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Abstract

Superhydrophobic interfaces, due to their unique water repellent and self-cleaning proper-
ties, are attracting a wide-spread interest for implementation in a variety of applications,
including self-assembly based fabrication methods, nano/microfluidics, and solar energy
harvesting. To facilitate the scaling-up of the superhydrophobic technology and its use in a
diverse range of applications, there is a need for further understanding of the wetting and
evaporation process of droplets on such surfaces.

The wetting and drying of droplets of pure liquids on hydrophobic surfaces have been
extensively studied. On the contrary, the studies concerned with the wetting and evap-
oration of droplets of complex fluids on superhydrophobic surfaces are still lacking. The
objective of this work is to provide experimental data of the wetting states and evaporation
dynamics of simple and complex fluids on superhydrophobic surfaces.

Systematic experiments for contact angle measurement of water droplets on superhy-
drophobic surfaces of different roughness levels have been conducted. Drops placed on
surfaces with high roughness values always maintained a none-wetting Cassie-Baster state,
while on low roughness level surfaces, droplets rest at a Wenzel wetting state. Drops on
surfaces with moderate roughness levels, on the other hand, demonstrated a metastable
behavior. Furthermore, the droplets evaporating on these structures revealed a three step
process, namely constant contact radius, constant contact angle, and mixed modes, similar
to that of microstructured and flat hydrophobic substrates.

Moreover, the wetting and contact angle behavior of aqueous surfactant solutions (0

to 1 CMC) on superhydrophobic microstructures with high and moderate roughness levels
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has been studied. The droplets deposited on the high roughness level surface maintained
a Cassie-Baxter wetting state for concentrations below 0.5 CMC and a Wenzel state for
concentrations above 0.5 CMC. Droplets deposited on the surface with moderate roughness
level, however, showed a metastable behavior. For both surfaces, the contact angles of
droplets in Cassie-Baxter state were nearly constant with surfactant concentration. The
droplets in Wenzel state, adversely, demonstrated a strong dependence on concentration.

Concerning the evaporation of particle laden fluids, aqueous droplets laden with 5wt%
and 60wt% of silica nanoparticles were left to evaporate on a microstructured superhy-
drophobic surface. Low concentration droplets resulted in toroidal light diffracting struc-
tures, while quasi-spherical photonic structures were obtained from high concentration
droplets. The behavior of droplets was monitored through side and bottom views visu-
alization. From bottom view visualization it was observed that the color of contact area
changes from red to green. A Bragg-Snell analysis was conducted to analyze the reflection of
the light from the bottom view. The model developed can predict the wavelengths reflected
from nanoparticle assemblies made of particles of different sizes and materials.

In brief, this thesis work contributes to better understanding of the wetting and evapo-
ration behavior of some complex fluids on superhydrophobic surfaces of different roughness
levels. In particular, additive surfactants and nanoparticles have strong effects on wetting

and evaporation behavior at high concentrations.

iii



Preface

The majority of work in this thesis is performed by Masoud Bozorg Bigdeli under supervision
of Dr. Peichun Amy Tsai. The work presented in Chapter 2 is done through collaboration.
The thesis was presented to Dr. Morris Flynn and Dr. Tian Tang as the examiner committee
members.

Chapter 2 of the thesis is partially taken from the journal paper by Adrien Bussonniere,
Masoud Bozorg Bigdeli, Di-Yen Chueh, Qingxia Liu, Peilin Chen, and Peichun Amy Tsai,
”Universal wetting transition of an evaporating water droplet on hydrophobic micro-and
nano-structures.” Soft Matter, 13, 5: 978-984, 2017.

Chapter 3 forms a base of a manuscript in preparation by Masoud Bozorg Bigdeli and
Peichun Amy Tsai,” Effects of surfactant concentration and surface roughness on wetting of
superhydrophobic surfaces”, in preparation, 2018.

Chapter 4 is based on a manuscript recently submitted to Scientific Reports: Masoud Bozorg
Bigdeli and Peichun Amy Tsai, ”Making photonic crystals via evaporation of nanoparticle-

laden droplets on superhydrophobic surfaces”, submitted, 2017.

iv



Acknowledgements

I would like to express my sincere appreciation to my supervisor Dr. Prichun Amy Tsai
whose continuous support and guidance helped me overcome the challenges emerged during
the course of this project.

Special thanks go to Elia Neishaboori, my lovely wife, for her unwavering love and support.
I would like to thank my lab mates for providing me a friendly environment to work in. In
particular, I thank Adrien Bussonniere for his valuable comments and suggestions on the
experiments, and data analysis.

Finally, I am gratefully thankful to my parents for their love, caring and unconditional

support during my whole life.



Contents

Abstract ii
Preface iv
Acknowledgements v
Contents vi
List of Figures viii
List of Tables xiv
1 Introduction 1
1.1 Wetting . . . . . . . 1
1.1.1  Wetting on smooth homogeneous surfaces . ... ............ 1

1.1.2  Wetting on rough and heterogeneous surfaces . . ... ... ... ... 2

1.1.3 Contact angle hysteresis . . . . . . ... ... ... . ... ... ... 5

1.2 Superhydrophobic surfaces . . . . .. ... ... ... 5

1.3 Complex fluids . . . . . . . 7
1.3.1 Surfactant solutions . . . . . ... .. ... 8

1.3.2 Nanofluids . . ... ... ... . . e 9

1.3.3 Photonic crystals . . ... ... . 9

1.4 OVerview . . . . . . . e 10

vi



2 Wetting and evaporation of pure water on superhydrophobic surfaces

2.1 Imtroduction . . . . . . . .. .
2.2 Experimental . . . . . ...
2.3 Results and Discussion . . . . .. ... ...
2.3.1 Wetting states . . . . . . ...
2.3.2 Evaporation dynamics . . . . . ... ... oo
2.4 Conclusion . . . . . . . .

3 Wetting of aqueous surfactant solutions on superhydrophobic surfaces

3.1 Introduction . . . . . . . . . . ..
3.2 Experimental . . . . .. ...
3.3 Results and Discussion . . . . . ... ... ..
3.4 Conclusion . . . . . . . .

4 Wetting and evaporation of nanofluids on superhydrophobic surfaces

4.1 Introduction . . . . . . . ...
4.2 Experimental . . .. ... .. ...
4.3 Results and Discussion . . . . ... ...
4.4 Conclusion . . . . . ... L

5 Conclusions and Outlook

A Structural packing of evaporation-driven self-assembly of nanoparticles

References

vii

44

48



List of Figures

1.1
1.2
1.3
14
1.5

1.6
1.7

Three-phase contact angle as in Young’s formulation . .......... ...
(a) Wenzel and (b) Cassie-Baxter wetting states on rough surfaces . . . . . .
(a) Square (b) Hexagonal array of pillars . . . . ... ... .. ... ... ...
Contact angle hysteresis. . . . . . . .. .. ... L
A representative complex fluid consisted of dispersions of nanoparticles and
surfactants in a simple liquid. . . . . ... ... ... ... L.
Representative molecular structure of a surfactant. . .. ... ... ... ...
Representative photonic crystals (a) one-dimensional (b) two-dimensional (c)
three-dimensional. Blue and White are materials with different dielectric

constants. Figure inspired from reference [51]. . . . ... ... ... ... ...

viii

[ N



2.1

2.2

3.1

3.2

(a) SEM image and schematic of the square arrangement of pillars forming
hydrophobic nanostructures. (b) Pure water droplet resting on a superhy-
drophobic nanostructure (W4), with r = 4.93 and ® = 0.196 in a stable
Cassie-Baxter state. (c) Two droplets in Wenzel and metastable Cassie-
Baxter states on surface (W3) with 7 = 1.16 and ® = 0.008. (d) Wetting state
diagram of water droplets developed based on roughness, solid fraction and
smooth contact data reported in Bussonniére et al. [65], Jung et al. [66] and
Barbieri et al. [67]. Grey and Black dashed lines correspond to intrinsic con-
tact angles of 109° and 115°, respectively. They divide the state diagram into
a stable Wenzel state domain (in green), and a stable Cassie-Baxter domain
(in red). This criteria is developed by Bico et al. [64] based on interfacial
energies. Figure is adopted from [65].. . . . .. .. ... ... .. ... .. ...
(a) Contact radius and (b) contact angle evolution of evaporating water
droplets. Droplets in CB state are depicted by A, 0 and +¢r. The droplets in
W state, are depicted by 0,4,& and <. The respective filled symbols denote
the theoretical initial contact angles, for W and CB states, determined using

equations (1.2) and (1.4), respectively. Figure is adopted from [65]. . . . ..

(a) SEM image of a superhydrophobic surface texture. Scale bar corresponds
to 5 pm. (b) Side view of water droplet on the SH surface with 6 ~ 130°.
Scale bar corresponds to 1 mm. . . . .. ... ... ..
(a) Side and bottom views of a water droplet resting on S1 surface (r=2.608,
$=0.466) in CB state. (b) and (c) Side and bottom views of a water droplet
resting on S2 surface (r=1.480, ®=0.138) in CB state and in W state, re-
spectively. Scale bars for side and bottom views correspond to 1 mm and

500 pm, respectively. . . . . ..o

ix



3.3 Influence of SDS concentration, roughness and solid fraction on wetting
states. Side and bottom views of aqueous droplets laden with different con-
centrations of SDS (0 to 1 CMC) resting on (a) S1 surface (r=2.608, ®=0.466)
and (b) S2 surface (r=1.480, =0.138), transiting from CB to W state. (c)
Side and bottom views of droplets laden with SDS from 0 to 1 CMC rest-
ing on S2 surface always in W state. Scale bars for side and bottom views
correspond to 1 mm and 500 pm, respectively. . . . ... ... ... ... ...

3.4 Occurrence of Cassie-Baxter or Wenzel states on S2 surface for different con-
centrations. . . . . ..

3.5 Detailed contact angle data for water on (a) S1 and (b) S2 surfaces during a
100 s time period. . . . . ...

3.6 Detailed contact angle data for 0.02 CMC experiments on (a) S1 and (b) S2
surfaces during a 100 s time period. . . . ... ... ... ... .. .. ... ..

3.7 Detailed contact angle data for 0.05 CMC experiments on (a) S1 and (b) S2
surfaces during a 100 s time period. . . . ... ... ... ... ..

3.8 Detailed contact angle data for 0.1 CMC experiments on (a) S1 and (b) S2
surfaces during a 100 s time period. . . . .. .. ... ... . oL

3.9 Detailed contact angle data for 0.2 CMC experiments on (a) S1 and (b) S2
surfaces during a 100 s time period. . . . . ... ... ... ... . ... ..

3.10 Detailed contact angle data for 0.25 CMC experiments on (a) S1 and (b) S2
surfaces during a 100 s time period. . . . .. .. ... ... ..

3.11 Detailed contact angle data for 0.33 CMC experiments on (a) S1 and (b) S2
surfaces during a 100 s time period. . . . .. ... .. ... oL

3.12 Detailed contact angle data for 0.5 CMC experiments on (a) S1 and (b) S2
surfaces during a 100 s time period. . . . ... ... ... ... .. ... ..

3.13 Detailed contact angle data for 0.75 CMC experiments on (a) S1 and (b) S2

surfaces during a 100 s time period. . . . ... ... ... . ..



3.14

3.15

4.1

4.2

Detailed contact angle data for 1 CMC experiments on (a) S1 and (b) S2
surfaces during a 100 s time period. . . . . ... ... ... oL
Average contact angle measured for the entire range of SDS concentrations
(0 to 1 CMC) on S1 and S2 surfaces for CB and W wetting states during (a)

the first 10 s and (b) the last 10 s of a 100 s period. . . .. ... ... . ...

(a) Scanning electron microscopy (SEM) image of the top-view superhy-
drophobic surface used. Scale bar corresponds to 30 pm. (b) Side-view
snapshots of an evaporating droplet containing 5wt% silica nanoparticles on
superhydrophobic substrate. The scale bar in (b) corresponds to 1 mm, and
the time-scale of complete drying, ¢y = 4770 s. Optical microscope images of
fabricated photonic crystals in (c) to (f). (c) top-view and (d) bottom-view
images of the toroidal deposit pattern corresponding to water droplets laden
with low concentration (» 5wt%) of NPs. (e) top-view and (f) bottom-view

images of the spherical deposit pattern resulting from evaporation of high

concentration (60 +5wt%) colloidal drops. Scale bars in (c) to (f) are 500 um.

Evolution of normalized base diameter in (a), height in (b), and the tangential
contact angle in (c) of evaporating droplets containing f,, , = 5 wt% and 60
wt% of nanoparticles on the superhydrophobic surface (measured every 10
s). Here Dy, Hy, and 6y are the initial droplet diameter, height, and tangent
contact angle (at t=0), respectively. The averaged final evaporation time (ty)
for 5wt% and 60wt% experiments are 4668 s and 1485 s, respectively. (d)
and (e) Side-view evolutions of evaporating droplets for 60 wt% and 5 wt%
of NPs, respectively. Red lines denote the onset of second pinning before

complete desiccation. . . . . . . . . ...

X1

27

27

31



4.3

4.4

Al

A2

SEM images of the bottom of a dried NP-laden drop (60+5wt%) with different
magnifications: (a) 40x, entire deposit; (b) 600x, pillars footprint in the flat
region around vacuole; and (c¢) 10000x, footprint of a single pillar. Scale bars
equal to 1000, 100 and 5 pum in (a), (b) and (c), respectively. (d) Optical
microscope snapshots (bottom view) of colloidal drop containing 5 wt% of
261 nm silica NPs at room temperature near the end of evaporation process
(i.e. from 0.89t; to tf). At t =0.95 ty the drop undergoes Cassie to Wenzel
transition. Scale bars in (d) correspond to 500 pum and ty =4770s. . . . . . .
(a) Top and bottom view SEM image of self-assembled silica particles, form-
ing a top-spherical deposit with a cavity underneath on superhydrophobic
surface after evaporation. Yellow dashed squares depict the Voronoi analy-
sis of the packing of nanoparticles based on the image acquired from high
magnification SEM. Bar diagrams reveal the number of close neighbors each
particles have in the region under study (dashed square). Zoomed out scale
bars equal 800 pm; Scale bars in insets equal 1 um. (b) Analysis of the
reflected colors from the bottom view of an evaporating droplet using Bragg-
Snell equation. (c) Prediction by our current model on the reflected wave-
lengths compared with existing experimental data [110, 111, 112] (obtained

from the bottom-view of a desiccating polystyrene colloidal droplet). . . . . .

Nanoparticle arrangement in a fcc lattice. As the thickness of the water layer around
particles, denoted by €(t), diminishes during evaporation, the lattice constant a(t)
decreases. . . . . ... e
(a) SEM image from the bottom of the deposit in the first region between
4 pillars. Scale bar corresponds to 5 ym (b) Voronoi analysis in an area of
~ 45m?. Scale bar corresponds to 2 um (c) Bar diagram demonstrating 78%

of particles have 6 neighbours. . ... ... ... .. ... ... ... . ...

xii



A.3 (a) SEM image from the bottom of the deposit in the second region between
4 pillars. Scale bar corresponds to 5 um. (b) Voronoi analysis in an area
of ~ 42pum?. Scale bar corresponds to 2 um.(c) Bar diagram demonstrating

73% of particles have 6 neighbours. . . ... ... .. ... ...........

xiii



List of Tables

1.1 Roughness and solid fraction of square and hexagonal array of pillars. . . . .
2.1 Geometrical properties of superhydrophobic nanostructures . .. ... .. ..

3.1 Geometrical properties of superhydrophobic surfaces . . ... ... ... ...

Xiv



Chapter 1

Introduction

1.1 Wetting

Wetting, a phenomenon observed in nature and in everyday life, has received notable atten-
tion focused on both fundamentals and applications. It plays a key role in diverse industrial
processes including heat transfer, oil recovery, lubrication, surface engineering, as well as
painting and printing. Recently, there has been a growing interest toward manipulating
the wetting properties of surfaces for potential applications in micro and nanofluidics, self
cleaning surfaces, oil/water separation and water repellent textiles. Effective tuning of the
wetting properties of surfaces for each particular use acquires a fundamental understanding
of the phenomena, involved.

Contact angle measurement is known to be a facile and useful quantitative approach for
studying the wetting behavior of surfaces. The method concerns depositing a droplet on

the surface under study and measuring the angle that it forms on that surface.

1.1.1 Wetting on smooth homogeneous surfaces

According to the Young’s equation [1], the contact angle of a sessile drop at equilibrium

generally relates to the balance of forces among three phases, namely the gas phase, the



liquid phase and the solid phase,

Ysg = Vsl T 7[960397 (1.1)

where 7,4 is the surface tension at the solid-gas interface, v is the solid-liquid interfacial

tension, 74 is the tension at the liquid-gas interface and 6 is referred to as the contact angle.

Vlg

Ysi @ Vsg
< >

Figure 1.1: Three-phase contact angle as in Young’s formulation

1.1.2 Wetting on rough and heterogeneous surfaces

The solid surface is assumed to be ideally smooth and homogeneous in Young’s relation,
while in practice, surfaces are generally heterogeneous and rough to some extent, influencing
the wetting properties. To account for the effect of roughness (), characterized by the ratio
between the entire solid-liquid area beneath the drop and the projected area, Wenzel [2]
introduced a model relating the intrinsic contact angle on a smooth surface with apparent

contact angle on a rough surface (6*) through surface roughness,
cos0* =rcosb. (1.2)

In this model it is assumed that the droplet completely wets the asperities of the rough
surface.

Cassie and Baxter [3], on the other hand, developed a model predicting the apparent
contact angle of a droplet placed on a heterogeneous surface. In this model, the apparent
contact angle is a weighted average of the intrinsic contact angles on each of the materials

forming the surface (6 and 63).



cos0* = f1cosO1 + focosbs, (1.3)

where f; and fy are the fractions of the contact areas that the two materials form with the
droplet. Note that, f1 + fo = 1.

Considering that air is one of the materials forming the heterogeneous surface, and
assuming the intrinsic contact angle at liquid-air interface (62) is 180°, equation (1.3) can

be reformulated to equation (1.4)
cos0" =P cosh+ P -1, (1.4)

where 6 is the intrinsic contact angle at solid-liquid interface, and ® is the solid fraction,
defined as the ratio between the total area at the solid-liquid interface and its projected
area.

For a rough surface that is also heterogeneous, for instance, when the drop is levitating
on air pockets, while partially wetting the pillars, equation (1.5) might be used, based on a

theoretical work by Marmur [4],

cosO* =Prcost+d-1. (1.5)

Please note that from this point on, the apparent contact angle is referred to as contact

angle and it is shown with symbol 6.

Wenzel and Cassie-Baxter states

The Wenzel (W) and Cassie-Baxter (CB) states of a droplet are presented in Fig. 1.2a and
b, respectively. A droplet in W state completely wets the structure, resulting in low contact
angles. On the other hand, there is air trapped beneath a droplet in CB state resulting in
high contact angle values. For droplets in Cassie-Baxter state resting on superhydrophobic

surfaces generally 6 2 150°.
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Figure 1.2: (a) Wenzel and (b) Cassie-Baxter wetting states on rough surfaces

Roughness and Solid fraction

For rough surfaces with regular array of pillars, e.g. square and hexagonal arrangements,
the roughness and the solid fraction can be evaluated based on the geometrical properties

of the surface, Fig. 1.3a and b.
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Figure 1.3: (a) Square (b) Hexagonal array of pillars
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The roughness (r) and solid fraction (®) for square and hexagonal arrangement of the
pillars can be evaluated based on Table 1.1. The diameter of the pillars in denoted by d,

while h and p are the height and periodicity of the pillars, respectively.



Arrangement r P
wdh nd?
Square 1+ 75 s

2
2ndh b d
Hexagonal 1+ NN (5)

Table 1.1: Roughness and solid fraction of square and hexagonal array of pillars.

1.1.3 Contact angle hysteresis

The difference between the advancing and receding contact angles, denoted as 6, and 6, in
Fig. 1.4, is called contact angle hysteresis (). It is a measure of drop mobility on a surface
[5], therefore, sticky surfaces are characterized with high 6, values and conversely for low

05, values. Superhydrophobic surfaces are normally characterized with low hysteresis values

)

(0h < 100).

L

Figure 1.4: Contact angle hysteresis

1.2 Superhydrophobic surfaces

Superhydrophobic (SH) surfaces can be categorized as rough heterogeneous surfaces with
relatively high contact angles when compared to hydrophobic ones. These surfaces have
been a matter of intense research in the past decades, due to their water repellent and self-
cleaning properties. The research on SH surfaces, covers a variety of directions including
their potential applications, fabrication methods as well as the experimental and theoretical
studies on wetting states and evaporation.

Superhydrophobic surfaces have been under investigation for potential energy-related

applications [6], such as anti-icing for photovoltaic cells [7], power lines [8], and aerial vehicles



[9], facilitating dropwise condensation [10] and bubble nucleation [11] for heat exchanger
systems, drag reduction and friction control in microfluidic systems [12] and marine vehicles
[13].

The fabrication methods of SH surfaces can be grouped into bottom-up, top-down and
hybrid approaches [14]. The bottom-up approach, involves building a rough texture on
a surface. Vapor deposition, solution growth and colloidal self assembly are examples of
bottom-up methods [15]. Top-down approaches include introducing roughness on a surface
through processes such as laser ablation and replica molding [16].

Experimental and theoretical studies have been mainly focused on reporting and pre-
dicting the wetting and evaporation behavior of fluids on SH surfaces. Moreover, research
is being directed towards designing surfaces with robust superhydrophobic features, so that
surfaces always maintain high contact angles values. It has been observed that a surface can
lose its superhydrophobic properties due to a number of reasons, including contamination
of the surface, wear abrasion [17], evaporation [18] and condensation [19] of the working
fluid.

More specifically, during evaporation, droplets deposited on superhydrophobic surfaces
may not always be able to maintain their non-wetting Cassie-Baxter state and are likely
to transit to a wetting Wenzel state. This transition will lead to loss of superhydrophobic
property. It has been discussed that an evaporation process can trigger such transition
phenomenon, due to decrease in droplet size and the resulting increase of the local internal
pressure [20, 18, 21, 22]. Additionally, the geometrical properties of the surface texture
have been reported to have an effect on the stability of superhydrophobic features. It has
been discussed that, a surface texture consisted of compact arrangement of pillars with
higher aspect ratios is more likely to sustain its water repellent properties [23]. Therefore,
finer structures might result in increased robustness of SH characteristics. Experiments
on wetting and evaporation have been mainly performed on superhydrophobic surfaces
with microscale surface features and are normally concerned with a loss of SH properties

during evaporation. Moving to an even finer scale, may be beneficial in this case. Due



to fabrication limitations, however, experimental researches on SH surfaces with nanoscale
surface geometries are still rare. Researches devoted to the wetting and evaporation process
on nanostructured surfaces can reveal useful understandings for design of surfaces with
robust superhydrophobic properties, which is the objective of the first project, presented in

Chapter 1 of this thesis.

1.3 Complex fluids

The behavior of simple one-component fluids (e.g. water) on superhydrophobic microstruc-
tures have been extensively studied. The researches associated with multicomponent com-
plex fluids, on the other hand, are investigated to a lesser extent.

Complex fluids are generally made of two or more components of different phases and/or
materials. These fluids normally consist of a component as a continuous phase in which the
other components are dispersed. Complex fluids include slurries, pastes, foams, solutions
of surfactants, nanoparticle suspensions, emulsions, and many more examples [24, 25] (see
Fig. 1.5). In this work, we focus on two types of complex fluids, namely surfactant solutions

and nanoparticle suspensions.

T0.. 0.0
=

O

S0~ 0
O

Nanoparticle 0~~~ Surfactant

Figure 1.5: A representative complex fluid consisted of dispersions of nanoparticles and
surfactants in a simple liquid.



The bulk properties of a complex fluid differ from simple fluids and are rather governed
by the properties of its constituents. Careful understating of the phenomena associated
with such fluids will provide insights into tailoring their properties for potential biomedical,

energy and microfluidic applications.

1.3.1 Surfactant solutions

Surface active agents (also known as surfactants) are molecular structures consisting gener-
ally of a hydrophilic head and a hydrophobic head, Fig. 1.6. Owing to their unique bipolar
structure, surfactants can be adsorbed at solid-liquid or liquid-gas interfaces, altering the

corresponding interfacial tensions.

Hydrophobic tail

o

(—

Hydrophilic head
Figure 1.6: Representative molecular structure of a surfactant.

Surfactants are ubiquitous in complex fluids applications. They have been used for
dispersing nanoparticles in a base fluid or for mixing immiscible liquids, such as oil and
water, forming an emulsion. Moreover, in microfluidic applications, surfactants have been
employed to control the coalescence of emulsion droplets [26, 27, 28, 29] and to tune the
wetting and spreading of the working fluids [30, 31]. Superhydrophobic surfaces are also
being used in micro/nanofluidic devices, due to their ability to improve the fluid movement
in microchannels [32, 33, 34]. It has been reported that, in an aqueous surfactant droplet
resting on a superhydrophobic surface, the surfactants may adsorb to solid-liquid interface,
triggering the transition from a Cassie-Baxter state to a Wenzel state [35, 36]. However,
direct experimental evidence on this phenomenon is still lacking. In this regards, the effect of

surfactants on wetting on superhydrophobic interfaces needs to be studied through carefully



designed experiments. This motivates a part of the thesis work, presented in Chapter 3.

1.3.2 Nanofluids

Nanofluids are complex fluids synthesized by dispersing one or more types of nanoparticles
and or dispersants in a base fluid as the continuous medium. They have been introduced
as prospective replacements for conventional heat transfer fluids for the aim of enhancing
the efficiency of heat transfer systems [37]. This idea of dispersing nanoparticles within
fluids to obtain certain local or global features, is nowadays extended to other application
areas, for instance, in hyperthermia [38], drug delivery [39], lubrication [40], and magnetic
sealing [41]. Due to their complex nature, the wetting properties and evaporation of the
nanofluids may differ from those of simple fluids such as water. For instance, it has been
observed that, during evaporation of a nanofluid droplet on a hydrophilic substrate, the
nanoparticles tend to self-assemble, forming a two-dimensional ring like structure [42]. On
superhydrophobic surface, however, there are only a few studies concerning the evaporation
of nanofluids [43]. High contact angle of droplets on SH surfaces, typically results in three-
dimensional assemblies [44]. By carefully selecting the size of nanoparticles dispersed, the

particle assemblies can be made to diffract light, acting as photonic crystals.

1.3.3 Photonic crystals

Photonic crystals (PhCs) are are structures characterized with periodic variation of dielec-
tric constant. Due to the periodicity of the structure properties, when light enters the
crystal, only certain frequencies can be reflected out. This feature can be employed for a
variety of applications, including temperature [45] and strain [46] sensors, optical filters [47]
and absorbers [48], lasers [49] and superlens [50].

Photonic crystals can be made in one, two and three dimensions, (Fig. 1.7). There is a
growing interest towards fabricating 3D PhCs, due to emerging applications in solar energy
harvesting. In such cases, the periodicity may be spatially varied to maximize the light

harvesting efficiency, resulting in aperiodic photonic crystals [52].
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(b)

g7

Figure 1.7: Representative photonic crystals (a) one-dimensional (b) two-dimensional (c)
three-dimensional. Blue and White are materials with different dielectric constants. Figure
inspired from reference [51].

There are two main methods for fabrication of 3D PhCs: the bottom-up method through
self-assembly of particles in a colloidal dispersion, and the top-down method based on
lithography [53].

Superhydrophobic surfaces, due to the high contact angles, may be useful for fabricating
three-dimensional PhCs through bottom-up self-assembly. However, the studies on this
topic are rare and not comprehensive. Hence, more detailed investigations are required to
investigate the phenomena concerned with self-assembly on SH surfaces, as the topic of

current thesis work presented in Chapter 4.

1.4 Overview

The main objective of this thesis is to elucidate the wetting and evaporation dynamics of
simple and complex fluids on superhydrophobic surfaces of different geometrical parameters
and roughness. The first step toward this objective was the study of wetting and evapora-
tion process of pure droplets on a variety of superhydrophobic nanostructures. Here, the
measurements and analysis of contact angle dynamics of pure water on such surfaces are
reported (in Chapter 2).

The next step was to study the wetting behavior of complex surfactant solutions of
different concentrations on superhydrophobic microstructures of different roughness levels,

discussed in Chapter 3. In addition to conventional contact angle measurements via side-



11

view snapshots of droplets, the effect of surfactant concentration on the wetting state is
studied through bottom-view image analysis.

Finally, the wetting and evaporation behavior of nanoparticle-laden droplets is studied
on a superhydrophobic surface, described in Chapter 4. It will be shown that, through

careful design of experimental parameters, structural photonic crystals can be fabricated.



Chapter 2

Wetting and evaporation of pure

water on superhydrophobic

surfaces!

2.1 Introduction

There has been an emerging interest in improving the surface properties of conventional
materials to obtain materials with novel functions [54, 55, 56]. In particular, micro- and
nano-textures of hydrophobic surface designs are introduced to achieve higher contact angles
with respect to flat substrates. This is inspired by the surface properties of natural organ-
isms, such as plants and insects, where a water droplet forms a distinctively higher contact
angles () when compared to typical hydrophobic surfaces [57, 58, 59]. These textured
surfaces are referred to as superhydrophobic (SH).

Regardless of plausible potential applications attributed to SH surfaces in literature,
surfaces demonstrating robust superhydrophobic features, maintaining an extremely high

contact angle, are still rare. This is due to an irreversible wetting transition that can take

'The material presented in this chapter is partially based on Bussonniere, A., Bigdeli, M.B., Chueh,
D.Y., Liu, Q., Chen, P. and Tsai, P.A., ”Universal wetting transition of an evaporating water droplet on
hydrophobic micro-and nano-structures”. Soft Matter, 13(5), pp.978-984, 2017.

12
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place on SH surfaces, breaking down the water repellent properties. It is well established
that, evaporation can trigger the wetting transition [18] from an air-trapping Cassie-Baxter
(CB) state [3] to a wetting Wenzel (W) state [2]. A number of methods have been suggested
to prevent the transition, ranging from exposing the surfaces to light, heat and vibration,
to variation of the chemical and geometrical properties of the surface. More specifically
for geometrical properties, it has been reported that, designing the surfaces for pillars with
higher aspect ratios and solid fractions may be favorable for a metastable CB state. Hence,
finer structures may enhance the durability of the superhydrophobic properties. Wetting
and evaporation of droplets have been extensively studied for surfaces with microscale geo-
metrical features. However, there are only a few experimental studies performed on wetting
and evaporation on nanostructured SH surfaces.

To conduct such experiments, we have collaborated with a research group expert in
materials synthesis [60, 61, 62], which provided us with superhydrophobic surfaces char-
acterized with nanoscale features. Here, the wetting states and evaporation dynamics of
water droplets resting on the nanostructured SH surfaces are investigated. The results of
this study can contribute to elucidate the relationship between the geometry of surface

texture and the contact angle at which the wetting transition occurs.

2.2 Experimental

The superhydrophobic surfaces used in this study are characterized by square arrays of par-
allel cylindrical pillars. Table 2.1, presents the geometrical properties of the nanostructured

surfaces used in this study, where h is the pillar height, p is periodicity, r = 1 + ”p;éﬁ is the

wd?
4p?

roughness and ¢ = is the solid fraction. A representative scanning electron microscope
(SEM) image of nanostructures and a schematic denoting the square arrangement of pillars
are shown in Fig. 2.1a.

The nanostructures were made of silicon and subsequently hydrophobized using trichloro
(1,1,2,2-perfluroocytl)-silane. Two cameras were synchronized to capture the side and top

views of droplets (10 pl) during the evaporation process. The representative side-view
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Surface h (um) p (pm) d (wm) r ®

W1 1 0.8 0.2 1.98 0.049
W2 1 2 0.4 1.31 0.031
W3 1 2 0.2 1.16 0.008
W4 2 0.8 0.4 4.93 0.196
W5 2 0.4 1.63 0.031
W6 2 1 0.4 3.51 0.126

Table 2.1: Geometrical properties of superhydrophobic nanostructures

snapshots of the droplets deposited on surfaces W4 and W3 are presented in Fig. 2.1b and
¢, respectively. Such snapshots were used to evaluate the droplet contact angle, and base
radius using a Matlab code based on a low-bond axisymmetric drop shape analysis method
[63]. Top-view snapshots were used to inspect the sphericity of the droplet. The water
contact angle on the smooth surface (fr) was measured to be 115°. The experiments ran

at room temperature (25°C) and 16% of relative humidity.

2.3 Results and Discussion

2.3.1 Wetting states

The initial wetting states of the droplets deposited on superhydrophobic surfaces (W1 to
W6) are reported in Fig. 2.1d. The reported results are categorized into stable Cassie-
Baxter and stable Wenzel states based on a criteria developed by equating Wenzel and
Cassie-Baxter models in equations (1.2) and (1.4) [64] for wetting on rough surfaces that is

here reformulated for roughness (r),

- d-1
" cosOp

+ P, (2.1)

Through this equation, the ®-r space can be separated into regions characterized with
different wetting states based on the intrinsic contact angle of the surface. Here, Grey
and Black lines correspond to intrinsic contact angles of 109° and 115°, respectively. The
prediction suggests stable CB wetting states for r > (Es;elp +®, that is the reddish area in Fig.

2.1d. In other words, for high roughness surfaces a CB state is expected to be evidenced.
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Indeed, a Cassie-Baxter state was observed for droplets deposited on high roughness surfaces
(W4 and W6) during our experiments, meaning the droplet stayed on top of the pillars with
air entrapped beneath. This suggests that there exists a composite interface beneath the
droplet consisting of solid-liquid and liquid-gas interfaces. These droplets resting in CB
state, formed initial contact angles larger than 160°. The contact angle of a droplet in CB
state is a function of substrate’s solid fraction and can be evaluated using equation (1.4)

developed by Cassie and Baxter [3].

d
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Figure 2.1: (a) SEM image and schematic of the square arrangement of pillars forming
hydrophobic nanostructures. (b) Pure water droplet resting on a superhydrophobic nanos-
tructure (W4), with r = 4.93 and ® = 0.196 in a stable Cassie-Baxter state. (c) Two droplets
in Wenzel and metastable Cassie-Baxter states on surface (W3) with r = 1.16 and ® = 0.008.
(d) Wetting state diagram of water droplets developed based on roughness, solid fraction
and smooth contact data reported in Bussonniére et al. [65], Jung et al. [66] and Barbieri
et al. [67]. Grey and Black dashed lines correspond to intrinsic contact angles of 109° and
115°, respectively. They divide the state diagram into a stable Wenzel state domain (in
green), and a stable Cassie-Baxter domain (in red). This criteria is developed by Bico et
al. [64] based on interfacial energies. Figure is adopted from [65].

A stable Wenzel wetting state was observed for droplets deposited on surfaces W1 and
W5, characterized with moderate roughness values. This is also inline with the prediction of
equation (2.1), which predicts the Wenzel state as a more favorable state for low roughness
levels, i.e. the green area in Fig. 2.1d. In this case, the droplets completely wet the entire
surface texture and formed initial contact angles smaller than 120°. The lower value of the

contact angle compared with a drop in CB state is due to the change in the contact area at
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solid-liquid interface. The contact angle of a droplet in W state is a function of the surface
roughness and can be evaluated through equation (1.2).

Theoretically, stable Wenzel state is more favorable for the droplets deposited on lowest
roughness surfaces (W3 and W2). However, if the droplets were deposited carefully using a
needle, a Cassie-Baxter metastable state could be achieved. Similar results have been also
reported in literature [66, 68]. Such metastable state could be due to a local minimum in

surface energy, which can eventually transition to Wenzel state [69, 70].

2.3.2 Evaporation dynamics

The contact radius and contact angle behavior of evaporating water droplets resting on
nanostructured surfaces are reported in Fig. 2.2a and b, respectively. In this figure, Ry
is the radius of the free droplet of the same volume, and t; is the evaporation time until
which contact angle and contact radius data is analyzed. The determination of ¢y is based
on high resolution side-view snapshots (taken at 0.5 fps) with a spatial resolution of 344
pixels/mm, which helps us to accurately estimate ty. The typical error in ¢y is within 1
second, corresponding to an error in t/t; within 0.04%, an insignificant error. The results
correspond to an initial non-wetting CB state (in red) and an initial wetting W state (in
blue). In addition, the corresponding filled symbols in Fig. 2.2b depict the initial contact
angles of the deposited drops predicted through equations (1.2) and (1.4), for Wenzel (blue)
and Cassie-Baxter (red) states, respectively.

Overall the data are consistent with the models. For Wenzel droplets following in equa-
tion (1.2), it is theoretically expected to achieve higher contact angles on hydrophobic
surfaces with higher roughness levels. Cassie and Baxter’s model, equation (1.4), predicts
higher contact angles when solid fraction is decreased. Contact angle comparisons of water
droplets resting on SH surfaces with a variety of properties are extensively studied in lit-
erature and the results are generally in agreement with the Wenzel’s and Cassie-Baxter’s
predictions [71, 72, 73, 74, 75].

Concerning the evaporation dynamics, the data presented in Fig. 2.2a and b shows that
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the droplets demonstrated similar behaviors during evaporation on surfaces with different
roughness levels. The process can be divided into three stages, namely initial, intermediate
and final. During the initial stage, the contact radius remained constant (pinned contact
line), whereas the contact angle decreased. The droplet preserved a relatively constant
contact angle after reaching the receding contact angle, that was ~ 155° and ~ 90° for CB and
W stats, respectively. On the other hand, the contact radius of the droplet began decreasing
in the course of this intermediate stage. During the final stage, the contact angle and contact
radius both had a decreasing trend. The initial stage is known as constant contact radius
(CCR) mode, while the intermediate and final stages are recognized as constant contact
angle (CCA) and mixed modes in literature [76, 77, 78].

Similar behavior have been also reported for evaporating water droplets resting on mi-
crostructured and flat surfaces [79, 80]. Owing to the low contact angle hysteresis of the
surfaces studied here, the evaporation of CB droplets mostly follows a CCA mode. Wenzel

droplets, on the other hand, experience a mostly CCR mode.
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Figure 2.2: (a) Contact radius and (b) contact angle evolution of evaporating water droplets.
Droplets in CB state are depicted by A, 0 and v¢. The droplets in W state, are depicted by
0,A,0 and <. The respective filled symbols denote the theoretical initial contact angles,
for W and CB states, determined using equations (1.2) and (1.4), respectively. Figure is
adopted from [65].
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2.4 Conclusion

The wetting states and evaporation behavior of water droplets resting on nanostructured
hydrophobic surfaces with varying geometrical properties were investigated. The droplets
deposited on surfaces characterized with high roughness levels, formed a non-wetting Cassie-
Baxter wetting state. Whereas, the droplets resting on moderate and low roughness surfaces
initially formed a Wenzel wetting state. For surfaces with low roughness values, it was also
possible to achieved a metastable Cassie-Baxter state by carefully placing the droplets on
substrates using a needle. Finally, the evaporation process for droplets resting on nanostruc-
tures was studied. Despite different geometrical features and corresponding wetting states,
the droplets demonstrated similar evaporation dynamics for all surfaces. The droplets were
initially in a constant contact radius mode, subsequently, followed a constant contact angle
regime and finally, underwent a mixed mode. Such behavior has been also reported for

droplets evaporating on flat and microstructured surfaces.



Chapter 3

Wetting of aqueous surfactant
solutions on superhydrophobic

surfaces

3.1 Introduction

Surfactants have been used extensively in micro/nanofluidic systems for controlling the
emulsion stability [26, 27, 28, 29] as well as the wettability and spreading properties of
working fluids [31, 30]. However, surfactants may occasionally be accumulated in mi-
cro/nanochannels resulting in contamination of the system. As regards experiments with
superhydrophobic channels, recently, there have been reports indicating discrepancies in
experiment results as well as loss of superhydrophobic functionality when using surfactant
solutions [81]. Surfactants can likewise affect the contact angle and wetting state on a SH
surface. It has been shown that contact angle can drastically change with concentration
of surfactants in an aqueous media [82, 35]. Despite that, direct experimental evidences
on transition from non-wetting Cassie-Baxter (CB) state to the wetting Wenzel (W) state
triggered by surfactant concentration are still lacking.

In this study we have investigated the dependence of contact angle and wetting state

19
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on the surfactant concentration for two superhydrophobic surfaces of different roughness
levels. Our study reveals contact angle is nearly constant and high (» 130° — 140°) at
different surfactant concentrations, when the droplet is in CB state. Droplets in W state,
however, unveiled strong dependency of contact angle on concentration. The results proved

surface roughness as another key factor affecting the wettability properties.

3.2 Experimental

A replica molding process was adopted using Polydimethylsiloxane (PDMS) to prepare the
superhydrophobic surfaces. The surfaces were 2x2 cm? in area, transparent, and patterned
with hexagonal array of parallel cylindrical pillars.

The geometrical properties of the two surfaces used in this study are presented in Table

2nwdh

3.1, where h is the pillar height, p is periodicity, r = 1 + N is the roughness and ® =
2
% (%) is the solid fraction.
Surface h (um) p (um) d (um) r P
S1 4.78 7.73 5.54 2.608 0.466
S2 4.78 14.12 5.51 1.480 0.138

Table 3.1: Geometrical properties of superhydrophobic surfaces

Figure 3.1a presents scanning electron microscope (SEM) image of S1 surface used in
this study. It can be observed that the lateral surfaces of the pillars are rough, which is
due to the manufacturing process (Reactive Ion Etching) of the molds used here. Such fine
roughness could change the overall roughness value of the surface by less than 4%. As a
result for a Cassie-Baxter droplet, this ripple roughness would contribute negligible effect
to the wetting. A representative snapshot of a 10 pl milli-Q water droplet on S1 surface is
provided in Fig. 3.1b.

Aqueous solutions of sodium dodecyl sulfate (SDS), with critical micelle concentration
(CMC) = 0.082 mM, were prepared for 9 different concentrations (0.02, 0.05, 0.1, 0.2, 0.25,
0.33, 0.5, 0.75 and 1 CMC). For each concentration, unless otherwise noted, 9 tests were

performed on a freshly made SH surface. All experiments were pursued at relative humidity
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of 18 + 2% and room temperature, 23 °C.

Figure 3.1: (a) SEM image of a superhydrophobic surface texture. Scale bar corresponds to
5 pm. (b) Side view of water droplet on the SH surface with 6 ~ 130°. Scale bar corresponds
to 1 mm.

Two cameras were set up to concurrently record the side and bottom views of the
droplets upon deposition. The contact angles (6) were measured by extracting and analyzing
the side-view snapshots for the first and last 10 seconds of a 100 s acquisition period using
a Matlab code base on tangential angle. Through the bottom-view snapshots, the wetting

states of the droplets were determined.

3.3 Results and Discussion

The side and bottom-views of water droplets resting on two superhydrophobic substrates of
different solid fractions (S1, S2) in CB state are presented in Fig. 3.2a and b, respectively.
Figure 3.2¢, on the other hand, shows the side and bottom view of a droplet in W state on
S2 surface. Note the change in contrast comparing Fig. 3.2b with c.

The side and bottom-view representative snapshots of droplets resting on S1 and S2
surfaces containing different concentrations of SDS are presented in Fig. 3.3. It can be
noticed that, the droplets with SDS concentrations ranging from 0 to 0.5 CMC are in CB
state on S1 surface and in W state for 0.75 and 1 CMC, Fig. 3.3. The droplets on S2 surface,
however, show a metastable behavior. For concentrations ranging from 0 to 0.75 CMC both
CB and W states occurred upon deposition, while all 1 CMC droplets demonstrated Wenzel

state, see Fig. 3.3b and c.
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Figure 3.2: (a) Side and bottom views of a water droplet resting on S1 surface (r=2.608,
$=0.466) in CB state. (b) and (c) Side and bottom views of a water droplet resting on S2
surface (r=1.480, ®=0.138) in CB state and in W state, respectively. Scale bars for side
and bottom views correspond to 1 mm and 500 pm, respectively.

The number of occurrence of each state for 7 to 9 trials at each concentration is presented
in Fig. 3.4. It can be observed that the occurrence of Wenzel state is higher at concentrations
above 0.25 CMC, whereas the CB state is more probable to happen at concentrations below
0.25 CMC, except for water.

It is worth to emphasize that the occurrence analysis is not provided for S1 surface, as
the droplets at different concentrations experienced a single state (only CB or W) upon
deposition on this surface for all trials. Such distinct wetting behaviors can be attributed
to the higher roughness and solid fraction of S1. Based on the a previous study [65], a
10 pl water droplet deposited on surface S1, with the geometrical properties presented in
Table 3.1, is likely to be in a stable Cassie-Baxter state. While on S2 surface, the droplet
is anticipated to be in a Wenzel state. From such analysis it can be deduced that, the CB

droplets on S2 surface are in a metastable state.
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Cc=0 0.2 CMC 0.5 CMC 0.75 CMC 1 CMC

Figure 3.3: Influence of SDS concentration, roughness and solid fraction on wetting states.
Side and bottom views of aqueous droplets laden with different concentrations of SDS (0 to 1
CMC) resting on (a) S1 surface (r=2.608, $=0.466) and (b) S2 surface (r=1.480, $=0.138),
transiting from CB to W state. (c) Side and bottom views of droplets laden with SDS from
0 to 1 CMC resting on S2 surface always in W state. Scale bars for side and bottom views
correspond to 1 mm and 500 pm, respectively.

Detailed contact angle data evaluated over a 100 s time period, for the complete range of

SDS concentrations for all trials is presented in Fig. 3.5 to 3.14 for S1 and S2 surfaces.
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Figure 3.4: Occurrence of Cassie-Baxter or Wenzel states on S2 surface for different con-

centrations.
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Figure 3.5: Detailed contact angle data for water on (a) S1 and (b) S2 surfaces during a
100 s time period.
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Figure 3.6: Detailed contact angle data for 0.02 CMC experiments on (a) S1 and (b) S2
surfaces during a 100 s time period.
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Figure 3.8: Detailed contact angle data for 0.1 CMC experiments on (a) S1 and (b) S2
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Figure 3.10: Detailed contact angle data for 0.25 CMC experiments on (a) S1 and (b)
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Figure 3.11: Detailed contact angle data for 0.33 CMC experiments on (a) S1 and (b) S2
surfaces during a 100 s time period.
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Figure 3.12: Detailed contact angle data for 0.5 CMC experiments on (a) S1 and (b) S2
surfaces during a 100 s time period.
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Figure 3.13: Detailed contact angle data for 0.75 CMC experiments on (a) S1 and (b)

50
t(s)

—run1-W
—run2-W
—run3-W
—run4-W
—run5-W
—run6-W

surfaces during a 100 s time period.

(a)

125
120
115
o
0 ( ) 110
105
100

t(s)

(b)

160

140

9(0) 1201

100

80

(b)

120

110
0(0) 100

90

80

§2-0.75 CMC

0

5l0
t(s)

S$2-1CMC

50
()

Figure 3.14: Detailed contact angle data for 1 CMC experiments on (a) S1 and (b)
surfaces during a 100 s time period.
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Figure 3.15: Average contact angle measured for the entire range of SDS concentrations (0
to 1 CMC) on S1 and S2 surfaces for CB and W wetting states during (a) the first 10 s and

(b) the last 10 s of a 100 s period.
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The contact angle behavior with SDS concentration averaged over the first and last 10
s of a 100 s time period is shown in Fig. 3.15a and b, respectively. Considering the droplets
in CB state, the contact angle on S2 surface is in overall higher than that on S1 surface.

The standard deviations (op) in this figure are evaluated based on equation (3.1),

o

where i is the run number (1 to N), 6; is the contact angle measured in 4*

M=

(0; - 0)2, (3.1)

Il
=

b run, and 6 is the

average contact angle.

The contact angle of droplets in CB state (whether on S2 or S1 surface) is found to
be almost constant with SDS concentration. The droplets resting on S1 surface were on
CB state for concentrations equal and less than 0.5 CMC, and experienced a W state for
concentrations above that. For droplets deposited on S2 surface, 1 CMC was the only
concentration at which CB state was not evidenced. As stated earlier the droplets on S2
surface are, nevertheless, in a metastable state for concentrations other than 1 CMC. In
other words, the droplets may experience a CB or a W state, whereas the droplets on S1
face a single wetting state at each concentration (either CB or W). The contact angle of
the droplets in W state progressively decreases with SDS concentration. For instance, by
increasing the SDS concentration from 0 to 1 CMC the contact angle of droplets resting on

S2 surface in Wenzel state experiences a decrease of up to 30%.

3.4 Conclusion

The contact angle and wetting states of aqueous solutions of SDS were analyzed on two su-
perhydrophobic surfaces with moderate (S2) and high (S1) roughness levels. It was noticed
that by increasing the concentration of SDS it is more probable to obtain a Wenzel wetting
state. The droplets deposited on S1 (r=2.608, $=0.466) were on stable Cassie-Baxter state
for concentrations up to 0.5 CMC and were on Wenzel state for 0.75 and 1 CMC. On S2

surface (r=1.480, =0.138), the droplets experienced a metastable state for concentrations
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up to 0.75 CMC, as both states were likely to happen upon deposition. On both surfaces,
the contact angle of droplets in CB state demonstrated a weak dependence on surfactant
concentration. On the contrary, the contact angle of droplets in Wenzel state decreased

noticeably with concentration.



Chapter 4

Wetting and evaporation of

nanofluids on superhydrophobic

surfaces!

4.1 Introduction

A significant step toward effective use of nano-materials in a variety of applications, such
as flexible electronics [83], optical [84], thermal [85, 86] and nanofluidic devices [87], is
the fabrication of robust nanostructures. Photonic crystals, in particular, have attracted
a great deal of attention due to their ability to control and guide photons in a manner
analogous to the capability of electronic crystals to manipulate electrons. Photonic crystals
can be manufactured using top-down and bottom-up methods in two (2D) and three (3D)
dimensions [88]. Top-down approaches consist of lithography with ions, atoms, electrons,
and photons. Bottom-up techniques consist of particle assembly driven by gravitational
[89], electric [90] and magnetic fields [91], as well as assembly through (solvent) evaporation

[92].

!The material presented in this chapter is based on Bigdeli, M.B. and Tsai, P.A., ”Making photonic
crystals via evaporation of nanoparticle-laden droplets on superhydrophobic surfaces”, submitted to Scientific
Reports, 2017.
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(C) - (d)

Figure 4.1: (a) Scanning electron microscopy (SEM) image of the top-view superhydropho-
bic surface used. Scale bar corresponds to 30 um. (b) Side-view snapshots of an evaporating
droplet containing 5wt% silica nanoparticles on superhydrophobic substrate. The scale bar
in (b) corresponds to 1 mm, and the time-scale of complete drying, t; = 4770 s. Optical
microscope images of fabricated photonic crystals in (c) to (f). (c¢) top-view and (d) bottom-
view images of the toroidal deposit pattern corresponding to water droplets laden with low
concentration (~ 5wt%) of NPs. (e) top-view and (f) bottom-view images of the spherical
deposit pattern resulting from evaporation of high concentration (60+5wt%) colloidal drops.
Scale bars in (c) to (f) are 500 pm.

Bottom-up assembly techniques are increasingly preferred, on account of the ease of
process, the lower cost, and the production potential at an industrial scale [93]. Among
bottom-up methods, using the evaporative self-assembly mechanism is a well established
technique for the fabrication of 2D photonic crystals. However, the complex nature of the
self-assembly methods introduced for creating 3D photonic crystals, including acoustic lev-
itation [94], inkjet printing [95] and solvent extraction [96], suggests that there is room for
further development. Superhydrophobic surfaces have been intensively studied in recent
decades, owing to their non-sticking and self-cleaning properties [68, 72, 97]. Primarily re-
searchers have been interested in their fabrication and wetting transition [98, 99]. Relatively
few studies (albeit with an increasing number) have focused on 3D depositions of various
materials through evaporative self-assembly on superhydrophobic surfaces. Some examples
include drying droplets of protein (lysozyme) solution [100], suspensions of micro-particles
[101, 102], colloidal semiconductor (CdSe/CdS) nanorods [103], colloidal polymer dispersion

[104], and suspension of ceramic (alumina) nanoparticles [105], on superhydrophobic sur-
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faces. However, systematic investigations concerning the evaporation of colloidal droplets
on superhydrophobic surfaces with the intention of making light diffracting 3D photonic
crystals are still rare.

In this Letter, we have exploited the effect of particle concentration and have chosen a
proper superhydrophobic substrate for the facile creation of 3D photonic crystals. Specifi-
cally, colloidal drops with two distinct initial concentrations were left on a superhydropho-
bic surface to evaporate at ambient conditions. Through this simplistic and reproducible
technique we were able to fabricate 3D photonic crystals with two different morphologies:
donut-shaped (toroidal) and quasi-spherical for the low and high particle concentrations,
respectively. Furthermore, we have investigated the evaporation dynamics, the packing,

and the reflection peaks of these self-assembled nanoparticles forming photonic crystals.

4.2 Experimental

The superhydrophobic substrates were fabricated through a replica molding process using
Polydimethylsiloxane (PDMS). Substrates were transparent and consisted of parallel cylin-

drical pillars forming a square pattern of an area size about 2 x 2 cm?

[18]. The scanning
electron microscope (SEM) image of the superhydrophobic surface texture is shown in Fig.
4.1a. The contact angle of a water droplet of 10 ul volume on the superhydrophobic surface
is # 150° (+ 4°). Silica nanoparticles (NPs) were dispersed in milli-Q water to form suspen-
sions of 5 and 60 wt% weight fraction of NPs (fy ). The average size of nanoparticles, dp,
analyzed from SEM images is 252 nm, while the manufacture data provided is d,, = 261 nm,
with coefficient of variation of 6.4%.

Three cameras were simultaneously used to capture the side, bottom, and top views
of the evaporating droplets. The side view was used to measure the droplet contact angle
(0), base diameter (D), and height (H). Figure 4.1b provides representative snapshots
of an evaporating water droplet laden with 5 wt% nanoparticles on the superhydrophobic

substrate. Through top and bottom views, we investigate and analyze the symmetry of the

droplet shape, onset of donut formation, and the wetting transition from a partial wetting
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Cassie-Baxter (CB)[3] to completely wetting Wenzel (W)[2] state [106, 65]. Snapshots of
evaporating droplets were extracted and analyzed using a Matlab code. All experiments
were conducted at room temperature, 25 + 1°C, and relative humidity of 18 + 2%.

The reproducibility of final deposit patterns was checked via conducting independent ex-
periments for at least three times (for each particle concentrations). For instance, shown in
Fig. 4.1c—f are the bottom and top views of the created photonic crystals in this study. Low
concentration of NPs resulted in a donut-shaped structure (Fig. 4.1c,d) whereas at high con-
centrations, particles form a spherical structure with a cavity (also known as vacuole[107])

beneath, see Fig. 4.1e,f.

4.3 Results and Discussion

Figure 4.2a—e shows the detailed evaporation dynamics of nanoparticle-laden droplets,
namely the time evolution of the droplet base diameter, height, contact angle and shape.
The droplet diameter for both concentrations was initially pinned and subsequently receded
as the droplets dried out, as shown by the diameter plot in Fig. 4.2a,. At the next stage
of evaporation, droplets with 60 wt% of NPs underwent a sudden increase in base diameter
(marked by a vertical red arrow), due to the formation of the vacuole beneath the droplet.
This was followed by a slight decrease until the contact line was pinned once again until
completely dry. On the other hand, low concentration droplets (5 wt%) were pinned after

the latter receding regime until the end of the process.
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Figure 4.2: Evolution of normalized base diameter in (a), height in (b), and the tangen-
tial contact angle in (c) of evaporating droplets containing f,, = 5 wt% and 60 wt% of
nanoparticles on the superhydrophobic surface (measured every 10 s). Here Dy, Hp, and
0 are the initial droplet diameter, height, and tangent contact angle (at t=0), respectively.

The averaged final evaporation time (t7) for 5wt% and 60wt% experiments are 4668 s and
1485 s, respectively. (d) and (e) Side-view evolutions of evaporating droplets for 60 wt% and

5 wt% of NPs, respectively. Red lines denote the onset of second pinning before complete

desiccation.
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The droplet height decreased continuously for both concentrations, as revealed in Fig.
4.2b. The temporal evolution of contact angles is depicted in Fig. 4.2c. The droplets
were initially at Cassie-Baxter state, i.e. 6y ~ 141° and ~ 146° for the 5wt% and 60wt%
experiments, respectively. They maintained high contact angles (2 120°) during the entire
evaporation process. Similar to the base diameter, 60 wt% droplets underwent a jump in
the contact angle due to the growth of a cavity below the droplet. The evolution of the
shape of the droplets during evaporation was extracted through image analysis of the side-
view snapshots (usually captured at 0.5 fps), as in Fig. 4.2d and e. Red lines highlight the
point where the droplets began to pin before complete evaporation.

To further analyze the 60 wt% experiments resulting in quasi-spherical configurations,
the deposits were detached from the superhydrophobic substrate and placed upside down
in a SEM device. Figure 4.3a shows that a vacuole formed at the bottom of the deposit.
The higher magnification SEM images in Fig. 4.3b and c, reveal the footprints of pillars in
the flat region around the cavity. The deposited particles apparently stayed on top of the
pillars and did not penetrate inside the microstructures, this suggests that this area of the
droplet stayed at a partially wetting status during the entire evaporation process. However,
from the bottom view of the 60 wt% droplets, we could see that the central region of the
droplet, forming a dome shaped cavity later on, wet the substrate right before complete
dryout.

Similar observations have been also reported in a few studies concerning drying of
nanoparticle-laden droplets on superhydrophobic surfaces. Pauchard and Couder [104],
investigated the evaporation of dilute (volume fraction of particles (fy ) = 15%) and con-
centrated (f,, = 40%) droplets laden with latex particles resting on a superhydrophobic
surface. They observed toroidal- and spheroidal-shaped deposits with a cavity underneath
for dilute and concentrated droplets, respectively. Accardo et al. [100] studied the evapora-
tion of droplets laden with lysozyme on patterned superhydrophobic surfaces of poly(methyl
methacrylate) (PMMA) at room temperature. A hollow sphere was observed from the op-

tical microscopy image of the deposit formed on the substrate. Chen and Evans [105],
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explored the desiccation of aqueous droplets laden with alumina nanoparticles on a su-
perhydrophobic surface for different initial concentrations. They observed that in dilute
experiments (f,, = 5.7%) the droplet flattened and left a concave shape on top. In the
case of the concentrated droplets (f,, = 26%), a vacuole was evidenced beneath the de-
posit. However, these experimental studies did not focus on the fabrication of 3D photonic

crystals.

(d)

089t 093t 095t 096t 097t

. . [] . . .

Figure 4.3: SEM images of the bottom of a dried NP-laden drop (60 + 5wt%) with different
magnifications: (a) 40x, entire deposit; (b) 600x, pillars footprint in the flat region around
vacuole; and (c) 10000x, footprint of a single pillar. Scale bars equal to 1000, 100 and 5
pm in (a), (b) and (c), respectively. (d) Optical microscope snapshots (bottom view) of
colloidal drop containing 5 wt% of 261 nm silica NPs at room temperature near the end of
evaporation process (i.e. from 0.89t; to ty). At ¢t =0.95 ty the drop undergoes Cassie to
Wengzel transition. Scale bars in (d) correspond to 500 um and t; = 4770 s.

To gain more insights into the droplet behavior throughout evaporation, the bottom
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view images were studied. Figure 4.3d presents the bottom view snapshots of an evaporat-
ing 5wt% droplet in the later stage of evaporation process, i.e. during the second pinning
event. The droplet maintained a constant contact area starting from 0.89 t¢ (until com-
plete desiccation), transited to Wenzel state at 0.95 ¢;, and eventually dried out. During
evaporation, as the silica NPs organize themselves, the color of the contact area gradually
changes from white to red, orange, yellow and finally green. This color sequence is due to
the reflected light scattered by the self-organized NPs, which depends on the drying stage
and process (discussed detailed below).

The SEM images of both top and bottom views of 60wt% deposits, provided in Fig.
4.4a, reveal that the particles were organized in a hexagonal pattern. More specifically, from
Voronoi analysis over areas of ~ 11 and ~ 8 um? for top and bottom views, respectively,
70% and 76% of NPs have 6 close neighbouring particles. Hence, most of the particles were
packed in a hexagonal pattern. The latter hexagonal arrangement can be attributed to either
a {111} plane of a face-centred cubic (fcc) system or a {001} plane of a hexagonal closed
packed (hcp) system. Despite this, it has been shown through microscopic characterization
of nanosized silica spheres [108] in addition to the free energy calculations [109], that the

fce close packing can be favored over the hcp.
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Figure 4.4: (a) Top and bottom view SEM image of self-assembled silica particles, forming
a top-spherical deposit with a cavity underneath on superhydrophobic surface after evapo-
ration. Yellow dashed squares depict the Voronoi analysis of the packing of nanoparticles
based on the image acquired from high magnification SEM. Bar diagrams reveal the number
of close neighbors each particles have in the region under study (dashed square). Zoomed
out scale bars equal 800 pm; Scale bars in insets equal 1 pm. (b) Analysis of the reflected
colors from the bottom view of an evaporating droplet using Bragg-Snell equation. (c)
Prediction by our current model on the reflected wavelengths compared with existing ex-
perimental data [110, 111, 112] (obtained from the bottom-view of a desiccating polystyrene
colloidal droplet).
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The change in the bottom view color during evaporation can be explained based on the

combined Bragg-Snell laws [113] for a {111} plane of a fcc structure

Amaz = 2d (111} Nef £ (4.1)

where Ajq; is the wavelength of the main reflectance peak, dyj11; is the distance between
{111} planes and equal to \/gD, with D = d, +e€ being the center-to-center distance between
spherical particles of diameter d,, and surface-to-surface distance of e. For more information
see supporting material. Furthermore, n.s¢ is the effective refractive index, which for a

medium made of silica particles (p), water (w) and air (a) can be approximated by

Neff = \/fmpn% + fo,wn2 + fuon? — sin?(a), (4.2)

where n and f, correspond to refractive index and volume fraction of each components,
respectively. « is the angle of incidence, which is 0° for the normal incident.

During evaporation, the particles tend to organize themselves in a fcc type lattice [108].
The space between particles is initially filled with water having thickness of € on the diagonal
(see Fig. S1 in Supplementary Info), as an initial stage (1), and subsequently both air and
water occupy the space as evaporation goes on, in stage (2). In other words, stage (1)
corresponds to the range where the particle volume fraction varies from the melting volume
fraction (fyp, = 0.545) to the random close packing limit, where f,, = 0.64. It is assumed
that there are only water and silica particles inside the system at the stage (1) (fyq = 0).
During the stage (2), as the volume fraction of water diminishes due to evaporation, volume
fraction of particles and air increase. This stage is completed once the maximum cubic
close packing limit, where f,, ;,, = 0.74, is reached. The results of the optimal reflected colour
based on this model are presented in Fig. 4.4b. See Supplementary Material for the detailed
analysis.

Based on the coefficient of variation provided by the manufacturing company (6.4%),
the reflectance peaks were calculated for three particle sizes, namely, 244 nm, 261 nm
(mean diameter) and 278 nm. The reflectance peaks were also evaluated for the average
particle size (252 nm), analyzed using SEM images of self-assembly nanoparticles, such as

the insert in Fig. 4.4a. Asrevealed in Fig. 4.4b, larger particles result in reflection of longer
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wavelengths. More specifically, for nanoparticles of d,, =278 nm, the wavelength varied from
red to orange. For 261 nm particles, the color shifted from red to yellow, while 244 nm
NPs covered the orange to green wavelength region. In this analysis, the reflectance peaks
varied from red to green for average particle size of 252 nm, which agree well with our
experimental data shown in Fig. 4.3d.

We further extended our analysis to drying colloidal suspensions for different sizes and
materials found from the literature. In Fig. 4.4c, we predicted the sequential variation of the
reflected wavelength from the bottom view during evaporation (grey area) for polystyrene
particles (n, = 1.59) of varying diameters (170 to 340 nm). The top dashed line corresponds
to the reflected wavelength at the beginning of stage (1), while the lower solid line is the
wavelength reflected at the end of stage (2), when the deposit was completely dried out.
The vertical downward arrow depicts the variation in the wavelength of a typical droplet
during desiccation. Moreover, our analyses show good agreement with existing experimental
work [112; 111, 110]. The different symbol colours represent the final reflectance wavelength

obtained by the corresponding materials.

4.4 Conclusion

We have successfully fabricated 3D photonic crystals of different sizes and shapes using
evaporation-driven self-assembly of nanoparticles on a superhydrophobic surface. Toroidal
and spherical shaped crystals have been created by aqueous droplets suspended with 5
wt% and to 60 wt% of NPs, respectively. The high-resolution snapshots captured from
simultaneous top, bottom, and side views show distinct evaporating processes for different
nanoparticle concentrations. The nanofluid droplets with 60 wt% nanoparticles maintained
a large contact angle with a pinned contact line from the early drying stage, but a decreasing
contact angle, droplet diameter, and height for droplets laden with 5 wt% nanoparticles.
In addition, scanning electron microscopy images of the crystal structures proved that par-
ticles organized themselves into hexagonal patterns. From the bottom view evolution of

the droplets, a change in color from red to green was observed for both NP concentra-
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tions. A model considering the particle diameter, material, interplanar distance, and the
particle-water-air content of the droplet was developed to predict the color sequence during
evaporation. The predictions agree well with our data for silica NPs and other experimental
results with polystyrene NPs. The model can be further utilized effectively to predict the
reflected light/color by photonic crystals fabricated and self-assembled via simple evapora-

tion.



Chapter 5

Conclusions and Outlook

In this thesis, the wetting and evaporation of simple and complex fluids have been investi-
gated on superhydrophobic surfaces of a variety of geometric arrangements and structures.

Through experiments on wetting and evaporation of pure water droplets on superhy-
drophobic nanostructures of different roughness levels, three distinct wetting behaviors was
evidenced:(1) A Cassie-Baxter wetting state was formed on surfaces with high roughness
values. (2) A Wenzel wetting state was formed on surfaces with moderate roughness levels.
(3) Droplets deposited on surfaces with low roughness levels, demonstrated a metastable
behavior. The evaporation experiments on superhydrophobic nanostructures revealed evap-
oration behavior similar to that of microstructured and flat hydrophobic surfaces, consisting
of a constant contact radius regime, follow by a constant contact angle trend, and eventually
a mixed mode.

Experiments with aqueous surfactant solutions (0 to 1 CMC) on superhydrophobic mi-
crostructures with moderate and high roughness degrees have been conducted. On the
surface characterized with high roughness level, the droplets were in Cassie-Baxter state
for concentrations of up to 0.5 CMC, while they formed a Wenzel wetting state for higher
surfactant concentrations. In contrast, on the surface characterized with moderate rough-
ness level, the droplets displayed a metastable behavior for concentrations up to 0.75 CMC.

The droplets formed a Wengzel state at 1 CMC surfactant concentration. The contact an-

42
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gle of droplets in Cassie-Baxter state, on both surfaces, showed a weak dependence on
concentration. This may be explained by partial air-liquid contact area of the drops in
Cassie-Baxter state. Whereas, the contact angle of drops in Wenzel state demonstrated a
strong concentration dependence.

For future investigation, it is very interesting to develop a theory explaining the contact
angle and wetting behavior with respect to surfactant concentration. Additionally, the
critical concentration after which the wetting state is switching can be investigated.

Based on evaporation experiments of nanoparticle-laden droplets on a superhydrophobic
surface, structural photonic crystals can be fabricated. Crystals with toroidal and spheroidal
structures were synthesized through evaporation of droplets laden with 5wt% and 60 wt%
of nanoparticles, respectively. Using bottom view visualization, a change in color from red
to green was observed during evaporation. Scanning electron microscopy images of the final
crystal, revealed a closely packed hexagonal arrangement of nanoparticles. In addition, it
was observed that a cavity formed beneath 60 wt% deposits. The light reflected from the
structure was investigated through a Bragg-Snell analysis. Based on the latter analysis a
model was developed to predict the colors reflected colors during evaporation for droplets
laden with nanoparticles of different size and materials.

A possible extension of this work, could be experiments with nanoparticles of different
sizes and materials and analysis of the reflected color from the resulting structures. Also,
the structures may be cut using focused ion beam experiments to provide a direct experi-
mental evidence on the lattice structure of the nanoparticles. Moreover, it is of interest to

investigate the mechanism leading to the formation of a cavity beneath spheroidal deposits.



Appendix A

Structural packing of
evaporation-driven self-assembly of

nanoparticles

Figure A.1 demonstrates the arrangement of nanoparticles while approaching complete
evaporation in a fcc lattice. Here, we have assumed that the thickness of the water layer
around particles, denoted by €e(t), decreased linearly during evaporation from an initial
value (eg) to 0. The latter initial value for each particle size was determined by finding the
e value corresponding to the melting volume fraction at stage (1). The ¢y values for 244,

261 and 278 nm particles, were calculated to be 26, 28 and 30 nm, respectively. The lattice

Figure A.1: Nanoparticle arrangement in a fcc lattice. As the thickness of the water layer around
particles, denoted by €(t), diminishes during evaporation, the lattice constant a(t) decreases.

44
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constant, evaluated by a(t) = /2(d, +€(t)), and likewise the interplanar spacing, decrease

accordingly. The interplanar spacing for cubic packing (dp;)) can be calculated as follows:

a

P —
e R B i

where h,1k are the Miller indices. As explained in the main body of the article, the hexagonal

(A1)

arrangement of the particles correspond to the {111} plane of the fcc lattice. Therefore,
the interplanar spacing d(1q1y is evaluated by \/g (dp +e€).

To implement this model, two drying stages have been considered. The first one, being
the change of particle volume fraction from f, , = 0.545, to the random close packing limit,
where the volume fraction of air, is considered negligible. Assuming that the particles
keep the same fcc arrangement, ¢ value corresponding to the random close packing limit
was calculated. For example, for d,=261 nm, the water layer thickness at a random close
packing state was evaluated to be 13 nm. Hence, in the first stage, € varies from 28 nm to
13 nm.

The second stage included a further increase of f, , from the random to the cubic close
packing limit. At this stage, f,, was no longer considered negligible. The following relation

holds for volume fractions in both stages:

fv,p + fv,w + fv,a =1 (A.Q)

Using this relation, the volume fractions for silica particles, water and air were computed.
Subsequently, the effective refractive index of the composite medium was evaluated through
equation (4.2) of the main text, for n,=1, n,,=1.33 and n,=1.46.

Eventually, having d¢11y and neyy values evaluated, equation (4.1) in the main text was
implemented to calculate Apqz.

Two more larger areas of the bottom of the PhCs of 60 wt% suspensions are investigated
in Fig. A.2 and A.3. The Voronoi analysis of two different regions covering areas of 45 and
48 pm? (i.e. 3 to 4 times the area considered before) shows that ~78% and ~73% of particles

(481 out of 619 and 427 out of 588 particles, respectively) have 6 neighbouring particles.
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Figure A.2: (a) SEM image from the bottom of the deposit in the first region between 4
pillars. Scale bar corresponds to 5 um (b) Voronoi analysis in an area of ~ 45um?. Scale bar
corresponds to 2 pm (c) Bar diagram demonstrating 78% of particles have 6 neighbours.
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Figure A.3: (a) SEM image from the bottom of the deposit in the second region between 4
pillars. Scale bar corresponds to 5 um. (b) Voronoi analysis in an area of ~ 42um?. Scale
bar corresponds to 2 um.(c) Bar diagram demonstrating 73% of particles have 6 neighbours.
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