA on the 3D-microstructured
surface coated with OTS was around faq, ~ 154.3 + 2.6°, which is lower than the former
by approximately ~ 13°. The average receding CAs were also measured to be large, as
illustrated in Fig. and Fig. [I.4e.

The measured advancing and receding CAs of water droplets on the studied surfaces
were consistent with the theoretical prediction using the CB equation due to the presence of
air pockets between water droplets and surface cavities. Furthermore, the ROAs of both the
3D-printed microstructured surface coated with CS and the GS surface coated with PDMS-
soot were extremely low, 6g.; $ 5°, which makes them great candidates for self-cleaning and
water repellent applications. The 3D-printed microstructures coated with OTS, however,

showed a higher ROA approximately Ogrq; > 15°, which makes the droplet adhere more to

99



the surface.

4.3.2 Method Reproducibility for Mass Production

For the tests of reproducibility and mass production, six more samples were fabricated and
evaluated by measuring the static, dynamic (in terms of the advancing and receding) CAs,
and ROAs (the static CA showed in Fig. [1.5). All the samples showed superhydrophobic
behavior with a large CA and a low ROA, and the results agree well with the previous ones.
From the agreeable results of the seven samples, we confirmed the reproducibility of these
methods to obtain robust SH surfaces that can be mass production using a 3D printing
technology. These superhydrophobic surfaces fabricated enable a stable CB wetting for a

water droplet and can benefit various applications such as self-cleaning and drag-reduction.
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Figure 4.5. Comparison of the measured static water droplet CA and Cassie-Baxter theoret-
ical model on glass substrate coated with PDMS-soot (O,===), 3D-printed microstructures
(r = 2.87, ¢ = 0.27) coated with candle soot (CS) (O,===), and 3D-printed microstructures
coated with OTS (<&, ) for seven different samples. The error bar represents the standard
deviation of seven droplets on each surface.
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4.4 Conclusions

In summary, superhydrophobic surfaces are facilely obtained using simple one and two-step
fabricating processes. For the former, a transparent SH surface was created via an only
single heating process of PDMS at 350° for 4 h, by depositing PDMS-soot on the GS. The
surface obtained using this method showed great superhydrophobicity and super-repellency
properties with an ultrahigh CA and ultra-low ROA. The latter, two-step method was com-
posed of, first, 3D-printed microstructured surface and, second, a hydrophobic coating using
either CS or OTS. The 3D-printed microstructures coated with CS showed better superhy-
drophobic properties with a high static water CA and low ROA, compared to those with
OTS coating. This reveals that additional nano-roughness from the candle shoot (on top
of hydrophobic MS) enhances the non-wetting property or superhydrophobicity greatly. In
terms of applications, a water droplet exhibits a spherical shape on the GS coated with
PDMS-soot and 3D-printed CS surfaces, which can be easily rolled-off by incline the surface
few degrees to remove dirt or contaminants in their way. Finally, we provide here promis-
ing facile, cost-effective, and highly efficient fabrication strategies for preparing transparent
super-repellent and superhydrophobic surfaces using a 3D-printing technique by incorporat-
ing a thermodynamic model. The method provided is capable of a large-scale production
and can be applied widely in the applications of self-cleaning and super-repellent materials

in the fields of surface engineering and material.
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Chapter 5

Conclusions and Outlook

In this work, the wetting and evaporation of pure water and aqueous surfactant solutions
have been investigated on superhydrophobic surfaces of a variety of geometric parameters
and structures.

The wetting state, evaporation dynamics, and contact line movement of evaporating
water droplets on SH nanograss surfaces with an extremely low ¢ ~ 5% were experimentally
elucidated. Different from that evaporating drops can form either CB or Wenzel state,
depending on r and ¢, on more regular SH micro- or nano-structured pillars, all small
droplets on SH NG surfaces formed a gas-trapping CB wetting state and evaporated in a
constant contact angle mode for most of the droplet lifetime. Besides, beneficial to various
applications, the SH nanograss surfaces delay the CB to Wenzel Wetting transition to a
later time at 0.9¢;. In contrast to smaller drops, stick-slip motions of the contact line
were observed for the first time, for large droplets of initial drop size of Dy ~ 4.2 mm on
SH nanograss surfaces. This jumping motion is attributed to the excess free energy (of
0(108Jm™1)) available in the system, due to the change in the droplet shape and contact
angle, and hence the contact line movement when 6 reaches 6,.. Finally, the classical vapor-
diffusion model slightly overpredicts the water evaporation rate on SH nanograss surfaces
with a low CAH and smaller contact area, while the evaporative cooling effect could better

predict the evaporation rate.
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A possible extension of this work could be, experiments with water and nanoparticle
droplets of different sizes and materials on nanograss SH surfaces of different ¢ and r and
analyze the contact line movement or mobility during the evaporation process. Also, it is of
interest to investigate the mechanism leading to the stick-slip motion of the contact line of
large droplets in comparison to small droplets depending on the change of ¢ and 7.

We experimentally measured the contact angles and wetting states of DDAB surfactant-
laden drops for nine different concentrations on two superhydrophobic microstructures of
different packing-fraction (¢) and surface roughness (r). A model considering surfactant
adsorption at the LV and SL interfaces has been derived and compared to these experimental
data. The experimental data and the theoretical predictions of the CB contact angles were
in good agreement. However, the theoretical prediction using a modified W equation didn’t
predict well the Wenzel contact angles for both surfaces, likely due to the pinning effects of
the wetting contact line. We further consider thermodynamic surface energies to predict the
stability or metastability of the wetting states depending on C's. We found that the Wenzel
state is thermodynamically favorable for both SH surfaces at all DDAB concentrations, but
there is a free energy barrier between the CB and W states for Cg < 0.25 for our SH surfaces.
This thermodynamic analysis implies that the CB state is metastable at these concentrations,
and this metastable CB state becomes more stable on surfaces with greater ¢ and r. Based
on the free energy barrier and the adsorption thermodynamics for surfactant-laden drops,
we highlight the prediction of a stable and robust gas-trapping, CB state superhydrophobic
microstructures beneficial for various applications of self-cleaning and low-friction, when
meeting the following two criteria: first, a large Young contact angle of a surfactant-laden
drop on the flat surface: 0y (Cs) > 90° and, second, large values of r and ¢ which satisfy

-1
cos by (Cs) < (f_—qb)
For the future investigation, it is very interesting to develop a theory explaining the
contact angle and wetting state for Wenzel droplets with respect to surfactant concentration

Cs in terms of ¢ and r by including the pinning effect of the contact line. Also, the critical

concentration after which the wetting state is switching from CB to Wenzel during droplet
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evaporation can be investigated for different types of surfactants.

Finally, superhydrophobic surfaces facilely obtained using simple one and two-step fab-
ricating processes. For the former, a transparent SH surface was created via an only single
heating process of PDMS at 350° for 4 h while partially depositing the PDMS-soot on the
GS. The surface obtained using this method showed great superhydrophobicity and super-
repellency properties with an ultrahigh CA and ultra-low ROA. While the latter two-step
method was composed of first 3D-printed of the microstructured surface, before being coated
with either CS or OTS hydrophobic coating. Both the prepared 3D-printed microstructures
coated with CS showed superhydrophobic properties with high static water CA and low
ROA. While the 3D-printed microstructure coated with OTS solution showed a lower static
CA and a higher ROA of g,y > 15°, reveals that the prepared surface modified using OTS
solution is more sticky. The water droplets exhibited spherical shape on the GS coated with
PDMS-soot and 3D-printed CS surfaces, which can be easily rolled-off by incline the surface
few degrees to remove any dirt or contaminants in their way. All these methods are simple,
cost-effective, and highly efficient processes. The processes, design principle, and contact an-
gle measurements presented here are useful for preparing transparent and superhydrophobic
surfaces with additive manufacturing, which enables large-scale production and promisingly
expands the application scope of utilizing self-cleaning superhydrophobic materials.

A possible extension of this work could be 3D-print surfaces of various geometric ar-
rangements using high-temperature resistant resin, which is useful to generate Leidenfrost
droplets for drop impact experiments. Moreover, it is of interest to investigate the mecha-
nism leading to the formation of a thin-air layer beneath the spherical drops in terms of the
surface structure, resin material, and the liquid material.

Also, it is of interest to use the thermodynamic theory to design robust superhydrophobic
substrates of different geometric arrangements such as mushroom-shaped microstructures
with overhanging caps and subsequently printing them using 3D-printing techniques and
study their stability by applying mechanical stress, such as shear stress. Since many studies

reported Cassie-Baxter to Wenzel transition, it is of interest to develop new methods for
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investigating Wenzel to Cassie-Baxter transition on these surfaces.

Another topic of interest is to coat the superhydrophobic surfaces fabricated here with
an infused lubricant such as Krytox, which has low surface energy as well as low working
temperature and to investigate the wetting properties, evaporation, and drop impact dy-
namics on these surfaces. Also, the test of the repellent-properties of these lubricant infused
surfaces could be expanded to all liquids (organic or inorganic, polar or nonpolar, Newtonian

or non-Newtonian).
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Appendix A

Additional data and analysis for
"Evaporation Dynamics of Water
Droplets on Superhydrophobic

Nanograss Surfaces"

A.1 SEM images of the Superhydrophobic nanograss surfaces

Figure A.1. SEM Image of superhydrophobic nanograss (NG) surface using different mag-
nifications. The length bars here are 1 ym and 200 nm in (a) and (b), respectively.
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Figure A.2. Side-view of one nanograss unit cell. Here, « is the half cone angle and w is the
grass width, P is the unit cell width of the unit cell, and z is the penetration depth of the
liquid phase. Figure inspired from Ref. [59].

Figure shows scanning electron microscope (SEM) images of the SH nanograss sur-
faces used, with different magnifications. By image analysis of the SEM images, we measured
the average cone angle (2a) of a nanograss to be = 16° and estimated the width of single
nanograss, w, and the period of the unit cell of a nano-cone, P (see Fig. to obtain
consistent values for the nanograss surface parameters. More specifically, we estimated the
solid fraction, ¢, and the surface roughness, r, for nanograss SH surfaces, using the model
proposed by Dorrer et al. (2008) [59], described below.

For regular micro/nano-pillars one can calculate ¢ and r using their conventional defini-
tions with well-defined values of P, w, and H (pillar height). For nanograss-shaped surfaces,
however, since the drops can easily impale between the nano-cone, one needs to estimate
the water penetration depth, x, first. We estimated the solid fraction, ¢, and the surface
roughness, r, for nanograss SH surfaces, using the model proposed by Dorrer et al. (2008)
[59]. This model approximates the nanograss structures with nano-cones, and the geometry
of a single cone is shown in Fig. The nanocone/nanograss geometry is characterized by

a half cone angle, «, the width of single nanocone/nanograss, w, and width of the unit cell,
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P. The model is based on the change in the interfacial energy of the system to compute the
penetration depth, x, of the liquid inside the nanograss-liked structure.

To estimate the penetration depth (z) of water drops inside the surface roughness, they
first computed the change in the interfacial energy of the system, dG, with an incremental

water penetration, dx:
4G (@) = gdAry () + 1sd A1y (@) + ogdAsg (). (A1)

where 74, V15, Vsg are the surface tensions at the liquid-gas, liquid-solid, and solid-gas inter-
faces, respectively; dA;q(x),dA;s(x),dAsg(x) are the change in the liquid-gas, liquid-solid,
and solid-gas interfacial areas with respect to the change in z, respectively. By using the

Young’s equation [7] based on a force balance: 54 = 74 + Y14 cos 6, eq. (A.1)) reduces to:
dG(x) = ygdAjg(x) = Y19 cos Od A (). (A.2)

The interfacial areas of A;; and A;,, described in eq. f below, are a function of x,
and so are dA;; and dA,,.

The penetration of the drop into the nanocones is appropriately assumed to be driven
by the Laplace pressure across the liquid-air interface [190]: AP, = 27% since the effect
of gravity on the impalement can be neglected. The negligible effect of gravity is justified
based on the following estimation: for a drop with a radius of 1 mm and 7, = 72 mN /m,
APy, = 144 Pa. Whereas, the hydrostatic pressure (APy) exerted by a liquid drop with
a 2 mm in height is computed to be AP, = 19.6 Pa, which is smaller than the Laplace
pressure by one order of magnitude approximately so it is plausible to neglect the gravity
effect. Therefore, the penetration of water drop into the nanocone/nanograss surface can be

primarily attributed to the Laplace pressure inside the drop, and it can be estimated using

a force balance resulting in a change of interfacial energy due to an incremental change of

x:
dG
dG(z) = APA (). (A.3)
dx
By solving eq. (A.3)), the penetration depth, x, can be computed as [59]:
0 2
—2Txy4 (M — tan? a) = ﬂ(PQ ~mtan® azx?), (A.4)
cos R

88



where x is the penetration depth, ;4 is the liquid-gas surface tension, « is the half of the
cone angle, R is the radii of curvature, w is the cell width, and 6 is the advancing angle
on the flat SH coating since the meniscus is moving down into the nanograss structure and
assumed to be 8 = 107°, which is an average value of common hydrophobic coating, such as
flat PDMS and saline coating.

Once penetration depth (z) is calculated, the solid fraction of the drop on nanograss-liked

SH surfaces can be estimated using the following conventional definition:

Als

= —-————— A.5
b= (A5)

where A;s and Ay are the surface area of the liquid-solid and liquid-air interfaces, respec-
tively. Both areas are related to the penetration depth by which the meniscus advances

into the nanograss surface, x, via the following equations based on geometric relations for a

nano-cone:
Ap(z) = w2282 (A.6)
cos
and
Ay(z) = P? - wtan® ax®. (A.7)

By using the surface roughness (r) definition, which equals the total surface area (Ar)
divided by the projected surface area on 2D plane (Ap) (i.e., the 2D unit-cell area) of the

rough surface, we can estimate the roughness of nanograss-SH surfaces, as follows:

, AT _miEgats PPy (45)
Ap p2 ' '

where w is the nano-cone width. In our calculation, we used R = 1 mm, 7, = 72 mN/m,
o= 8% w=2 pm, and P =62.5+6.5 yum. The latter values of w and P are estimated from
the SEM image analysis and by obtaining a consistent value for the critical contact angle
at the CB to W wetting transition, 6., which is theoretically predicted as 6. = 165.6° + 1.4°,
theoretically modelled with cos . = % [14] and experimentally measured to be 6, = 166° +

1.5° in the current study. With these parameters, our estimated values are z = 20.3+4.2 um
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for penetration depth, ¢ = 0.05+0.01 for the solid fraction, and r = 1.05+0.01 for nanograss

surface roughness.

A.2 Critical Contact Angle and Contact Diameter at the CB

to W transition

During droplet evaporation, the transition from a Cassie-Baxter to Wenzel wetting state
was observed at the near end of the droplet lifetime, i.e., ¢t ~ 0.94 t;. This transition is
accompanied by a slight increase in the contact base-diameter (Dy), as shown in Fig. 2 b
in the main paper for four independent droplets. The Laplace pressure is calculated using
the Young-Laplace [190] for water drop: AP = %, where v is the surface tension at the
liquid-air interface, and R, is the radii of curvature. The corresponding time (¢/ty), critical
angle (Acp-w ), and base diameter for the CB to W transition are measured and reported
in Table [A 1l

Table A.1

Experimental data of water droplet sizes at the critical CB to W wetting transition (reported
in Fig. 2b in the main paper), with the initial contact angle (6p), initial free drop diameter
(Do), initial base diameter (Dy), and the Laplace pressure (APp) corresponding to the initial
(0) state. While reported in the second half of the table are the dimensionless evaporation
time (t/ty) divided by the final time, ¢y, CB-W contact angle (fcp-w), CB-W free drop
diameter (Dcp-w ), CB-W base diameter (Dy,, ,, ), and the Laplace pressure (APcp_w)
corresponding to CB-Wenzel (CB-W) transition states of water droplets on SH nanograss
surfaces.

Data Ao Dy Dy, AP, t/tf Ocs-w  Dcop-w Dyepy APop_w
() (mm) (mm) (Pa) (°) (mm)  (mm) (Pa)
Black (m) 165.4 2.85 1.58 101.5 0.89 155.6 0.95 0.44 305.3
Blue (A) 164.3 2.49 1.27 116.1 0.91 153.4 0.76 0.37 382.6
Red (o) 165.2 2.57 1.35 112.6 || 0.96 131.9 0.62 0.49 469.4
Purple (v) || 167.9 2.51 1.23 115.3 || 0.98 114.4 0.49 0.49 591.4
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Table A.2

Change in the excess free energy per unit length of contact line for five slips during the
evaporation of four independent large water droplets of Dg ~ 4.2 mm on SH Nanograss
surface, as shown in Fig.3 a-b in the main paper.

Line 0o 0p 04 00 rB A or oG
) © ¢ ) (mm) (mm) (mm) | (Jm")
Black (m) || 166 153 162.8 9.8 1.14 1.025 0.114 2.6x1078
166 144 158.1 14.1 0.85 0.68 0.170 7.9x1078
Red (o) 160 146 1584 124 0.83 0.69 0.143 5.2x1078
Blue (A) 164 151 162.2 11.2 1.35 1.19 0.159 8.6x1078
Pink («) 166 156 168.4 12.4 0.48 0.41 0.070 2.9x1078

A.3 Stick-Slip motion of the contact line for larger droplets

For large droplets, stick-slip motions of the three phase contact line were observed and the

excess free energy cause this motion is calculated using the model proposed by Shanahan

[140], 6G:

v sin? 0y (2 + cos By ) (61)?
2r ’

6G w

(A.9)

where ~y is the surface tension at the liquid-air interface, 8 is the initial equilibrium contact
angle of the surface, dr is the slipped distance local to the stick-slip event, and r is local
pinned contact radius before the triple line slips. In our calculation, we have used v = 72
mN/m, and all the symbols in Table S2 are defined as follows: 0p is the contact angle before
each slip, 04 is the contact angle after each slip, which is close to the initial contact angle (),
66 is the change in the contact angle before and after the slip, rp is the base radius before
each slip, r 4 is the base radius after each slip, dr is the slipped distance local to the stick-slip
event, and 5@ is excess free energy per unit length associated with the contact line movement.
The receding contact angle for nanograss SH surfaces is measured, 6, = 156.9° + 1.2° with a
sessile drop method, by slowly decreasing the drop volume and measuring the contact angle

once the contact line starts to recede. These results are summarized in Table [A.2]
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A.4 Calculation of evaporation mass flux

The evaporation rate of a sessile of water droplet on a flat substrate can be estimated using
an analytical model based on pure diffusive process of water vapour, proposed by Popov
[146]. In this model, droplet evaporation is assumed to be quasi-steady (which means that
the total evaporation time is much larger than the water-vapour diffusion time) and the
evaporation process is governed only by vapor diffusion through the surrounding air. The
overall evaporation rate is calculated as [146]:

_dm

m= b -TRyD(cs — ¢o0) f(6), (A.10)

where
sin 6 N / o 1 + cosh 20T
1+ cosf 0

f(0) =

To calculate dimensionless mass flux rate, M, eq. (A.10) is divide by RyD(cs - Coo):

- tanh[ (7 - 0)7]dr. (A.11)
sinh 277

m

M= —. A12
Following eq. (A.11)), dimensionless mass flux rate, M, depends on f(6):
. dM
M| =—==-nf(0), (A.13)

where Ry is the droplet base radius, D is the vapor diffusion coefficient, ¢, is the saturated
vapor concentration at the surface, co, is the vapor concentration away from the droplet, 4 is
the contact angle between the solid surface and the droplet, and m is the droplet mass. The
experiments were performed under 22 °C and 26% relative humidity (RH). Fluid properties
under these conditions are listed in the table below:

Besides the vapor-diffusion-based model, Pan et al. [85] performed a numerical study
to estimate the evaporation rate based on both vapor-diffusion and evaporative cooling
transport mechanisms for a 2-uL evaporating water droplet as a function of contact angle.
In their study, a 2D axisymmetric, quasi-steady model is developed to describe the heat
and mass transport within and surrounding the evaporating droplets, and the evaporative

cooling is included as an energy sink at the interface. Coupled mass and heat transfer are
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Table A.3

Fluid properties.

H Properties H Water H
Temperature T (°C) 22
Relative humidity RH (%) 26
Density p (kg/m?) 996.67
Diffusion coefficient D (m?/s) 24.59x107°
Saturated vapor concentration at the droplet surface ¢, (kg/m?) || 1.94x1072
Vapor concentration away from the droplet co, (kg/m?) 0.26 x cg4

also solved throughout the substrate, droplet, and gas domains. The ambient temperature
was chosen as 21°C' with 29% relative humidity. The numerical solution is obtained using
the pressure-based finite volume scheme, and the software package ANSYS 12.0 (FLUENT
solver) [I91] is employed in their simulation. The counteracting effect of the two transport
mechanisms (evaporative cooling and vapor-diffusion) as a function of the contact angle
is revealed by three different regimes. In regime I. (small CA < 60°), gas-phase natural
convection enhances evaporation, and the pure diffusion-based model would underestimate
the overall evaporation rate. In regime II. (intermediate CA: 60° < CA < 90°), gas-phase
convection and evaporative cooling counterbalance, which allows good prediction of the
overall evaporation rate from the vapor-diffusion-based model for this range of 8. In regime
III. ( high CA > 90°), evaporative cooling suppresses the evaporation rate, and the diffusion-
based model overestimates the overall evaporation rate. Based on these three regimes found,
they provide a correction curve compared to vapor-diffusion model depending on the contact
angle [85], and we multiplied the correction curve to the vapor-diffusion model (black dashed
line), described by eq. —, to plot the vapor diffusion-evaporative cooling model

(solid black line) in Fig. 4 in the main text.
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Appendix B

Additional data and analysis for
"Effect of a Cationic Surfactant on
Droplet Wetting on
Superhydrophobic Surfaces"

B.1 Contact angle data of surfactant-laden droplets on Flat

hydrophobic and Superhydrophobic surfaces

Here we report the detailed contact angle measurements of a DDAB-laden droplet on both
flat PDMS and two types of SH surfaces, S1 (r = 2.31, ¢ = 0.34) and S2 (r = 1.33, ¢ =
0.08), for nine different DDAB concentrations, and for ten droplets on each surface. On the
one hand, for the higher-r SH S1, droplets were in a CB state for Cg < 0.25 CMC and in a
W state for C's > 0.5 CMC. On the other, both a CB and W state could appear for droplets
on the lower-r SH S2 for Cg < 0.75 CMC, while all the surfactant-laden droplets were in a
W state for Cg =1 CMC.
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Figure B.1. Contact angle measurements for a pure-water droplet on (a) Flat PDMS, (b)
SH S1 (r = 2.31, ¢ = 0.34), and (c¢) SH S2 (r = 1.33, ¢ = 0.08) surfaces during a period of
100s right after the droplet deposition.

(b) (c)
- Flat PDMS - 0.02 CMC S1-0.02 CMC S2 -0.02 CMC
1 T T T T un1 160 T T T T run1-CB T T T T l——run 1-W
run 2 run2-CB  160F 4 run2-wW
110F run 3 [——run3-CB [(——run3.-W
run 4 150 run4-CB rund-w
Wﬁ—runs [—runs-cB 150k J—runs-cB
T ey ——————— =12 e
0\{ l——run 7 N« run7-CBN~— ——run 7 -CB
> L runs < 140} '—run8-CB%14o. J—runs-cB
100F <4——run9 [——run9-CB [——run9-CB
run 10 run 10 -CB run 10 -CB
o ~—e]
95| ] 130p 1 130}
90 i I e e 12c i I e e 120 i I e e
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
t(s) t(s) t(s)

Figure B.2. Contact angle measurements for 0.02 CMC-DDAB droplet on (a) Flat PDMS,
(b) SH S1 (r = 2.31, ¢ = 0.34), and (c) SH S2 (r = 1.33, ¢ = 0.08) surfaces during a period
of 100s right after the droplet deposition.
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Figure B.3. Contact angle measurements for 0.05 CMC-DDAB droplet on (a) Flat PDMS,
(b) SH S1 (r = 2.31, ¢ = 0.34), and (c) SH S2 (r = 1.33, ¢ = 0.08) surfaces during a period
of 100s right after the droplet deposition.
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Figure B.4. Contact angle measurements for 0.1 CMC-DDAB droplet on (a) Flat PDMS,
(b) SH S1 (r = 2.31, ¢ = 0.34), and (c) SH S2 (r = 1.33, ¢ = 0.08) surfaces during a period
of 100s right after the droplet deposition.
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Figure B.5. Contact angle measurements for 0.2 CMC-DDAB droplet on (a) Flat PDMS,
(b) SH S1 (r = 2.31, ¢ = 0.34), and (c) SH S2 (r = 1.33, ¢ = 0.08) surfaces during a period
of 100s right after the droplet deposition.
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Figure B.6. Contact angle measurements for 0.25 CMC-DDAB droplet on (a) Flat PDMS,
(b) SH S1 (r = 2.31, ¢ = 0.34), and (c) SH S2 (r = 1.33, ¢ = 0.08) surfaces during a period
of 100s right after the droplet deposition.
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Figure B.7. Contact angle measurements for 0.5 CMC-DDAB droplet on (a) Flat PDMS,
(b) SH S1 (r = 2.31, ¢ = 0.34), and (c) SH S2 (r = 1.33, ¢ = 0.08) surfaces during a period
of 100s right after the droplet deposition.
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Figure B.8. Contact angle measurements for 0.75 CMC-DDAB droplet on (a) Flat PDMS,
(b) SH S1 (r = 2.31, ¢ = 0.34), and (c) SH S2 (r = 1.33, ¢ = 0.08) surfaces during a period
of 100s right after the droplet deposition.
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Figure B.9. Contact angle measurements for 1 CMC-DDAB droplet on (a) Flat PDMS, (b)
SH S1 (r = 2.31, ¢ = 0.34), and (c¢) SH S2 (r = 1.33, ¢ = 0.08) surfaces during a period of
100s right after the droplet deposition.
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B.2 Fitting of wetting data from Flat PDMS surfaces to deter-

mine liquid-vapor and solid-liquid adsorption coefficients

To account for the adsorption fitting parameters for LV and SL interfaces, we first use
the Zhu—Gu adsorption isotherm [I55] at the LV interface. We extracted LV interfacial
tension, v (Cs), for DDAB aqueous solution droplets at the studied concentrations from
two studies by Biswal-Paria [99) [100] and subsequently used the averaged values for our
analysis. Fig[B.10] shows a gradual decrease in the LV interfacial tension with increasing
DDAB concentration. The best fit of eq. (3) in the main text to the data is also shown
in Fig[B.10] The fit was obtained using MATLAB’s curve fitting ’cftool’. To solve the
singularity at In(Cs) — —oo, a pure water interfacial tension (yYy;) was used as a fitting

parameter.

1 v 1 v 1 v 1 v )
B Experimental Data
—— Fit of Equation 3

(o})
o

W
o

" 1 " 1 " 1 " 1 "
-4.0 -3.2 -2.4 1.6 -0.8 0.0
In(c/C,,.)
Figure B.10. Liquid-vapor (LV) interfacial tension vs. DDAB concentration in natural
logarithmic scale (C'/Ccare). The experimental data (m) is the average LV interfacial tension
from two studies [99, 100]. The line is the best fit of eq. (3) in the main text to the
experimental data. The fitting parameters obtained include: I'fy, = 4.679 x 107 mol/m?,
niy = 1.235, Ky = 191.5, and 'ng =72.2 mJ/mQ, with the goodness of fitting parameters,

SSE (Sum Squared Error): 6.879 x 107® | R?:0.9652, adjusted-R?:0.9512, and RMSE
(Root Mean Square Error): 1.173 x 1073.J /m?.
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The best fitting parameters obtained include: I'fy, = 4.679 x107% mol/m?, niy = 1.235,
Kry =191.5, and 'YEV = 72.2 m.J/m?, with goodness of fit parameters, SSE (Sum Squared
Error): 6.879 x 1079, R?:0.9652, adjusted-R? : 0.9512, and RMSE (Root Mean Square
Error):1.173 x 1073J/m?. The fitting parameter I'f3, is the maximum surfactant concentra-
tion at the liquid—vapor interface, K1y is the adsorption equilibrium constant, and nyy is
an empirical fitting parameter.

To account for the surfactant adsorption at the SL interface, we use the Zhu—Gu adsorp-
tion isotherm [I55] and arrive at the form of Milne et al. [I54] modified Young equation, eq.
(4) in the main text, which quantifies the contact angle of a drop on a flat and homogeneous
surface as a function of surfactant concentration, by assuming no surfactant adsorption at
the SV interface. The average contact angles for the first 10 s and last 10 s of a 100 s
recording period are shown in Fig. and respectively, along with the best fit of
eq. (4) in the main text to our data. The fitting was done using the same way as for the
LV adsorption parameters and using the previously found values of I'fy,, nry, Kiv, and
78\/' The singularity at In(Cg) — —oco was solved by using the contact angle for pure water
(Cs =0) as a fitting parameter.

The best fitting parameters found for the first 10 s as in Fig were: I'gy = 2.979 x
10~%mol/m?2, ngy, = 1.171, Kgj, = 114, and 9% = 110.84°, with goodness of fit parameters,
SSE: 1.803 x 1073, R? : 0.9921, adjusted-R?: 0.989, and RMSE: 0.01899. The fitting pa-
rameters found for the last 10 s as in Fig. [B.12| were: I'gy = 3.819 x 10_6m0l/m2, nsr, =
1.311, Kgy, = 188.1, and 9% =109.43°, with goodness of fit parameters, SSE: 5.343 x 1073,
R?:0.9916, adjusted-R? : 0.9882, and RMSE: 0.03269. The fitting parameter of I'§} is the
maximum surfactant concentration at the solid-liquid interface, Kgp, is the adsorption equi-
librium constant, and ngy, is an empirical fitting parameter. Based on the fitting parameters,
both LV and SL adsorption process are in the same order of magnitude (10’6) and together

contribute to decrease 6y as Cg increases.
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Figure B.11. Cosine of average contact angle on flat PDMS vs. DDAB concentration in
natural logarithmic scale (C'/Ccne). The experimental contact angle (m) is the average of
first 10 s of 100 s recording period. The line is the best fit of eq. (4) in the main text to
the experimental data. The fitting parameters are: I'gj, = 2.979 x 10-%mol/m?, ngp, = 1.171,
Kgp, =114, and 9% =110.84°, with goodness of fit parameters, SSE: 1.803x 1073, R?: 0.9921,
adjusted-R?: 0.989, and RMSE: 0.01899.
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Figure B.12. Cosine of average contact angle on flat PDMS vs. DDAB concentration in
natural logarithmic scale (C'/Ccne). The experimental contact angle (m) is the average of
last 10 s of 100 s recording period. The line is the best fit of eq. (4) in the main text to
the experimental data. The fitting parameters are: I'gj, = 3.819 x 10"%mol/m?, ngp, = 1.311,
Kgp, = 188.1, and «9% = 109.43°, with goodness of fit parameters, SSE: 5.343 x 1073, R? :
0.9916, adjusted-R? : 0.9882, and RMSE: 0.03269.
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B.3 Free energy derivations for different wetting states

In the derivation, we start from fundamental thermodynamic theories to derive the free en-
ergy and finally use this free energy to describe the effect of DDAB-surfactant concentration
on a stable Cassie-Baxter and Wenzel wetting state. The free energy analysis of different
wetting states of CB and Wenzel was first proposed by Johnson and Dettre [192], and other
analyses have been performed for pure liquids on rough surfaces [13], (14, [16], [82] [T93]. Here
we closely follow the analytical approach of Shardt et al.[91] considering the effect of a sur-
factant on the free energies of different wetting states. Following Gibbsian composite-system
thermodynamics [15] 9], [159] 160, 161, 162, 163], we consider a simplified geometry where
the liquid phase has a spherical cap shape (curved), while the SL and SV interfaces are
assumed to be flat. We also assume that there are no external forces, such as gravity or
pinning/depinning forces at the three phase contact line. According to this approach, the
entire system is confined within a movable piston cylinder that interacts with a surround-
ing reservoir at constant pressure (Pf) and temperature (T7). The reservoir can exchange
energy and volume through the system boundary, but no mass exchange mass with the
reservoir since the system is closed. Figure shows the reference state assumed and
in Fig. [B:I3p a sessile drop with radius R and contact angle 6 on a rigid solid. As shown
in Fig. , the assumed system is modeled as two bulk phases (or components). The
first component consists of both liquid phase (e.g., water with surfactant) and the vapor
phase, and the second component is the solid phase. Using the Gibbsian thermodynamics
theory [159], the two phases are separated by a dividing surface that has the following ther-
modynamic quantities (internal energy, entropy, and moles). The equilibrium conditions of
this closed system can be obtained by maximizing the entropy, S, so the differential of the

entropy (dS) should equal to zero:
dsSt +dsY +dS™W +ds% +dsSt + dsSY + ds® = o, (B.1)

where the superscripts L, V, LV, S, SL, SV, and R denote the liquid, vapor, liquid-vapor,

solid, solid-liquid, solid-vapor, and reservoir phases, respectively.
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(a) (b)
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PE, T
Vsv
Figure B.13. (a) A Spherical drop without solid-liquid contact is assumed as the reference

state. (b) Schematic of a piston-cylinder device in a reservoir containing a liquid drop
in the shape of a spherical cap with contact angle § and radius of curvature R on a rough,
chemically homogeneous solid surface (with only component 1) in equilibrium with its vapor
(V) and a solid surface (component 2).

I
I
Vsv

Expressions in the differential form of the fundamental equation of thermodynamics of

a bulk phase, a flat interface, or a curved interface is given by egs. (B.2)), (B.3)), and (B.4)),

which relate the changes in the internal energies, U due to the changes in the absolute

temperature T', volume, V', pressure, P, the area, A, and chemical potential, yu:

AU = T'dS' - PV + Y jdd VY, (B.2)
j=1
dUab - Tadeab 4 ,yabdAab " E/‘?bd]\fjab’ (B3)
j=1
dUab _ Tadeab + ,yabdAab " Zujabd‘N:jabv (B4)
j=2

where i denotes each phase, i.e., liquid, solid, or vapor, j is the phase component, either 1
or 2, Nj is the number of moles of component j, v is the surface tension, and ab denotes
each interface, i.e., SL, LV, or SV. To solve the free energy for this system, five constraints

are imposed on the system, and we will discuss them below.
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Firstly, since the system is closed, there is no mass exchange between the reservoir and
the system:

ANf'=0  dNJ=0. (B.5)
While component 1 can transfer between bulk phases and interfaces of the system,
ANY +dNL +dND + dNEY + dNDY + dNPE + dNP = 0. (B.6)
Secondly, both the reservoir and the system are isolated so that
AV = - aUR - au® - aut - avst - audY - av'V. (B.7)
Thirdly, the system can exchange volume with the reservoir through the movable piston so
dvR = —qvV -avs -avt. (B.8)

Fourthly, the solid surface is assumed to be rigid (incompressible) means that no volume
changes happen in the solid:

av® =o. (B.9)
Finally, the solid surface is considered nonvolatile means that component 2 can only transfer

between the solid phase and the SL and SV interfaces:
dN5 = = ANSY - dNSVY. (B.10)

Based on the“Gibbs dividing surface” approach, the excess surface quantity (component 2)

is assumed to be zero for the flat SL and SV interfaces, which means:
dNSY =0  dNSV=0 - dN5=0. (B.11)

Also, it is worth mentioning here that for any increase or decrease in the SV interface
area, there is an equivalent decrease or increase of the SL interfacial area: ASY = —ASE,

The volume of the spherical cap of the liquid drop, V¥, (shown in Fig. B.13b) and areas
for the LV and SL interfaces (A" and ASL| respectively) can be written in terms of the

radius of curvature, R, and the contact angle, 6 [15] [162]:

TR3

0 3
vl = /{; TR3sin® ¢ dp = %(2 —cosf(2 +sin®0)) = T(2 ~3cosf+cos®h), (B.12)
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0
AWV = [) 2 R? siny dp = 27rR2(1 —cosf), (B.13)

ASL = nR%sin? 6. (B.14)
To obtain the equilibrium conditions for the defined system, we first take the differential

forms of the volume and the interfacial areas, eqs. (B.12))-(B.14]) (with respect to both R

and ). We subsequently substitute eqs. (B.2) - (B.4]), the constraints (B.5)) - (B.11)), the
derivatives of (B.12)) - (B.14) into eq. (B.1) and collect the similar terms, and get the

following equation:

(i—i) au* + (P—R—P—V) dvR—(“—%—ﬂ) dNF

L~ TV TR~ TV 7L~ TV

+(%—TLV) dU%(%—%) auwv

- (- ) @t (e - ) a0

- (% - %) dNSL 4 (% - %) ausy

- (é‘% - ;—{Vj) ANSY + (% - %) au® (B.15)
[(;—i—];—::)(2—0089(2+sin29))7rR2

_ ;_i\\//(l —cos0)4AmR + (’YS\;;LVSL) (27 Rsin? 0)] dR

Jr[(];—i—];—://)(sinG(Q+Si1r129)—28111«9(:os20)7TTR3

- ;—izzm# sinf + %(2@2 sin 6 cos 0) | do = 0.

For the above expression to be valid for any arbitrary displacement about equilibrium, the
coefficients in front of each differential must be equal to zero. Setting all the coefficient of

each independent variation to zero, yielding to the following equilibrium conditions:

TV =TW =S =L =SV -7V = TR (B.16)
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L_ Lv_ SL_, 6SV_ V
My =Hy =R =B = My, (B.17)

PR-pV, (B.18)

In addition, the Laplace equation and Young equation can be obtained by setting the
coefficients in front of dR and df to zero in eq. (B.15|) as follows:
pL_pV_ 29V
R Y
7SV = 4SE = Y cos 6. (B.20)

(B.19)

Given these equilibrium conditions, assuming that the pressure in the system is constant,

and moving terms to the right-hand side, eq. is simplified to:
—(4SY = 4SLYASL 4 AV ALY _ (B.21)
Therefore, the total free energy of this system, E, is:
E = (75U = 4SV)ASL 4 4LV ALV (B.22)
which has the common form of the free energy as follows [159, 160} 161, [162]:
E=GV+FV+FS+ FSL o PV L FSYV 4 pYVE, (B.23)

where G and F are Gibbs and Helmholtz free energies, respectively. As mentioned before,
since the energy should be calculated with respect to a reference level, we choose the system
of a spherical drop with no SL contact area as a reference point, and we assume that it is

an equilibrium state. The total energy of this reference state, Fy, is given by:
Ey = 4 R2Y™. (B.24)

Therefore, the change of the free energy of the current system with respect to the assumed

reference point, E — Ey is equal to:

E-Ey= (7" —"V) A5t 4 AWV AW _ar R24IV, (B.25)
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which has the same form as the free energy derived by Shardt et al. [91] for SDS surfactant
drops on hydrophobic microstructures. If the current state of the system is also assumed
in an equilibrium state, and by substituting the previous derived equilibrium condition, eq.

(B.20) and eq. (B.13) - (B.14) for the LV and SL areas, respectively, the final form of the

free energy, E — Ey, is equal to:
E - Ey = nR*y™YV (2 - 3cos 6 + cos® 0) — ar R34, (B.26)

where Ej is the reference free energy; defined as the free energy of a spherical drop with no
SL contact, R is the spherical cap radius of curvature, Ry is the initial radius of a spherical
drop of 10 ul, and cos@ = f cosfy — f1. Here, f is the ratio of the SL surface area (pillar-top
area) to the total (liquid-solid and liquid-gas) areas. fj is the ratio of the LV interfatial area
to the total projected area beneath the drop. Finally, eq. can be used to predict the
free energy difference related to the reference state for a CB, an intermediate, or a Wenzel
state, depending on the parameter values of f and fi.

A CB to Wenzel wetting transition may be modeled through two main processes [15] [16].
Initially, right after droplet deposition, a droplet wetting in the classical CB wetting state
has f = ¢ and f; =1—¢. In the first phase, the liquid penetrates the surface structure until
it wets the bottom of the surface. We assume that the liquid wets the cylinders walls only,
and the bottom surface is not wet, so the value of f increases from ¢ to (”TD2 +7DH)/(P?)
since the solid-liquid contact area increases and fi; =1 - f does not change. In the second
phase, liquid wets the bottom surface from the edges of pillars towards the center, as f
continues to increase while fi = r — f until the area below the drop is fully wetted. A fully
transition of the droplet to W occurs when f =r and f; =0, and hence cosf = r cos 0y (Cs)

as in the Wenzel equation [8] [9] [T5].
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B.4 Derivation of the metastability criterion for Cassie-Baxter

state

To explain the stability and metastability of CB state, we use a similar approach to the pro-
posed free energy analysis by Gong et al. for a pure water on a square-post microstructures
[16]. They outline that there is an energy barrier between CB and W states based on the
first derivative of the free energy barrier (i.e., Enar — Eo, where Ep gy is the maximum free
energy state) with respect to the variable f as follows:

a(Emaz - ECB)
o7 f=6

Shardt et al. [I6] used the same approach to analyze sodium dodecyl sulfate (SDS) surfactant-

> 0. (B.27)

laden drops on hydrophobic microstructures. To apply eq. , we first substitute the
variable R in eq. by the corresponding value from the spherical cap volume approxi-
mation, i.e., eq. . We subsequently replace the variable cosf by cosf = f cosby — f1,
where f; =1— ¢ as in the first process of CB-W transition. We obtained the energy barrier,

E 4z — Eo, by substituting all theses values into eq. (B.26) and simplifying the equation:

Emaz = Bo = 7P (3V) P4V {2 =3[ fcos By — (1= 9)] + [ f cos by — (1 - ¢)]3}1/3 —dm Ry

(B.28)
The first partial derivative of eq. (B.28)) for the first process of CB-W transition with respect
to f is:

a(E‘max - EO)
of

Note that the common term in the nominator 771/3(VL)2/ 34V and the denominator

~ 33V 3 cos Oy (f cosfy + ¢ — 1)? = 3cos fy]
3[(fcosby +¢p—1)3-3(fcosby +¢p—1)+2]2/3

(B.29)

f=¢ .
3[(fcosby + ¢ —1)% = 3(f cosOy + ¢ —1) +2]*/3 are always positive. To get the solution for
eq. (B.27) and based on the above observation, eq. is simplified to:
cos By (¢ cosby + ¢ — 1) = cos by > 0. (B.30)
The above equation can be simplified further to the following form:
$* cos® Oy — 2p(1 — @) cos® By + (1 — ¢)? cos By — cos by > 0. (B.31)
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To solve for the ranges of cosfy (or fy) that fulfills the eq. (B.31)) criteria, we first set the
left hand side of eq. (B.31)) = 0, which has three roots:

—h+2
cosfy = —1,0, ¢¢+ . (B.32)

Since the values of the packing fraction, ¢, are restricted to the range between 0 and 1
(0 < ¢ < 1), and the range of the cosine function is from -1 to 1, there is no possible solution
for (=@ +2)/(¢) because (—¢ +2)/(¢) is always greater than 1. Therefore, for the solution
of eq. criteria to be valid for the presence of a metastable CB (i.e., with a presence of
energy barrier), only two remaining roots are possible: cosfy = —1 and 0, which corresponds
to By = 180° and 90°, respectively. To fulfill the eq. criteria would require that the
cosine function of the Young’s equation should be -1 < cosfy < 0. In other words, the
solution to eq. is 90° < Oy < 180°. Consequently, there is an energy barrier observed
for both SH surfaces studied when fy > 90°. In contrast, in the case of 8y < 90°, the first
derivative of the free energy with respect to f will be less than 0 (as OE/0f|f-¢ < 0), and
thus a stable W will always occur at any values of  and ¢ when 6y < 90°.

To locate the metastable regime, we used and calculated the critical point at the CB
to Wenzel wetting transition, which is given by cos 63, = % (described in the main text)
to locate the upper boundary, above which a CB state is more stable thermodynamically.
For our two studied surfaces S1 (¢ = 0.34 and r = 2.31) and S2 (¢ = 0.08 and r = 1.33), the
predicted critical Young angles are 65, = 109.6° and 65, = 137.4°, respectively. Consequently,

the metastable regime is located between 90° and 65, (see Fig. 6¢ in the main text). In this

Oy (Cs)-range, there is an energy barrier, and hence a CB state is metastable.
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Appendix C

Derivation of the critical contact
angle for "Fabrication of transparent
and microstructured
superhydrophobic substrates using

additive manufacturing"

C.1 Derivation of the critical contact angle

The total surface energy for a CB or a Wenzel droplet on the 3D-printed microtexture,

denoted by Ecp and Eyy, respectively, can be modeled by [111, 13| [14] 15] 16]:

Ecg = N [y1sD? +7s¢(4Dh + P? = D?) + g (P? = D*)] + YgSeap (C.1)

Ew =N [s(P? +4Dh)] + YgSeap, (C.2)
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where N = % is the number of asperities beneath the drop, 7is, 7sg, and g are the interfacial
tensions for the liquid-solid, solid-gas, and liquid-gas interfaces, respectively, Scap is the
spherical cap surface area of the water drop entirely in contact with the air, and Sy, is the
base surface area. Here, we assume flat menisci beneath the drop. Using the Young-Dupré
equation [194], 1 = vsg — Vg cos by, the total surface energies for the two states on the
superhydrophobic microstructures can be calculated using the roughness, r, and the solid

fraction, ¢:

ECB = Sb [’yng‘ + ’ng(l — (]5 (1 + COS ey))] + ’y]gSCap s (03)

Ew = Sy, [vsgr — Mg cos 0y ] + Vg Scap- (C.4)

The energy difference, Ecp— Ey, allows us to predict the critical contact angle * when
FEcop = Ew. Using the above two equations, one can arrive

-1
r—¢

(C.5)

cosf* =

Theoretically, a CB droplet is thermodynamically more stable when Ecp < Eyy, which

corresponds to a larger contact angle, 6 > 0*.
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