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Abstract

Water is among the most vital substances on earth. Despite being an everyday element, promi-
nently interesting phenomena occur when water is in contact with a surface. Superhydrophobic
surfaces are ones that do not wet. In the extreme, they repel water to such a large degree that water
does not stick to even nearly horizontal planes. Nowadays, many researchers pursue the magnificent
examples set by nature, such as the extraordinary water repellency of a lotus leaf. Even though the
basis of the study of wetting dates back to the 1800s, many elementary concepts remain unexplored.
This thesis combines fundamental notions of wetting to experimental material science and demon-
strates applications based on these materials, ranging from memory devices and sensors to pellets,
which facilitate environmental clean-up.

Publication I studies the fundamental concepts of surface wetting characterization and intro-
duces a quantitative method for measuring the receding contact angle using the sessile-drop method.
Theory and experiments together with calculations evaluate the validity of the developed model, and
good agreement between theory and experiments is found. Furthermore, a novel definition for su-
perhydrophobicity is proposed.

Publication II introduces a growth model for the synthesis of silicone nanofilaments, which are
one-dimensional nanostructures used to create superhydrophobic surfaces. In contrast to the previ-
ous studies, the present model explains the break of symmetry occurring in the initial phase of the
growth, which has so far been implicitly assumed.

Publication III demonstrates a hierarchically rough surface, which exhibits bi-stable superhy-
drophobic wetting states under water. A rapid local wetting transition occurs simply by locally
applying pressure or suction onto the surface. Theoretical considerations explain the phenomena
and a simple display demonstrates the concept.

Publications IV and V introduce nanocellulose aerogels coated by atomic layer deposition with
inorganic thin films. These materials are further employed as a resistive/capacitive humidity sensor
and for oil spill cleanup from a water surface. The porosity and high surface area of the structures
together with the wetting properties of the inorganic coating account for the observed properties. In
addition, the study evaluates different drying methods for the nanocellulose aerogels based on the
aggregation of the fibrils.

Combining basic principles of wetting and superhydrophobicity to novel materials, as shown in
this study, can lead to applications from myriad fields of technology. The concepts and applications
demonstrated hopefully inspire future research towards many wetting-based applications.
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Tiivistelma

Vesi on arkipdividinen, mutta elintérked aine. Veden kastelemilla pinnoilla tapahtuu erittdin mie-
lenkiintoisia ilmiditd. Superhydrofoobiset pinnat ovat sellaisia, joilta pisarat vierivit pois vaikka
pinta olisi lahes vaakasuorassa. Nykyain monet tutkijat pyrkivat jaljittelem#an luonnossa esiinty-
vid ilmi6it4 ja rakenteita, kuten esimerkiksi lootuskukan lehden d4rimmaista vedenhylkimiskykya.
Vaikka pintojen kastuvuustutkimuksen perusta luotiin jo 1800-luvun alussa, monia perustavan-
laatuisia kisitteitd on edelleen tutkimatta. Tama ty6 yhdistda teoreettisia konsepteja kokeelliseen
materiaalitieteeseen ja esittelee niille uusille materiaaleille sovelluksia digitaalisista muisteista 6l-
jyntorjuntapelletteihin.

Julkaisu I tutkii pintojen kastuvuuden peruskisitteitd ja esittdd kvantitatiivisen kokeellisen
menetelmén, jolla voidaan mitata pinnan vetdytyvian kontaktikulman arvo kayttamalla ns. pisara-
menetelméd. Vastaavuus teorettisen konseptin, laskennallisten mallin seké kokeiden vililla toden-
netaan. Liséksi tyossid ehdotetaan uutta méiritelméd superhydrofoobisuudelle.

Julkaisu II esittelee kasvumallin, joka selittda kuinka silikoninanofilamentit, jotka ovat super-
hydrofoobisia kuitumaisia nanorakenteita, kasvavat pinnoille. Alemmissa malleissa ei olla pystytty
taysin kuvaamaan kuinka tetragonaalisista ldhtoaineista muodostuu yksiulotteisia rakenteita. Eh-
dotettu malli pyrkii kattamaan juuri timéin symmetrian rikkoutumisen.

Julkaisu III kisittelee hierarkkista pintaa, jolla esiintyy kaksi superhydrofoobista kastumisti-
laa, kun se asetetaan veden alle. Paikalliset painemuutokset aiheuttavat nopean ja paikallisen muu-
toksen tilasta toiseen. Teoria ja kokeet osoittavat, ettd molemmat tilat ovat pitkaikéiisii ja konseptia
havainnollistetaan kayttamélld pintaa yksinkertaisena nayttolaitteena.

Julkaisut IV ja V kuvailevat nanoselluloosa-aerogeeleji, jotka on pinnoitettu epdorgaanisilla
aineilla kiyttiden atomikerroskasvatusmenetelmii, ja joiden avulla voidaan luoda seki resistiivi-
nen/kapasitiivinen kosteusanturi etté pelletti, jota voidaan kiayttaa 6ljylauttojen imeyttdmiseen suo-
raan veden pinnalta. Aerogeelien suuri huokoisuus ja suuri pinta-ala mahdollistavat esitellyt omi-
naisuudet. Lisdksi ty6ssa vertaillaan erilaisia nanoselluloosa-aerogeelien kuivausmenetelmié kui-
tumaisen verkostorakenteen sadtamiseksi.

Kastuvuusilmividen peruskésitteiden yhdistdminen materiaalitieteeseen, kuten téassa tyossa on
tehty, voi johtaa mielenkiintoisiin sovelluksiin monella tekniikan alalla. Esitellyt konseptit ja sovel-
lukset toivottavasti inspiroivat jatkotukimuksia, joissa yhdistelldén kastuvuusilmiéitd sovelluksiin.
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Preface

Ten years ago, I started as an undergraduate student at the department of
Engineering Physics and Mathematics in Helsinki University of Technology
with a goal of becoming a physicist. It was clear to me from the beginning
that to be a physicist is to be a doctor and a master’s degree would not suffice.
Therefore, I was extremely satisfied in 2005 when Prof. Olli Ikkala took me
as a summer trainee into his laboratory, which was at the time was known as
the Polymer Physics group. I graduated as a Master of Science in 2007 and I
started as a graduate student in early 2008. I'm extremely grateful to Prof. Olli
Ikkala for providing me this opportunity to work in such a versatile, inspiring,
and ambitious environment.

My research path has not been exactly straightforward. I started in the field
of supramolecular chemistry and block copolymer self-assembly, which intro-
duced me to the basics of material characterization and even to some elemen-
tary chemistry. However, I was promptly directed towards atomic layer deposi-
tion and nanocellulose. Afterwards, my research focus was directed more and
more towards wettability and superhydrophobicity, which was made possible
by Dr. Robin Ras, to whom I am indebted for introducing me to this incredibly
fascinating field.

Moreover, I thank Prof. Janne Ruokolainen for the opportunity to work with
electron microscopy and especially the scanning electron microscopes at the
Nanomicroscopy Center. Through the collaborations we did and all the inter-
action with the users, my knowledge of both scientific instruments and human
behavior has expanded.

I am grateful for the successful collaboration we conducted with Jari Malm
and Prof. Maarit Karppinen from the Laboratory of Inorganic Chemistry. Tuuk-
ka Verho deserves a special mention for introducing me to world of silicone
nanofilaments and wetting theory. Working together with Tommi Huhtaméaki

has been fruitful and I thank him for all the good data he has provided. I also
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express my sincere gratitude to all other collaborators — both successful and
unsuccessful — for it is through trial and error, that we learn.

At times, I perhaps did not believe that I would ever become a doctor, yet
now this goal is actually becoming a reality. One of the most positive influ-
ential factors in the process was the open and diverse working community at
the group. We have been able to share our joys, sorrows, and frustrations with
each other. First, I collectively thank everyone in the group for keeping up the
warm atmosphere. A special mention goes to Susanna Junnila, with whom I
shared an office for seven years. It is needless to say that we helped each other
out in every turn. I would also like to state my gratitude to Jaana Vapaavuori
whose attitude towards life I admire. Panu Hiekkataipale deserves a special
thanks for helping me out numerous times. However, it is not all work and
no play...we also have enjoyed weekly jogging trips, frisbee games, climbing,
sauna, and of course the traditional summer, pre-xmas, and vappu parties.

I thank Prof. Jurkka Kuusipalo from Tampere University of Techonology and
Dr. Ilker Bayer from Italian Institute of Technology for the preliminary ex-
amination of the thesis. I thank Prof. Gareth McKinley from Massachusetts
Institute of Technology already in advance for accepting to act as the opponent
at the dissertation.

Hard work needs to be balanced by relaxing free-time and activities. In re-
ality, without the experiences together with my band mates, climbing buddies,
and other friends, this achievement would not have been possible. I express my
deepest gratitude to all of you. I special mention goes out to Maria; you are my
family, but you are also my friend.

Lopulta tirkein asia elamésséni on perhe. Olen loputtoman kiitollinen van-
hemmilleni upeasta kasvatuksesta ja tuesta, jonka ansiosta olen kasvanut tik-
si ihmiseksi, joka olen. Kiitos!

Kiitos Tuuli ehtymattoméasta ymmérryksestasi ja tuestasi!

Oiva ja Selma olette elaméani valo.

Espoo, Finland, July 8, 2013,

Juuso T. Korhonen
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1. Introduction

“Blow a soap bubble, and observe it. You may study it all your
life, and draw one lesson after another in physics from it.”

— Lord Kelvin

This thesis builds around the concept of wetting phenomena. Whether you
realize it or not, wetting systems surround all of us (see Figure 1.1). For ex-
ample, spilled coffee stains a piece of paper on my desk. A dark ring that is
characteristic for such a stain occurs due to capillary flow along the drop sur-
face together with pinning caused by contact angle hysteresis.’™® The latter
phenomenon turns out as an important factor later on in this study. As a child,
I remember watching as rain drops attached to the side windows of a bus —
again due to contact angle hysteresis — and then suddenly starting to flow
downwards, gaining speed as they grew larger due to coalescence with other
drops.* Soap bubbles are an excellent manifestation of the effects of surface
tension and Laplace pressure.® They are soap—water films that could be as thin
as tens of nanometers and they exhibit interesting behavior, such as that when
two bubbles collide, the smaller one might empty itself into the larger one.%8
Opening a faucet by a small amount results in a stream of water, which rapidly
breaks into separate drops — a phenomenon known as Plateau—Rayleigh insta-
bility. >~ In fact, even the basis of milk homogenization lies within this insta-
bility,® since it facilitates breaking liquids into discrete particles of quantized

»12

size. “Tears of wine”* presents another interesting phenomenon caused by a

13,14 which occurs due to a surface tension gradient develop-

wetting instability,
ing because of evaporation of ethanol from the wine. Many of us nowadays have
water-proof clothing, whose water-repellency is based on a fluorinated semi-
permeating film, such as Gore-Tex®.15 On these pieces of clothing, water drops
remain almost spherical and thus roll-off extremely easily, while allowing the
fabric to “breathe” through its micro-pores. Another interesting wetting phe-
nomena seen most often in the kitchen, is called the Leidenfrost effect. %17 On
a hot iron plate, such as found on stoves, a drop of water remains spherical and
bounces around the hot surface for a surprisingly long time. The drop does not

boil because an insulating layer of gas forms beneath the drop and reduces the

heat transfer. Furthermore, the gas escaping from below the drop causes it to
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a)

/ Outer shell

Protective
.~ layer

Gore-Tex
#«" membrane

Protective
layer

. Soft inner
shell

Figure 1.1. Various wetting phenomena demonstrated. a) A coffee stain with characteristic
dark edges. b) Water dripping from a faucet. ¢) Water drops on a window. d) “Tears

of wine” projected on a canvas. e) Scanning electron micrograph of a Gore-Tex®
membrane along with a schematic representation. f) Water drop lying on a lotus
leaf. g) Self-cleaning effect, where a water drop catches particles from a surface.
Images used with permission from various sources.

chaotically move around the plate. These are only a few of the endless examples
of wetting phenomena found in our everyday lives and, being a physicist, I find
myself especially intrigued by the possibilities offered.

In the 1990s, German botanical scientists, Wilhelm Barthlott and Christoph
Neinhuis studied various plant leaves by the means of scanning electron mi-
croscopy. They noticed that smooth leaves had to be always cleaned prior to
examination while those with epicuticular wax crystals on the surface did not.
The resulting article with an almost poetic title, “Purity of the Sacred Lotus, or
Escape from Contamination on Biological Surfaces”,'® (see Figure 1.1) quickly

became the most cited reference relating superhydrophobicity™ to surface struc-

ture. Although the relation between surface roughness and water repellency

*Superhydrophobicity refers to the extreme water repellency and self-cleaning ability
of a surface. It is discussed in detail in Section 2.5.
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has been known for long,2%?! they were the first ones to explicitly quantify
it experimentally and also to provide verification for the self-cleaning process.
Since then the leaf microstructure of a lotus plant has been extensively mim-
icked to create artificial superhydrophobic surfaces. %2

Since research on superhydrophobicity has grown, the accurate quantification
of surface wetting properties has become extremely important. One of the chal-
lenges yet to fully overcome, is the method of measuring the thermodynamic
contact angle of a surface, which is required to relate theoretical analyses to ex-
perimental data. Meanwhile, experimentalists are obliged to measure a range
of applicable contact angles, which sometimes proves difficult. Furthermore,
the nomenclature and even some fundamental concepts, such as the Cassie—
Baxter equation or capillary rise, among the field are not yet fully established
and especially the word “superhydrophobic” has been extensively misused. 23-32

Therefore, even today, there remains a need for studies on the principal phe-

nomena around wetting and contact angles.

1.1 Outline of the Thesis

This thesis demonstrates how fundamental concepts from wetting and superhy-
drophobicity can be applied to different systems to create and analyze materials
and surfaces with interesting properties. An emphasis is put on both theoretical
understanding of the underlying physics as well as phenomenological studies
of new materials. Furthermore, experimental materials can be divided into two
groups. First comprises materials, which employ silicone nanofilaments as the
hydrophobicing agent, and the second consists of nanocellulose aerogels, coated
by atomic layer deposition with an inorganic shell. A schematic representation
of these approaches is given in Figure 1.2.

Chapter 2, Theory, presents fundamental concepts about liquids on surfaces,
starting from Young’s law, through the works of Wenzel, and Cassie and Bax-
ter, and finally arriving at the self-cleaning nature of a lotus leaf. The chapter
continues with the concept of contact angles and especially advancing and re-
ceding contact angles, and presents a theory behind measuring the latter one,
as described in Publication I. Later, a theory encompassed in Publication III de-
scribes the physics of contact lines and energetics of wetting phase transitions
in the case of hierarchically wetting surfaces.

Chapter 3, Experimental Results, contains more than simply a list of used
experimental methods. Instead, the chapter presents the experimental setup

along with a detailed phenomenological model for the synthesis of silicone nano-
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Figure 1.2. Schematic representation of the ways in which the publications are arranged
throughout this thesis. The horizontal axis corresponds with the chapter arrange-
ment and the vertical axis displays the two main experimental components, namely
silicone nanofilaments (SNF) and nanofibrillated cellulose (NFC).

filaments, as described in Publication II. Data from Publications IV and V
depict different preparation methods for nanocellulose aerogels as well as the
procedure in which an inorganic shell was created using atomic layer deposi-
tion.

An important part of the thesis is described in Chapter 4, Applications, which
demonstrates in which ways the materials with controlled wetting properties
can be used to create functionalities. From a fundamental point of view, it
was possible to create a surface, which can store and display information on its
surface using nothing but water and trapped air, as portrayed in Publication
III. In addition, the chapter describes functionalized nanocellulose aerogels,
which display interesting wetting-based phenomena. Publication IV charac-
terizes a titanium dioxide -nanotube film exhibiting a fast electric response
to atmospheric humidity, and Publication V presents a selective oil-absorbent
sponge, which could be used to harvest oil from the surface of water.

Finally, Chapter 5, Conclusions, provides a summary of the aspects, which
were learnt during the study, and issues insights into concepts, which might be
of interest when planning future research.

This study was done in collaboration between several researchers and re-
search groups and credit for the ideas and work is given where the credit is

due.



2. Theory

“An ounce of practice is worth a ton of theory.”

— An English proverb

Water and water drops display a variety of marvels, ranging from the shape
of rain drops, to soap bubbles and to the instability of thin liquid jets. To un-
derstand these interesting phenomena, a research field called capillarity (or
wetting) emerged. In the early 1800s, Pierre Simon de Laplace and Thomas
Young formed the basis of the field by developing some of the basic concepts,
which have the most striking repercussions. When two immiscible fluids are
in contact with each other, they act to minimize their surface free energy by
deforming the contact area and their own shape. The bulk of the fluids exhibits
cohesion energy, which stems from the van der Waals- and other interactions
(such as hydrogen bonding) between the constituent molecules. Figure 2.1a dis-
plays a molecule at the interface between two fluids that “feels” only roughly
half of the interaction energy and finds that the attractive self-interactions are
replaced by repulsive interactions. This interfacial tension (or equivalently in-
terfacial free energy) is a direct consequence of this lack of cohesion energy at
the interface. When the surrounding fluid is air and the second fluid is liquid,
the interfacial tension is instead called surface tension (or surface free energy)
and it is denoted by the symbol y (sometimes also o). It expresses how much
energy is needed to increase the liquid surface area by one unit, which leads

G

to the thermodynamic definition y = [ oA .8 Its value is proportional to the

cohesion energy of the liquid and it is IILT;s/{rred equivalently either in mJ/m?
or mN/m. Typical van der Waals liquids, such as oils, exhibit a surface tension
of y = 20 mN/m, which is on the order of 2gT. Ethanol, which is a polar solvent,
comprises y = 23 mN/m, and water, which is strongly hydrogen-bonded liquid
exhibits a surface tension of y = 72 mN/m.® The high surface tension of water

is responsible for many of the interesting phenomena in drops and other liquid

surfaces.
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Figure 2.1. Surface tension, Laplace pressure, and Young’s equation for contact angle demon-
strated. a) A liquid molecule at the surface “feels” roughly half of the attractive
interactions compared to molecules in the bulk. b) A small drop of water on a sur-
face assumes a spherical cap shape with an angle of contact, 6, radius of curvature,
R, and Laplace pressure, Ap. c) Three tensions (forces) are acting on the line of con-
tact, solid-liquid interfacial tension acts towards the liquid, solid—vapor interfacial
tension acts in the opposite direction, and liquid surface tension is directed along
the drop surface. The Young’s equation is formed when the horizontal components
of these tensions are balanced.

2.1 Drops and Spreading

Since creating a surface on a liquid costs energy, in the absence of external
forces, a drop suspended in a medium (such as air or oil) adopts its minimal
surface, which is a sphere. However, the pressure inside the sphere has to
be larger than outside to accommodate for the surface tension. The pressure
difference is given by the Young-Laplace equation,

1 1

where C is the curvature of the surface, and R; and R are the principal radii
of curvature (see Figure 2.1b). Equation (2.1) can be derived for a simple sys-
tem of a spherical water drop in air, by considering a grand potential of the
form Q =F -Y;nijui = -poVo — pwVw +)/A.8 Minimizing Q by % = 0 yields
Ap =pw—po= %7, which is the Young—Laplace equation. When curvature, C, is
constant throughout the surface (as in the case of a sphere), the Laplace pres-
sure is also constant, and vice versa. Furthermore, small drops have a higher
Laplace pressure than larger ones, which indicates that, when connected, liq-
uid from the small drops flows into the larger one. This effect has dramatic
implications, such as Ostwald ripening of micro-emulsions, like the ones seen
when certain alcoholic beverages are mixed with water (i.e. the ouzo effect);
and the stability of lung alveoli during respiration, which is facilitated by the
presence of a surfactant. The Young—Laplace equation is also one of the most
important tools when calculating phase- and contact line transitions in wetting
systems.

An important question about a surface is whether water is going to wet it.

This can be assessed by the spreading parameter, S, which indicates the surface



Theory

free energy difference of a wetted surface compared to a dry surface:

S=ysv—(y+7ysL), (2.2)

where ygy, YsL, and y are the solid—vapor and solid-liquid interfacial tensions,
and the surface free tension (of water). If the surface free energy of a dry solid is
larger than the wetted one, i.e. S >0, water wets the surface and the situation
is depicted as total wetting. In this case the contact angle (which is discussed
below) will be exactly zero. Every other case falls into partial wetting regime,
where S < 0. In this situation water adopts a non-zero contact angle and drops
can form on the surface. Partially wetting surfaces can be further divided into
hydrophilic, hydrophobic, and superhydrophobic subclasses, yet the limits for
these cannot be determined from the spreading parameter. Instead, the concept

of a contact angle needs to be employed.

2.2 Theorems of Young, Wenzel, and Cassie-Baxter

In 1805 Thomas Young presented that when a liquid is in contact with a surface,
it adopts an angle of contact, which is dependent on the interfacial tensions of
the constituent three phases, namely solid, liquid, and air (vapor).33 Albeit
Young did not employ equations, this notion can be written in the form, which

is denoted as Young’s equation:

ycos0 =ysv —YsL, (2.3)

where ygv and ygj, represent the solid—vapor and solid-liquid interfacial ten-
sions, respectively, and y equals the surface tension of the liquid. Perhaps the
most intuitive method to derive Young’s equation is to consider the three in-
terfacial tensions (forces) occurring at the triple-phase boundary line (see Fig-
ure 2.1c). At equilibrium, the sum of the horizontal components of these ten-
sions has to equal zero, i.e. ycos6 +ysr, —ysv = 0, which immediately yields
Young’s equation. Later, Johnson used surface thermodynamics to derive the
equation rigorously.?* The final result yielded six different equations, includ-
ing Young’s equation, which all have to be satisfied. Another popular, yet crit-
icized,3® derivation is to consider the change in internal energy of the system
when contact line advances slightly, 6U = y1yv6ALy + (YSL - YSV) 0Agr,. Geomet-
rical considerations lead to §Apy = §Agy,cosf, and applying 6U = 0 for small

perturbations, yields [yLycos0 + (ysr, —ysv)] 6AgL = 0, which produces Young’s
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a) Wenzel b) Cassie—Baxter
Waterm Air
Solid

Trapped layer or air, ie. “plastron”
Figure 2.2. Wetting states of a rough surface. a) Water protrudes the roughness features in the

Wenzel state. b) An air cushion remains trapped below the water in the Cassie—
Baxter wetting state.

equation. Furthermore, the equation has been derived also from local surface
thermodynamics.® In conclusion, Young’s equation is a well established law,
yet the most common form only applies when the surface is chemically ho-
mogeneous, inert, hard, and smooth. To accommodate for surface roughness,
additional aspects have to be taken into account.

In 1936 Wenzel published a seminal study on how surface roughness influ-
ences the apparent (observed) contact angle.3® The different contact angles are
discussed in detail later, yet at this point it is adequate to notice that the ap-
parent contact angle differs from the local Young’s contact angle (defined by
Equation (2.3)), which follows the microscopic roughness of the surface (see
Figure 2.2a). A roughness factor is defined as r = A/Ageom, Where A is the ac-
tual surface area and Ageom is the perpendicular projection of A. It should be
noted that this roughness factor does not correspond with the rms roughness of

a solid.3” Adhesion tension, which is defined as
T =7Ycos0, (2.4)

basically indicates the tension needed to oppose the horizontal component of
the surface tension. Wenzel considered an equivalent surface where 7 is mul-
tiplied by the roughness, r, which yields r7 = r (ysy —ysL) = ycos6*, where 6*
is the apparent contact angle. Replacing Young’s equation produces Wenzel’s
equation,

cos0* =rcoso, (2.5)

which relates Young’s contact angle, 0, to the apparent contact angle, 0*. Young’s
contact angle of a smooth surface has been shown to reach up to ca. 120°,38
which implies that a roughness factor of r = 2 is adequate to render the appar-
ent contact angle 180°. Similarly, an apparent contact angle of 0° is achieved for
rough hydrophilic surfaces. It is evident that with extremely rough, hydropho-
bic surfaces, the apparent (Wenzel) contact angle can exceed 180°. Obviously

this is not physically possible, yet composite wetting occurs, which implies that
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a) Cassie—Baxter b) Wenzel

/Water layer
b 3

Figure 2.3. Square lattice of cubical posts. a) In the Cassie—Baxter state water touches only the
tops of the posts. b) The entire surface is wetted in the Wenzel state.

Fully wetted
surface

a part of the surface under the drop remains dry.

The composite wetting regime was addressed in 1944 by Cassie and Baxter, 3°
who considered a system where fraction f; of water wets the surface, yet frac-
tion f2 lies on top of an “air cushion” (see Figure 2.2b). The net energy of creat-
ing a wetting surface per unit area can be expressed as G = f1 [YSL —ysv) + foy.
With the help of Young’s equation (2.3) this can be written as G =y (f2 — f1cos0),
and the apparent contact angle can be defined as cos0* = (YSV - YSL) ly =-Gly,

which combined with previous results in the Cassie-Baxter equation,
cos0* = f1cos0 — fo. (2.6)

It can be seen that increasing the air fraction, fs, yields higher apparent con-
tact angles regardless of the Young’s contact angle. This effect has been em-
ployed in creating surfaces exhibiting composite wetting for materials which
exhibit intrinsic contact angles less than 90°.4° However, not all values of f5
are stable, which becomes apparent when f3 — 1 as the drop should lie on top
of nothing but air. In addition, when f2 = 0, the Cassie—Baxter equation (2.6)
reduces to the Wenzel equation (2.5) with f; = r, and for strictly horizontal in-
terfaces fo = 1—f1. 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 favor-
able.#? Furthermore, in certain systems, transitions between the two wetting
regimes can occur either spontaneously or they may be induced by an external

stimulus. 4247
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2.3 Wetting Transitions

The most simple way to evaluate wetting transitions is to calculate the surface
free energy changes between two distinct states. The energy required to wet
a surface can be evaluated by multiplying the interfacial free energy by the
wetted area. The Wenzel and Cassie-Baxter states in Figure 2.3 act as model
system, and let us consider a simple transition from the Cassie-Baxter state
to the Wenzel state, hereafter denoted as C — W. The shape of the posts is a
cube with sides of width, rp, height, 2, and post—to—post distance (pitch) of p.
In the Cassie—Baxter state water touches the tops of the pillars and lies on an

air cushion elsewhere. The surface free energy can be written as:
GeB = YSLAGE + YALY +7YsvASy- 2.7)

Similarly, in the Wenzel state, the whole surface is wetted, and surface free
energy becomes:

Gw=YsLAY,. 2.8)

The transition energy from the Cassie—Baxter to the Wenzel state can be writ-
ten as:
Gc_w=Gw—GcB = YsL (Agi—AgE) ~YAZE - ysvASY, (2.9)

which using Equation (2.3) and noting that A‘SAL —A(SJI]? = Ag\]? reduces to

Gow=-7(AY +ASE cos0). (2.10)
For simplicity, let &~ = r, and p = 2rp, which results in
Ge-w=-Y7 (7r% cosf + 3r12)) . (2.11)

The Cassie—Baxter state is energetically favorable when the transition energy
is positive, Go—w > 0, which yields a geometric inequality 6 = 115°. Interest-
ingly, the result depends neither on the actual value of r, nor the used fluid (no
y—dependence). If the intrinsic Young’s contact angle is known, Equations (2.5)
and (2.6) can evaluate the apparent contact angles, using f; = %, fo= %, and
r =2. For a reasonably hydrophobic surface, whose 6 = 110°, the apparent con-
tact angles yield 65 = 147° and 0}, = 133°. However, this reasoning yields
no information about whether a phase transition should occur. For that end,
the stability of the Cassie—Baxter state needs to be evaluated through a force-

balance mechanism.

10
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A transition from CB to W can occur by two routes. The first route is through
destabilization of the meniscus and the second is through an external force.
Consider a post system with vertical walls, such as in Figure 2.4a. When the
water—air interface moves downwards the contact angle adopts on the vertical
surface. For 6 < 90° the interface has to curve upwards (in this system), which
indicates a negative Laplace pressure. Since pressure inside the meniscus is
higher than outside, the depicted situation is terminally unstable and the sys-
tem collapses to the fully wetting Wenzel state. The second process involves
an external force, which in the simplest case is pressure (see Figure 2.4b). In-
ternal Laplace pressure, Apvy.1, curves the water—air interface downwards and
the contact angle at the edge of the post has to adopt correspondingly to the

equilibrium contact angle, 6. The pressure exerts a force of
Fy1=AwApyL (2.12)
on the meniscus, which is countered by surface tension force at the post edges
Fy = Lycos0eq, (2.13)

where L is the length of the contact line around the post, and 0.4 is the equi-
librium contact angle. Additionally, an external pressure, Ap, pushes on the
meniscus by force:

Fp :ALvAp. (2.14)

Right before the contact line starts to move, it is countered by a force, which
is related to the highest non-equilibrium contact angle the surface can uphold,
i.e. the advancing contact angle (the different contact angles are discussed in
detail later).

Fy =7 (cosfeq—cosfs)L. (2.15)

This force is equal to F'y = F, + Fy 1. Subtracting the internal Laplace pressure
from the required pressure to move the contact line yields a critical external

pressure condition for the second process:

F,=F,—Fyy, (2.16)

= Ap.=—LycosOs/A. (2.17)

Replacing the geometric values for the square lattice of cubes, 7, = 10 um, sur-
face tension of water (y = 71.97 mN/m), and 6 = 125° yields Ap. = 5.5 kPa,

which corresponds to the hydrostatic pressure of a ca. 55 cm high water col-

11
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a)

sy,
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Figure 2.4. Force balance on a post system (geometry exaggerated). a) For excessively low con-
tact angles, the pressure inside the meniscus becomes negative, which renders the
system unstable. b) Laplace pressure Ap induces a downward force on the water—air
interface and interfacial tension force at the post edge opposes it. The force arrows
indicate the forces exerted on the water—air interface.

umn. The result indicates that the original state remains more stable until an

overpressure of 5.5 kPa is reached.

2.4 Contact Angles and Hysteresis

As was already mentioned, a variety of contact angles exists.?8 The ones rele-
vant to this work are briefly discussed below. The Young’s contact angle (CA,
0) was already mentioned and it is the one defined by Young’s equation (2.3).
Here it is also called the intrinsic contact angle, which defines the contact angle
of the surface excluding the effects of roughness or chemical heterogeneity. Ge-
ometric contact angle (or simply “contact angle”, also 8) is used in calculations
to represent any possible (or even impossible) Young’s contact angle. Apparent
contact angle (9*) is the one, which is macroscopically measured on a rough
surface and it usually can be evaluated through the Wenzel (2.5) or Cassie—
Baxter equations (2.6). Most stable contact angle (MSCA, 6y5) is defined as the
contact angle, which is thermodynamically most stable. This is the value that
should be reported, yet it has turned out to be challenging to measure.*8-51
Instead, so-called advancing (ACA, 64) and receding (RCA, 6r) contact angles
are typically reported. Due to contact line pinning and surface heterogeneity
there exists a range of metastable contact angles, which can be measured ex-
perimentally (the process of measuring the RCA is discussed in detail later).
In addition, there are also dynamic contact angles, which occur when the lig-
uid contact line is moving at a significant velocity. The aspect of moving non-
curving contact lines has been dealt with theoretically, experimentally, and by
means of simulations, yet no simple form for moving contact lines of drops has
been demonstrated.52-58

In order to explain advancing and receding contact angles, it is necessary to

describe the basics of contact angle measurements (a more thorough method

12
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a) Initial drop b) CAincreases, c) CAremains stable (ACA),
contact line stays stable contact line advances

d) CA decreases, e) CAremains stable (RCA), f) Distorted drop
contact line stays stable contact line recedes

g) Contact angle measurement h) Dynamic contact angle
<W «—ACA 4
O O

ACA~,

RCA—
/—RCA

—_— —_—

Volume Contact line velocity

Figure 2.5. Basic procedure for measuring the advancing (ACA) and receding contact angles
(RCA). a) An initial, as-deposited drop with a needle. b)-c) Volume of the drop is
increased until the advancing contact angle is reached. d)-e) Volume is decreased
until the RCA is reached. f) Distortions often occur for small drops. g) Example of
a contact angle measurement, where volume is first increased and ACA is reached,
followed by volume decrease and RCA. h) Contact angle as a function of contact
line velocity. The ACA and RCA occur at zero velocity and they are thus static
contact angles. Adapted with permission in part from Publication I. Copyright
©2013 American Chemical Society.
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is given in Chapter 3). Figure 2.5 shows schematically the way in which a
sessile drop contact angle measurement proceeds. Briefly, a drop of water is
deposited on the studied surface, where it adopts an unspecified contact an-
gle (Figure 2.5a). The contact angle is, in general, not the MSCA, since the
method of drop deposition affects the result. To measure the MSCA, more com-

4850 or tilting-plates,5! have

plicated methods, such as mechanical vibration
to be employed. The ACA is reached by increasing the drop volume as long
as the contact angle increases (Figure 2.5¢) and taking the saturation value.
Correspondingly, RCA is reached by decreasing the drop volume (Figure 2.5e).
The ACA is thus the highest measurable (static) contact angle and RCA is the
lowest (static) contact angle. They are trapped metastable states, as there ex-
ists a global minimum somewhere in between the two. However, these states
may exhibit long lifetimes. Another way to define the angles is to consider an
experiment, where contact angles are probed against the movement of the con-
tact line (Figure 2.5h). At zero velocity, a range of contact angles coexist. This
range defines the static contact angles and its limits are exactly the ACA and
RCA. The region of metastable contact angles limited by ACA and RCA is called
contact angle hysteresis.

Hysteresis refers to an effect where material properties depend on its history.
In terms of wetting, contact angle hysteresis refers to the range of static contact
angles a surface can uphold. It is most simply defined as AG = 04 —0Og, yet this
definition has little physical meaning. Sometimes Acos6f = cosOg — cosfa has
been employed.? It is directly proportional to the force required to move a
drop on a surface,* F ~ Acos#, yet its value ranges from 0 to 2, which makes it
difficult to comprehend intuitively. Instead, Publication I proposes a “hysteresis
percentage”,

Acosf Og — cosd
ABy, = C;’s -100%:%400%, (2.18)

which ranges from 0% (zero hysteresis) to 100% (full hysteresis). Full hystere-
sis represents a situation where 65 = 180° and 6 = 0°, and zero hysteresis
occurs for all combinations where 05 = 6g. The hysteresis percentage values
for different contact angles can be directly compared to each other as the hys-
teresis percentage value does not depend on the actual contact angles. Further
benefits emerge, for example, when considering the MSCA or wetting phase
transitions.

A sessile drop on a surface will start to slide downwards when the surface is
inclined at a certain angle, @, which depends on the properties of the surface
and the drop. A simple derivation is given by considering the situation in Fig-

ure 2.6, where a drop resides on an inclined plane. Gravitational force pulls

14
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Figure 2.6. Geometry used in deriving the sliding angle. a) A plane is inclined by angle, a, and
the contact angles at the extremes are 85 and 6g. b) The drop moves forward by
distance dx. ¢) Drop from above. ¢ is the spherical coordinate, S is the length of the

contact line, w is the drop width, R is the drop radius at ¢, and F is the contact line
force due to surface tension.

the drop downwards, which creates a sliding force Fy = mgsina. Right be-
fore starting to slide, this force is opposed by a “contact angle hysteresis force”,
Fcag. This force can be estimated by considering the projection of the force
along the sliding axis. Without losing generality, the equation can be written in

spherical coordinates,

— 21
fdf ~éy=—f0 [ycosO - (ysv —7ysL)]| R cosdpdp. (2.19)

Equation (2.19) can be simplified, when certain parameters, such as the shape
of the contact line or the contact angle distribution, are known. For symmetric
contact lines, the equation simplifies to Fcapg = -y f02 "R cosfcospd¢. By as-
suming that at the advancing front 8 = 6 and at the receding front 6 = 6y, the
integral can be split into two hemispheres. Further assuming a circular con-
tact line, i.e. R # R(¢), the total force reduces to Foag = 2YR (cosOr —cosfy).

Finally, the equilibrium right before sliding can be written
sina = ﬂl(cosBR—coseA)=K/132A0%, (2.20)
Vg

where p is the density of water, g is gravitational acceleration, w = 2R is the
width of the drop, K is a term containing all the geometric parameters of the
system, such as the mass of the drop and the length of the contact line, A, is the
capillary length (2.7 mm for water), and the hysteresis percentage, Af¢,, which
was conveniently substituted into the equation. The geometric term varies de-
pending on the derivation, for example, Furmidge? K = w/V (drop profile is a
rectangle), Rosano® K = [/V (circular contact line), and Macdougall & Ock-
rent® K = A1, where w is the drop width perpendicular to the sliding axis, V
is drop volume, [ = w is the drop contact diameter, and A is drop contact area.
All of these approaches neglect the fact that only at the very edges of the ad-
vancing and receding fronts the maximum/minimum contact angle values are
reached and the contact angle changes continuously as a function of ¢. How-

ever, in many situations, the drop adopts a nearly rectangular shape,* and the

15



Theory

ey Y. X.)

&—Total wetting + Partial wetting
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€ Hydrophilic =—‘ Hydrophobic >
Superhydrophilic Parahydrophilic 0<90° 0>90° Parahydrophobic Superhydrophobic
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Figure 2.7. Schematic representation of wetting terminology. Spreading parameter, S, divides
surfaces to total wetting and partial wetting. The sign of cos6 defines hydrophilic
(+) and hydrophobic (-) surfaces. Parahydrophilic and parahydrophobic indicate
roughness-induced increase in the intrinsic property of the material. Superhy-
drophilic surfaces display exactly 6* = 0 and S > 0. Superhydrophobic surfaces
exhibit the Cassie-Baxter wetting state and g > 150°.

approximation becomes valid. Furthermore, the applicability of the equation

needs to be estimated in each case separately.

2.5 Superhydrophobicity

In its simplest form, superhydrophobicity refers to extreme non-wettability of a
surface by water. The origin of the term is unclear and there still exists no exact
definition. Sometimes the term has been claimed®? to have been first used by
Onda et al. as late as 1996,5%54 yet a little literature research shows that it has
been used as an already established term as early as 1976.%566 To understand
the special nature of superhydrophobicity, it is necessary to introduce a whole
spectrum of wetting terminology. There exists numerous competing definitions
and terminologies, whose popularity depends on aspects such as the author’s
field and background. The nomenclature used in this study mainly follows the
terminology proposed by Marmur3? along with a definition for superhydropho-
bicity, which was introduced in Publication I. Figure 2.7 demonstrates the em-

ployed definitions.
2.5.1 Hydrophobicity, Hydrophilicity

Young’s equation (2.3) yields an intuitive, yet arbitrary, definition for
hydrophilic and hydrophobic surfaces. As the cosine changes its sign exactly
at 6 = 90°, it results in ygy > ygy, for hydrophilic and ygy < ysy, for hydropho-
bic surfaces. These inequalities indicate that hydrophilic surfaces are rather

wetted than dry, and vice versa. However, there are other possibilities. One
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definition is based on the work of adhesion given by the Dupré equation:
Wa=ysv+y—vsL=y(1+cosh), (2.21)

which indicates the amount of energy required to dry a wetted surface. Since, in
the study,®” hydrophilic molecules exhibited a free energy of solvation, AGgp, =
—Wa, of < —113 mJm™2 in water, the limiting contact angle was defined as
0 = 56°.5267 Another approach defined hydrophilic surfaces as having water
adhesion tension, 7 (Equation (2.4)), of less than 30 mN/m, which results in
a limiting angle of 65°.%% This approach has gained some recent support,®?
and it has been claimed that polymer surfaces with 6 > 65° exhibit Wenzel-
type increase in contact angle, when roughened with sandpaper, and even a
modified Wenzel equation has been proposed.’® However, these results remain
controversial, as it is not entirely clear whether the effect could have been due
to increased hysteresis, since advancing and receding contact angles were not
reported. The most simple definition based on the sign of the cosine is used in
this study, since none of the other propositions yield additional benefits, and
especially their compatibility with roughness-induced hydrophobicity asks for

further clarifications.

2.5.2 Parahydrophobicity, Parahydrophilicity

The Wenzel equation (2.5) describes how roughness of a surface affects its
apparent wetting properties. Currently, there exists no generally approved
nomenclature for roughness-induced hydrophobicity and hydrophilicity. An at-
tempt on clarification was introduced by Marmur,3? who defined roughness-
induced hydrophobicity as parahydrophobicity, which indicates hydrophobicity
beyond (i.e. “para”) what can be achieved by smooth surfaces. This approach
has not yet gained general popularity. However, in lieu of a better solution, the
para-approach is adopted here. Smooth surfaces, for which contact angle would
be higher than 120°, remain unknown. Thus, surfaces with 6 > 120°, which are
not superhydrophobic, are called parahydrophobic. Similarly, parahydrophilic
surfaces can be defined as ones exhibiting apparent contact angles less than
their Young’s contact angles. There is no lower limit for smooth hydrophilic
surfaces. Therefore, there is no requirement for the contact angle to exhibit a
value less than some limiting angle. There remains controversy about these
definitions, which has led to parahydrophobic surfaces being widely named
superhydrophobic and parahydrophilic surfaces being confused with superhy-

drophilicity. Note also that smooth surfaces are never parahydrophilic, yet
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Figure 2.8. Geometry used in estimating the volume of spherical cap. a) A sessile drop on sur-
face with contact angle, 0. b) Geometric relations of the different variables.

they can be superhydrophilic.

2.5.3 Traditional Definition of Superhydrophobicity

Superhydrophobic surfaces comprise a class of materials, which are charac-
terized by extreme water repellency and a low roll-off angle for water. The
most commonly employed definition for superhydrophobicity sets two require-
ments. The contact angle of the surface should be higher than 150° and the
sliding angle of a drop on the surface should be less than 10°.626471 Some-
times the second requirement is phrased as “low sliding angle”. As was stated
earlier, superhydrophobicity is impossible to achieve through surface chemistry
alone, yet surface roughness and Cassie-Baxter -type of wetting is required.
The roughness can be on the microscopic level, nanoscopic level, or hierarchi-

19,63,64,72-74 19,72

cal. Superhydrophobicity is observed in nature as well as in

man-made systems®3.

The traditional definition is incomplete in two ways.
First, it does not state which contact angle should be measured. The most
obvious choice would be the MSCA, yet it seems that in many cases the only
reported value is a “static” contact angle, which bears no thermodynamic infor-
mation. Second, the requirement for a low sliding angle is complicated by its
dependence on numerous experimental parameters (see Equation (2.20)), such

as the size of the drop and the type of surface roughness. #6175

2.5.4 Proposed Definition of Superhydrophobicity

Publication I proposes a novel definition for superhydrophobicity, namely that
superhydrophobic surfaces exhibit a receding contact angle higher than 150°.
While the choice of the limit in contact angle is arbitrary, this remarkably sim-
ple definition satisfies both the requirements of the traditional definition and
states unambiguously which contact angle is the determining factor. The re-
quirement for a low sliding angle can be assessed through Equation (2.20).
Replacing values for water and assuming a spherical cap shape for the drop

(i.e. gravity is neglected) yields an inequality KA.2A60q, < sinagy. Figure 2.8
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depicts the geometry and parameters employed. The volume of a segment of
a sphere can be written as V = %h2(3R —h), and the height of the segment
h=R (1 —cos </>). Combining these with the volume of a sphere, Vyhere = §HR3,
and noting that ¢ = 0 — /2 leads to

/2
V= Vsphere — Vsegment = §R3 (x3 —3x+ 2) s (2.22)

where x = cos@, for simplicity. Using w = 2r = 2R sin6, the width of the base of

the drop may be written as:

ol

1
24\3 -
w:V%(—J (®-8x+2) 3 V1-4x2, (2.23)
7
which can be employed to estimate K = {7 = Vi (), where f(0) is a function
containing all the contact angle dependence. Inputting the values into the in-

equality, yields

2 :
W) 2.24)

Verit = ( sinag

Replacing pairs of contact angle values in the range from 150° to 180°, gives
a maximum for the critical volume for sliding, which is ca. 5 ul for a sliding
angle of 10°. Thus, the requirement that the receding contact angle is higher
than 150° always leads to a sliding angle less than 10° for drops larger than
5 pnl. For most contact angles the required volume is less than this value, since
it is the “worst case” scenario. The proposed definition for superhydrophobic-

ity is employed throughout this study and surfaces which exhibit inadequate
hydrophobicity are simply termed parahydrophobic.

2.5.5 Superhydrophilicity

In addition to superhydrophobicity, another concept that has caused confusion
is superhydrophilicity. On a smooth surface with a positive spreading parame-
ter, S, water spreads completely and thus adopts a zero contact angle. This kind
of surface is also called superhydrophilic. On a rough hydrophilic surface, the
apparent contact angle is given by the Wenzel equation (2.5). Zero contact angle
can be reached by satisfying rcosf > 1. For 6 = 60°, roughness needs to equal
2 to reach zero apparent contact angle. The question remains, whether such a
surface is superhydrophilic or merely parahydrophilic. An interpretation, that
a surface with an apparent contact angle of exactly zero is superhydrophilic, is
adopted here. However, in literature, surfaces and materials with “low” con-

tact angles have been misleadingly denoted superhydrophilic. This has been
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the case, especially with absorbing materials, such as sponges. The dynamics
of the wetting process are different for surfaces where contact angle actually

3262 which calls for a

reaches zero than those with contact angle close to zero,
distinction between the two cases. In this study, surfaces that do not satisfy the

strict criterion are called parahydrophilic.

2.5.6 Oleophobicity, Oleophilicity

So far, this text has only considered water as the liquid phase. Also other liquids
follow the same set of rules and equations, yet they are more prone to wetting
the surfaces. There are two reasons behind this notion. Polar liquids of van
der Waals -type wet a surface totally when the liquid is less polarizable than
the surface,® which is governed by an approximate equation, S = % (ag — a1,) ar,,
where the ag and ay, denote the polarizabilities of the solid and liquid, respec-
tively. However, for non-polar liquids, the spreading parameter is independent
of the liquid, and only a function of the surface free energy, ysy. Here, an
additional prefix of oleo- is employed to describe surface wetting by oils and
non-polar solvents.* Oleophobicity refers to materials that repel oils. Because
of the combination of high surface tension and high polarizability of water, sur-
faces are always more “phobic” towards water than oils.” Therefore, oleophobic
materials are also hydrophobic. However, it is easy to find out that hydrophobic
materials may well be oleophilic, which creates an interesting combination of

water repellency and oleophilicity, which was utilized in Publication V.

2.6 Theory of Contact Angle Measurements

Contact angle on a surface is a manifestation of the Young’s equation, ycosf =
Ysv —YsL- There are four independent variables, one of which can be readily
measured (in a single measurement) when the others are known. Typically,
the properties of a surface are probed using water as a probe liquid. The most
comprehensive quantity about a surface is its surface free energy, ygy. It cannot
be directly measured, yet if y is known (or measured beforehand using another
technique) the quantity ysy — ysL can be calculated by estimating the contact
angle 0. Use of several probe liquids with different surface tensions allows
determination of the surface free energy, since ygy, can be eliminated. However,
in many cases it is adequate to evaluate the wetting by water. In this case,

surface free energy yields no additional benefit when compared to the contact

* Other possible terms include hygro-, amphi-, omni-, lipo-, and lyo-.32
TAn exception of “underwater oleophobicity” exists, yet is not dealt here.
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Figure 2.9. Schematic representation of the sessile drop method for measuring contact angle.
Not to scale.

angle. The determination of the contact angle is the far most used method for
determining surface wettability in the field of superhydrophobicity.

On a surface with fixed parameters (ysy, ysL), a drop with a fixed volume
adopts a unique shape. Small drops, with diameter less than the capillary
length, 2R < A., form a spherical cap shape. This is easy to understand through
the Young—Laplace equation (2.1), which states that curvature of surface is
directly proportional to the pressure inside the drop. When gravity is neglected,
the pressure inside the drop is constant, which results in constant curvature.
In principle, a small drop with fixed volume could be uniquely identified by its

width: .
24 3
_# if6 > 90°

7 (x3—3x+2)

w= . 2.25)

24V 3
LA 1-x2, if0<90°
7 (23— 3x+2)

However, the exact determination of the volume without resorting to measur-
ing the drop width is difficult. Therefore, often the contact angle is optically
determined using a goniometer and the volume of the drop is calculated from
its geometric parameters.

The most common method for measuring contact angles is the sessile drop
method, which is also known as the goniometer method. Therein the studied
surface is placed horizontally on a platform and a drop of water is placed onto it
by using a microliter syringe. The profile of the drop is recorded with a camera
and the images are analyzed with a computer. In this method the contact an-
gle is actually measured at the contact line. The simplest method is known as
tangent method, where a straight line is fitted along the perimeter of the drop
to assess the contact angle. A slightly more advanced method is to fit a poly-
nomial along the lower part of the drop. Further improvements can be made
through fitting a sphere or an ellipse to the whole drop. This method works
well for either small drops (diameter much smaller than the capillary length)

or hydrophilic surfaces, where the effects of gravity are less significant. The
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a) b) c)

dz ds
/ \

/

Figure 2.10. The geometry used in deriving the Young—Laplace -shape of a drop in the axisym-
metric case. a) s is the path length from top, ¢ is the angle from the vertical axis,
R1 and Rg are the principal radii of curvature. b) R9 forms a right triangle with x
at angle ¢. ¢) The differential steps dz and dx relate to ds through angle ¢.

definitive method for determining contact angles is to fit a full axisymmetric
drop profile based on the Young-Laplace equation (2.1).

Axisymmetric drop-shape analysis (ADSA) yields the most accurate and phys-
ically relevant results in sessile drop contact angle analysis.”®"7 Consider a
system shown in Figure 2.10, where a drop lies on a surface. Young—Laplace
equation states that the pressure difference across the water—air interface is
equal to Ap = yC, where C = R% + Rlz is the curvature of the surface. The z-
axis is drawn downwards from the top of the drop and the x-axis represents the
distance from the z-axis. The radii of curvature are rewritten with the help of

geometrical considerations (see Figure 2.10b,c):

1 do
dS—Rld(P@]e—l—E, (226)
. x 1 sin¢
= e —=_—"T, 2.27
sin¢ 7 = R . ( )

Hydrostatic pressure, Apgz, acts on the drop, yet at the top it is zero, which

leads to:
1 1 1
- =-_—_=p 2.28
R1 Ry Ry ’ ( )
1 1 2
e —_— |l =y— = 2b = A . 2.29
Y(Rl + Rz) YRO Y =Apo ( )

At heights, z > 0, hydrostatic pressure is taken into account by writing:

Ap(2)=Apo+Apg(z) =2by +Apgz (2.30)
LT 2.31)
ds x

where the capillary length, x 1= 1, = ﬁ, was employed. A set of differential
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equations can now be written with the help of geometrical identities:

d¢o sin

T _9p _

ds x

d

22 cos ¢ (2.32)
ds

dz sin¢

= i

ds

Using s as the free parameter, at the top of the drop, s = 0, which leads to
x(0)=2(0)=0 and 'fi—f =b. No general solution exists for this set, yet numerical
integration readily yields the axisymmetric drop profile.

Sessile drop contact angle analysis typically employes a computer software,
which calculates ADSA profiles for different drop sizes and then tries to fit the
calculated profile to the photographed drop shape. However, the equations also
yield theoretical information about drop shapes and what kind of effects occur
with a given set of rules. This approach was employed in Publication I, where
numerous drop shapes were calculated to gain insight into the phenomena oc-

curring during contact angle measurements.

2.6.1 The Receding Contact Angle

Publication I considers the difficulties of measuring the receding contact angle
using the sessile drop method. Section 2.4 described how the advancing and re-
ceding contact angles are defined and also in which way they can be measured.
It turns out that measuring the advancing contact angle is facile, yet measuring
the receding contact angle often leads to problems. This study found that the
reasons behind these phenomena are due to contact angle hysteresis combined
with geometry. To comprehend the situation, it is necessary to create a model
experiment.
The model defines a simple set of rules:

1. Three parameters define a drop:

(a) volume, V

(b) baseline length, L

(c) contact angle, 6
2. When two are known, the third can be calculated
3. 0 is bound by the advancing and receding contact angles, 0 € [0, 041
4. When V is increased:

(a) If 6 <64, increase 6 while keeping L constant

(b) If 6 > 0 after previous step, set 8 =05 and increase L

(c) If 6 =04, increase L while keeping 0 constant

23



Theory

@ 170 . B 170+ i
5 Advan A .
g = dvancing C @ ) Advancing CA|
S 160 %
‘8 150 s e
IS ks}
S g
8 150

=
qé- 100 -
£ o0 P .
o
= 20y 1 €
c E 150 ¢ T
E 15t -
() @ 10} i
[ (2]
‘g 101 1 3
§ v 7

Time — Volume, pl

Figure 2.11. Simulated contact angle measurement using spherical-cap approximation. Dashed
lines mark the advancing and receding contact angles. The advancing value is
quickly reached, yet acquiring the receding value consumes more time.

5. When V is decreased:

(a) If 6 > Og, decrease 0 while keeping L constant

(b) If 6 < Oy after previous step, set 6 = Or and decrease L

(c) If 0 = OR, decrease L while keeping 0 constant
These rules allow to simulate the measurement of advancing and receding
contact angles. An example simulation using spherical-cap approximation is
shown in Figure 2.11. Therein volume is increased and decreased using a con-
stant rate. From the starting point, the contact angle reaches the advancing
values quickly and saturates. Receding angle is also reached, yet only at a
small volume. This behavior was later confirmed also experimentally, which is
discussed in Chapter 3. However, simple rules for the volumes needed to reach
the advancing and receding contact angles, can be derived.

The volume of a spherical cap is given by Equation (2.22) and the diameter of
the circle contacting the surface (i.e. “baseline”) by Equation (2.23). Consider
a situation, where 0 = 0, and volume of drop is V5. When the drop volume is
reduced until 0 = Og, the baseline lengths are still equal, L = Ly, which leads
to:

B 24Vp

3
2

(2.33)

3 (3 -804 +2) ' (1-22)

T
_ 24Vg

roleo

(af —8ap+2) " (1-22)2 =L} (2.34)
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Figure 2.12. Drop volume required to reach receding contact angle at 5 ul. a) Spherical-cap
approximation yields acceptable results when either hysteresis is low or the con-
tact angles are less than ~ 120°. Shaded area deviates from Young—Laplace result
by more than 50%. b) Result based on solving the Young—Laplace equation yields
more accurate results. Adapted with permission from Publication I. Copyright
©2013 American Chemical Society.

resulting in a linear relation:

VR = f(xa,2Rr)Va, Where (2.35)

roles

(xr—1)*(xr+2)(1-23)"

_3
2

flxa,xr)= (2.36)

(xa—1)*(xa+2)(1-23)
These equations yield the volumes required to reach the advancing and reced-
ing contact angles at certain volumes. For 64/0g of 150°/100°, the volume when
advancing contact angle is reached after residing at receding contact angle at
2 ul, equals 24 pl. In contrast, to reach the receding angle at 5 ul, a volume
of 60 pl is required. These results were calculated using the spherical-cap ap-
proximation, which exaggerates the volumes, yet still gives qualitative insight.
Numerical calculation of the Young—Laplace equation yields more accurate re-
sults and, as an example, the required volumes to reach the receding contact

angle at 5 ul are plotted as contours in Figure 2.12.

2.7 Wetting Transitions on Hierarchical Surfaces

The leaf of a lotus plant is the most commonly used model superhydrophobic
surface. It repels water and keeps itself clean, because water drops gather mud
and other particles from the surface while they are rolling off. These remark-
able properties are due to the hierarchical structure of the plant surface, where
papillae of ~ 10 pm are covered with tiny wax tubules.'® The role of the hier-
archical structure is not exactly clear, yet some theoretical considerations show

that the hierarchical structures can be more stable than single level structures.
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a) Single-level topography b) Hierarchical topography
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Figure 2.13. Hierarchical wetting demonstrated. a) On single-level topography the transition
from the Cassie-Baxter to the Wenzel state is energetically favorable. b) The
“micro—Cassie” state on a hierarchically structures surface is energetically favored
to the “nano—Cassie” state.

Energetics of wetting transitions of single-level topographies were described
in Section 2.3. Equations (2.7) and (2.8) are general for any wetting transition
from a composite state to a fully wetting state. Therefore, also Equation (2.10)
is of general form. It is necessary to consider in which ways to modify these
equations to account for hierarchical surfaces. Young’s equation (2.3) describes
contact angle on a smooth surface, and both the Cassie-Baxter and Wenzel
equations relate the apparent contact angle to the Young’s contact angle. In a
simple approximation, the small-scale structure can be considered an equiva-
lent smooth surface, as long as no wetting transition alters its wetting proper-
ties.

cos8 = (ysv —ysL)/y =cos0, and (2.37)
AGl_,g ==Y (ALV +Asvcos9;5) , (2.38)

where 6 is the equivalent Young’s contact angle of the small-scale structure.
A requirement for more stable non-wetting state is that transition from it con-
sumes free energy. Therefore, AGi_o < 0, which leads to a geometrical con-
straint:

A
2LV < —cosO?,, (2.39)

Agv
which also yields a geometric limit for single-level topographies, for which 67 <
120°, namely Agy = 2A1y. The value states how deep the protrusions need to be
compared to the wetted area. Surfaces, which do not satisfy this requirement,
can be energetically stable only if they are hierarchically structured. Consider
a surface, for which 6} = 160°, i.e. a hierarchically superhydrophobic surface.

In this case the limiting geometry is Agy = 1.02A1y. An upper limit occurs

when 0} = 180°, which leads to a result that surfaces with Agy < Ay cannot
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exhibit a stable non-wetting state. In conclusion, hierarchical wetting extends
the possible energetically stable geometries to ﬁ—g € [%,1]. However, this is
not the only benefit of a hierarchical surface, yet also the pressure stability is
improved.

Equation (2.16), which is universal for wetting structures of similar posts or
trenches, gives the force required to move a wetting contact line downwards on
a structured surfaces. Consider two surfaces, a single-level topography with
04,1 = 120° and another with hierarchical topography, 84 2 = 170°. If the critical
pressures are written as equal, Ap.1 = Apc2, a limit can be derived for the

geometrical constraint, namely L/A (see Equation (2.16)):

(L/A)1cos0a1 =(L/A)gcosOp (2.40)

(L/A), _cos Oa1

=2 2.41
fgeom (L/IA); ~ cosBps 24D

and replacing the contact angles, yields fgeom = 0.51, with the lower limit of
feeom = % at 05 = 180°. Thus, for the same stability, i.e. same critical pres-
sure, the size of the structure (which affects parameter L) can be up to half
smaller with the same pitch (which affects parameter A). This results in the
fact that hierarchically superhydrophobic structures are more stable in terms
of pressure. To get some values, a model structure presented in Section 2.3 can
be considered. Therein, L =4r, and A = 3r%, which leads to Ap = 4.8 kPa for
single-level topography (6a = 120°) and Ap = 9.5 kPa for hierarchical surfaces
(6A =170°).
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3. Experimental Results

“No amount of experimentation can ever prove me right;
a single experiment can prove me wrong.”

— Albert Einstein

This section describes in detail the synthesis of silicone nanofilaments and
the processes to create functionalized nanocellulose aerogels. Furthermore,
a model for the formation of silicone nanofilaments is proposed. The chosen

method for contact angle measurements is also briefly discussed.

3.1 Silicone Nanofilaments

Silicone nanofilaments (SNFs) are a novel class of materials, which were in-
dependently introduced by three research groups during 2006—2007.78-80 They
comprise superhydrophobic surfaces, whose fabrication method is facile and
which have also been found to exhibit good mechanical and chemical stabil-

8182 a5 well as scalability of production.®® As shown in Figure 3.1, a sur-

ity
face with a percolating network of filaments (i.e. fibers) with diameters of
10-100 nm forms the basis of all SNF materials. These filaments are synthe-
sized through either a gas-phase or solvent-phase synthesis onto a hydroxyl-
terminated substrate, such as silicon or glass. The most commonly used pre-
cursor molecule is methyltrichlorosilane (MTCS), which has three reactive Si—
Cl bonds along with a methyl group, which provides intrinsic hydrophobicity.
Instead of chlorine, the reactive group can also be methoxy, ethoxy, or even
dimethylamino, yet they typically require a catalyst, such as HC1.84 Remark-
ably, SNF surfaces created by solvent-phase synthesis onto silicon wafers have
been reported to exhibit perfectly hydrophobic (PHO) water contact angles of
0a/0r = 180°/180°,7%84 yet typically the surfaces exhibit advancing contact an-
gles up to ca. 170° with hysteresis Afg, < 10%. 78,81-83,85-90

Figure 3.1 depicts a typical morphology of SNF-coated surfaces. The fila-
ments form a densely packed surface with sub-micron features. The individual
nanofilaments are hydrophobic because their exteriors are mostly covered by
methyl groups, which provide low surface energy. Therefore, a drop in con-

tact with such a nano-rough hydrophobic layer, experiences wetting governed
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Figure 3.1. Silicone nanofilaments. a) A tilted scanning electron micrograph of a typical SNF
surface. b) A higher magnification scanning electron micrograph. c) Color added
for emphasis. A cross-sectional transmission electron micrograph of SNFs. d) Pho-
tographs from contact angle measurement show 6,/0g = 168°/165°. e) A photograph
of water drops on a hierarchically superhydrophobic SNF surface.

by the Cassie-Baxter equation (2.6). A surface coated with SNFs is difficult to
wet, because of the high intrinsic contact angle of the nanofilaments. This leads
to a trapped air layer beneath the filaments, which accounts for the superhy-
drophobicity. The fraction of water actually in contact with the filaments can be

91

low, which also reduces the hysteresis,”" since the filaments act as “hydrophilic

pinning sites” on a surface of air.

3.1.1 Synthesis of Silicone Nanofilaments

The synthesis of SNFs is based on the properties of the silane precursor mole-
cule, which is typically methyltrichlorosilane. It comprises three reactive groups,
which is essential for the formation of the structures. Methyltrichlorosilane
leads to a monolayer, dimethyldichlorosilane forms silicone “loops”, and tetra-
chlorosilane creates structures, such as spheres or films. However, a mixture
of mono-functional and tetra-functional silanes can also lead to SNFs.87 See

Figure 3.2 for a schematic representation of the reaction process. In the reac-
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Figure 3.2. The formation mechanism of silicone nanofilaments. a) First, water adsorbs onto
the substrate. b) MTCS is fully hydrolyzed before it reaches the substrate. c¢) The
hydrolyzed MTCS molecules physisorb onto the water layer and finally chemically
bond to the substrate. d) A thin continuous film is formed. e) A pressure pocket
is created at a defect site, while water vapor is generated through the cross-linking
reactions. ) The pressure inside the defect increases, which causes elongation of the
film towards the tip of the defect. g) A nanofilament is formed through continuous
or sequential expansion of the defect site.
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tion, water from the surrounding fluid first adsorbs onto the substrate surface
(Figure 3.2a). This is an extremely important step as either too high or too
low water contact will prevent the creation of the filaments. The second pro-
cess is the hydrolysis of the silane species, where e.g. MTCS hydrolyzes into
methylsilanetriol (h-MTCS) in the fluid phase, i.e. before reaching the sub-
strate (Figure 3.2b). Also other precursor molecules follow the same reaction
pathway, which is the reason behind only MTCS being considered here. Third,
h-MTCS physisorbs to the adsorbed water layer and starts to cross-link with
each other and the substrate (Figure 3.2c). The water molecules might act as
catalysts in the process. The thickness of the initial water layer is an impor-
tant factor. An initial film or separate islands of partially cross-linked silanes
form onto the substrate. After this point, different authors suggest different
pathways towards the silicone nanofilaments, 84:86:87.92

Gao and McCarthy 87 created SNF's from a chlorotrimethylsilane/tetrachloro-
silane (CTMS/TCS) azeotrope (i.e. a mixture whose components boil simulta-
neously). Their model is based on CTMS species acting as terminating agents
for the three-dimensional growth of TCS structures. The CTMS/TCS ratio was
1:10. They envision that TCS reacts with water and polymerizes while CTMS
molecules terminate the growth. These entities should form particles, whose
surface is mostly covered with un-reactive methyl groups. However, the growth
could continue from defects on the surface, which accounts for the loss of sym-
metry in the system. To enable continuous growth, the terminating CTMS
species should selectively attach to the sides of the forming filaments while
TCS forms the core. The weakest point in this growth model is the explanation
for the loss of symmetry and the model only explains the growth when there
are terminating molecules available. Therefore, it is not a model that can be
considered generally valid for SNF's synthesized from MTCS.

Rollings and Veinot %2 introduced a more in-depth model for the growth of
SNFs from vinyltrichlorosilane (VT'CS), which is basically similar to MTCS
with the difference that it is not extremely hydrophobic due to the vinyl groups.
However, they could render their SNFs more hydrophobic by further passivat-
ing them with a fluorosilane, which attaches to the vinyl groups at the surface.
Their growth model starts from the attachment of VICS to the surface. All
three reactive groups cannot simultaneously attach to the reactive sites at the
substrate, which leaves one or two of them dangling from the surface. They
state that when two of the VT'CS species cross-link, the vinyl groups need to
arrange themselves away from each other, which creates a suitable direction

for the continuation of the growth. Condensation of VI'CS molecules create is-
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lands on the surface, which creates a favorable site for further condensation,
since they are “closer” to the vapor phase. However, if this was the case, the di-
ameter of the filaments would be dictated by the chemistry of the silane species
alone. It would seem to suggest a diameter of only a few molecules for the
filaments, while observations indicate diameters up to > 50 nm. The study
presents no limiting mechanism, which would prevent the creation of continu-
ous films during the island growth phase. Furthermore, the loss of symmetry
is vaguely argumented. Especially the reasons behind the inhibition of three-
dimensional growth after the island formation remains unclear.

Khoo and Tseng® suggested an amphiphilic “self-assembly” -type mecha-
nism for the growth of the filaments from MTCS. Therein the hydrophobic
species would orient themselves away from the core of the filament, which is
more hydrophilic. However, the driving forces for such short molecules are
most likely negligible in the time scale of the reaction, which they also note
themselves. In addition, the most important step, namely the formation of the
initial filaments, is neglected. Thus, no explanation for the break of symmetry
is presented. It is only briefly mentioned that methyl groups might preferen-
tially align themselves at the perimeter of the filaments, which would lead to
the inhibition of lateral growth.

Chen et al. 8* presented important data, which indicate that their SNFs con-
sist of CH3Si0; 14(OH), 7. Thus, ca. three quarters of the silanes are only
partially cross-linked. They did not observe any chlorine in the end-product,
which indicates that the molecules were readily hydrolyzed. The study envi-
sioned that CH4SiO, 5 species bind with three CH;SiO(OH) species to form a
secondary building unit, which in turn can polymerize into linear structures.
These structures can further aggregate into filament-like morphologies. Their
model is draw in plane, while the molecules are in reality tetragonal. This cre-
ates inconsistencies together with the assumption that the molecules and bonds
are rigid. Furthermore, no limiting mechanism is given for the lateral growth
and thus the break of symmetry is inadequately explained.

Apparently, all the presented models could be improved and especially the
break of symmetry is inadequately covered. Publication II presents a viable
growth model, which also explains the break of symmetry using purely physic-
ochemical and kinetic arguments. The model is given below, in Section 3.1.3,

after the description of the synthesis setup used.
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3.1.2 Gas-Phase Synthesis

SNFs have been synthesized using three distinct pathways: solution-phase, at-
mospheric gas-phase, and vacuum gas-phase methods. In solution-phase syn-
thesis, a substrate is immersed into an inert anhydrous solvent, such as toluene,
followed by injection of the silane precursor.

Publication II describes a vacuum gas-phase synthesis apparatus used to syn-
thesize SNF's, which is schematically presented in Figure 3.3. The reactor ves-
sel comprised a glass container closed with a lid, which was sealed with an
O-ring coated by a fluoropolymer and silicone-based high vacuum grease. Inlet
stopcocks were made from PTFE (i.e. “Teflon”). Inlet tubings consisted of either
PTFE or silicone, which were found to be sufficiently inert, although silicone
hardened with time and had to be regularly replaced. Vacuum and exhaust
tubings were either PVC or stainless steel. Sealing of inlet connections was
performed using PTFE collars and high vacuum grease. Thus, the materials
directly in contact with the reaction were limited to glass, PTFE, and a trace
amount of high vacuum grease.

A typical SNF synthesis procedure followed these steps. Substrates were ei-
ther microscopy glass slides, or more typically 100 mm diameter test grade
Si <100> wafers (Universitywafer, South Boston, U.S.A), which were cut into

2 area. Substrates were ultrasonicated in a heated

quarters of ca. 2000 mm
bath (60 °C) of mild alkaline detergent (10% vol./vol., Deconex 11 Universal,
Borer Chemie, Switzerland) for 15 minutes, thoroughly rinsed with de-ionized
water (> 20 MQm™!, Milli-Q, Millipore, U.S.A.), and dried under a stream of ni-
trogen. Further surface activation was performed by plasma treatment (O,/H,,
Gatan Solarus Model 950, plasma power 60 W) for 15 minutes to increase the
surface hydroxyl coverage. After the activation, the substrates were stored in
plastic containers and promptly used.

The substrate was transferred onto a flat PTFE substrate holder inside the
reactor vessel shown in Figure 3.3, after which the reactor was sealed and evac-
uated to ca. < 1 mbar. The reactor vessel featured a double-wall structure,
where a heating fluid could be circulated. However, creating a homogeneous
temperature inside the reactor proved difficult due to the poor heat transfer
between the lid and the reactor, which was further hindered by the presence of
vacuum. Therefore, the reactions were run at room temperature, which was ca.
20-23 °C. The reactor was evacuated for roughly 30 minutes, after which the
desired volume of deionized water was pipetted into a test tube, which was then

connected to the reactor, where the water evaporated with the help of some ex-
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Vacuum
-

Substrate

Reactor vessel Water MTCS

Vacuum pump

Figure 3.3. Silicone nanofilament synthesis apparatus. Water and silane precursor (MTCS) are
injected through separate inlets to ensure that mixing occurs inside the reactor and
tubing is kept short to eliminate dead volume. A metallic sealing clamp connecting
the reactor vessel to the lid is not shown in the photograph.

ternal heating by a hot air blower. The inlet was again closed and the system
was let to equilibrate typically for 15 minutes. The wanted amount of MTCS
was measured into a PTFE container with a valve, which allowed sealing the
liquid inside an inert environment. The handling of MTCS was done exclusively
under nitrogen atmosphere. The valve was connected to the reactor inlet and
both valves opened. MTCS evaporated readily and diffused into the reaction
chamber, where the synthesis occurs. The MTCS inlet valve was left open until
the end of the reaction, which lasted from 15 minutes to more than 12 hours.
Typically, the reaction was run over night. Finally, the reactor was flushed with
a dry nitrogen stream at atmospheric pressure. Flushing duration was ca. 30
minutes to allow the removal of unreacted species and reaction by-products,

such as HCI.

3.1.3 Proposed Growth Model

To explain the reasons behind the forthcoming model, it is vital to shortly de-

scribe which observations lead to this proposition. First, transmission electron
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/ Sequential burst
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Figure 3.4. The growth of silicone macrofilaments under water. A sequence of photographs
showing a) the initial shell polymerization, b—d) bubble-burst growth e—f), and that
finally the filaments fill with water. g) A silicone macrofilaments “forest”. h) A
close-up of a single macrofilaments. i)-1) A schematic representation of the growth
process, where shells first polymerize and then sequentially burst to release more
material into the water phase.

microscopy revealed hollow filaments, which are shown in Figure 3.1c. Not all
of the observed SNF's were hollow, yet enough to dismiss the possibility of imag-
ing artifacts. The creation of hollow nano-structures clearly contradicts the
previously proposed growth models. Second revelation came when disposing
of out-dated MTCS by pouring it into a bath of water. Drops of MTCS quickly
turned white in the water and fell to the bottom of the container. However, it
was only the beginning. The “pearls” rapidly burst and created “pearl-necklace”
-type structures, which greatly resembled SNF's, while being at the millimeter-
scale. These macrofilaments might be generated through a process similar to
SNFs.

Photographs of silicone macrofilaments are shown in Figure 3.4 along with
a schematic representation the growth process. First, drops of MTCS were in-
jected into the water phase using a syringe. The drop shell quickly polymerized
in contact with water and the drop fell to the bottom of the container. Hydrol-
ysis and cross-linking of the MTCS species continued inside the shell, which
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a) Cross-section TEM
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Figure 3.5. Silicone nanofilaments and hollow structures. a) A cross-section transmission elec-
tron micrograph shows that the SNFs exhibit a hollow core. The width of a SNF
equals ca. 20.5 nm. b) Transmission electron micrograph of a SNF, which has
been mechanically cleaved, displays a hollow core. ¢) Continuous and bubble-burst
growth modes demonstrated on a single SNF. The onset locations are marked with
arrows. d) Scanning electron micrograph of a SNF surface, which exhibits a rough
layer behind a sparse coverage of SNFs. e) Tilted scanning electron micrograph
exhibits partially grown SNF's originating from protrusions. f) Schematic represen-
tation of SNF's on a surface.

caused a rapid pressure increase inside the drop as water vapor was continu-
ously generated. The shell burst from the top and released liquid MTCS into
the water phase, which in turn polymerized to a new shell. The growth con-
tinued either by bubble-burst sequence or continuously (Figure 3.4c). Finally,
when all of MTCS was consumed, only a thin shell remained, which then filled
with water (Figure 3.4e). A close up of a macrofilament (Figure 3.4h) shows
that its shape remarkably resembles SNFs.

The growth of the initial layer of silane has been well covered by Rollings and

Veinot. 92

The proposed growth model starts from this initial layer, which gen-
erates connected islands or “mountains”. The previous models have expected

that directional growth occurs directly from these mountains, typically due to
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some kind of arrangement of methyls to the outside edges, but not to the top
where the growth continues from. The current model aims to explain exactly
this phase of the process, see Figure 3.2. When the initial film forms, it is
incompletely cross-linked, yet the chemical reactions continue inside the film.
This generates H,O vapor inside the film, which concentrates into defects in
the film. Pressure rises inside the defects, which causes the films to expand
upwards. The incompletely cross-linked film is not fully elastic, yet it might
also exhibit plastic deformation. At a certain pressure, the stress in the film
becomes large enough to reach the point where plastic yield occurs. When the
film expands, it exposes more unreacted sites, which can bind with incoming
MTCS molecules. The tip of the structure is the point where the film is most
likely to expand from to accommodate for the increasing pressure. Therefore, it
is the location where the break of symmetry in the system occurs. Because the
process generates gases inside the film, the interior of the filament may be left
hollow, providing it does not collapse or fill-up at a later stage. Also, depending
on the rate of expansion and gas generation, the expansion of the filament can
be either continuous or it can occur by a bubble-burst mechanism.

Figure 3.5 displays cross-sectional transmission electron micrographs, where
a hollow core is visible inside an SNF. A hollow core is explained by the pressure
pocket forming inside the film as the nanofilaments grow, which is in analogy
with the growth mechanism of the macrofilaments. A further implication of
the growth model is that the observed structure should be dependent on the
kinetics of the reactor system. The optimal reaction parameters appear to be
reactor dependent and thus it is difficult to assess general guidelines for the
growth. Parameters affecting the system are at least fluid medium (air, vac-
uum, solvent), reactor size, concentrations of water and silane, substrate size,
and reactor temperature. Luckily, a wide range of parameters allow the syn-

thesis of SNF's, yet the optimization of the reaction can prove challenging.

3.2 Hierarchically Superhydrophobic Surfaces

Section 2.7 presented some benefits for creating hierarchically superhydropho-
bic surfaces compared to single-level topographies, namely better stability of
the highly non-wetting state and the possibility for a reverse transition due
to energetics of the transitions. Here, two approaches were combined to cre-
ate hierarchically superhydrophobic surfaces: traditional silicon lithography
and silicone nanofilaments. Microposts of 10 ym diameter, and 20 pm pitch

were fabricated on Si <100> wafers by UV lithography on a photoresist followed
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f) Focus at top of posts

- e ]
g) Focus at bottom of substrate
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Figure 3.6. Hierarchically superhydrophobic silicone nanofilament surface. Scanning electron
micrographs of: a) silicon microposts, height 5 um; b) close-up of a single post; ¢)
microposts covered with silicone nanofilaments; d) close-up of a single nanofilament-
coated post; e) close-up of the silicone nanofilaments. f)-g) Optical micrographs of
a transition line from micro-Cassie (right) to nano-Cassie (left). h) A photograph
of immersed single-level (“1 tier”) and hierarchical (“2 tier”) surfaces with pressure
induced wetting transitions. i)—j) Scanning laser confocal microscope images from a
transition line. Green dots are nanoparticles, which reside in the water phase. k) A
schematic representation of the nanoparticles inside water.

by cryogenic deep reactive ion etching (Oxford Instruments, PlasmaLab 100).
Gas-phase reaction method synthesized silicone nanofilaments on the micro-
patterned surfaces after activation by O,/H, plasma (Gatan Solarus, Model
950). Figure 3.6 shows that the posts were fully covered with silicone nanofila-
ments.

The hierarchically superhydrophobic micropost/SNF surface exhibited two
wetting states called “micro-Cassie” and “nano-Cassie” based on the size of the
non-wetting topography. The micro-Cassie resembled the traditional Cassie—
Baxter wetting state, where the air—water interface lies above the posts. In the
nano-Cassie state, the interface protruded between the microstructures, yet did
not wet the SNF layer, which remained in a superhydrophobic state. Confocal
microscopy and optical microscopy revealed information about the surfaces im-
mersed in water, where a trapped air layer (i.e. “plastron”) resided. Using a jet
of water from a syringe, it was possible to switch from the micro-Cassie state
to the nano-Cassie state, simply by inducing a local overpressure on the struc-
ture (Figure 3.6h). The nano-Cassie state was more reflective than the Wenzel

state on a single-level topography, which was due to light reflecting from the
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plastron. Reversely, a nano-Cassie to micro-Cassie transition could be induced
by sucking water slightly above the surface. A confocal microscopy technique
employing fluorescent nanoparticles in the water phase revealed the shape of
the water—air interface together with interference fringes, which yielded in-
formation about the curvature of the plastron at the interface (Figure 3.6i—k).
Only recently, studies have successfully attained reversible wetting transitions,
which have been mostly achieved by electric-induced processes or physical dis-

turbances. 93-99

3.2.1 Atomic Layer Deposition

Atomic layer deposition (ALD) is a thin film deposition technique, where typ-
ically inorganic materials, such as oxides, deposit on a surface in a step-wise,
self-limiting manner. 190191 ALD is often considered a subcategory of chemi-
cal vapor deposition (CVD), where the precursor molecules are simultaneously
introduced into the reaction chamber. The benefits of ALD when compared
to CVD include sub-monolayer control of film thickness, uniform coatings on
three-dimensional substrates, surface-limited reactions, and lower reaction tem-
peratures. In 1970s Finland, Suntola et al. introduced ALD for the manufac-

turing of electroluminescent displays,192-103

yet already in 1966 researchers
in the Soviet Union had been developing a similar method for the deposition
of Si02.104 Nowadays, ALD is an extremely interesting research tool and it
is also used commercially, for example, to produce high-% -dielectrics in mi-

croelectronic chips106:107

and also as a corrosion protection layer for silver in
jewelry, 108

Simplified, an ALD reactor comprises a reaction chamber, where the sub-
strate is placed, inlets for precursor molecules and an outlet for flushing. The
reaction chamber is in vacuum and the substrate is heated typically to 100—
300 °C. At first, an inert gas, such as nitrogen, transports the first precursor to
the chamber, where it reacts with the surface to form a uniform layer. The sub-
strate temperature is an important parameter, which has to be selected such
that multilayer condensation is inhibited, yet the rate of deposition vs. evapo-
ration is low enough to allow good coverage. The temperature range between
these two extremes is called the “ALD window”. It refers to the region where
the growth is surface limited and does not depend strongly on pulse times or the
actual temperature. Next, the inert gas purges away the unreacted molecules
as well as the reaction byproducts. Then the second precursor molecule is in-
troduced and the process is repeated until the desired amount of bi-layers are

created.
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A typical ALD cycle for depositing aluminum oxide consists of a trimethyla-
luminum (TMA) pulse, purge, a water pulse, and a final purge. The pulse and
purge times depend on the reactor geometry and the topography of the sub-
strate. While for planar substrates sub-second pulse times are often adequate,
complex three-dimensional materials may require pulse times up to several
minutes. In the TMA/water process, TMA is first released into the reaction
chamber. One of the methyls of the TMA molecules reacts with a surface hy-
droxyl to create an oxygen bridge between the surface and the Al. The reactions
by-products and un-reacted species are flushed away with an inert gas. In the
next step, water is introduced into the chamber, which results in hydrolysis of
the methyls of the dangling TMA molecules, which in turn create new sites for
the incoming TMA molecules to bind to in the next cycle. Lastly, the chamber
is purged. The process continues and creates a well-controlled layer of Al,O,.
Many other ALD processes follow the same principles as the model described

above.

3.3 Nanocellulose

Cellulose is an abundant biopolymer found, for example, in the polysaccharide
wall of plant cells. 19° Depending on the context, cellulose can refer to either the
cellulose molecules themselves; to nanofibrils, which comprise a pack of chains
of cellulose molecules; or to bundles of nanofibrils. This study concerns mostly
cellulose nanofibrils,* which are typically 3-15 nm in diameter and can be up
to several micrometers in length. Often these nanofibrils pack into larger bun-
dles of several tens of nanometers in diameter. Materials which are composed
of cellulose nanofibrils are here denoted as “nanocellulose”. Nanocellulose typ-
ically also contains hemicelluloses and other impurities, yet these are not con-
sidered here. Mechanical or enzymatic cleaving of pulp using various methods,
such as high pressure homogenization and mechanical grinding together with
enzymatic or chemical pretreatment, such as TEMPO-oxidization, can be em-

ployed to manufacture nanocellulose hydrogels, 110-116

examples of which are
depicted in Figure 3.7. The hydrogels comprise a percolating network of cellu-
lose nanofibrils. In this study, the context of nanocellulose is strictly limited to
being a physical template for further functionalization and the intrinsic prop-

erties of the material have deliberately been left out of the scope.

*also denoted as microfibrillated cellulose, nanofibrillated cellulose, cellulose microfib-
rils, or nanocellulose fibrils
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a) Nanocellulose hydrogels

c) Scanning electron micrographs

b) Nanocellulose aerogels

Figure 3.7. Nanocellulose hydrogels and aerogels. a) A photograph of two batches of nanofib-

42

rillated hydrogels. The one of the left has been chemically pretreated (TEMPO-
oxidization) and high-pressure homogenized, and the one on the right has been
mechanically ground. b) Photographs of dried nanocellulose aerogels. Reference
sample was dried in ambient conditions, yet it had the same wet volume as the
aerogels. c¢) Scanning electron micrographs of the aerogels with different drying
methods. Adapted with permission in part from Publications IV and V. Copyright
©2011 American Chemical Society.



2

Fibrils

Experimental Results

b) P m e m - - c) Nucleate boiling
1 Critical point ' ‘,,
isci I 218 atm, 374 °C ~
Menisci lce : atm .//./.
£ Liquid X //.// ///,
/ ® . ! : /%/}g 'I./_"é
gl 7 ! 77, Hot surface
§ | 4-; d) Leidenfrost effect
bt 1
o 12/ Triple point
N 0.006 atm, 0.01 °C
Capillary forces ) )
0 100 N2 =2/
Temperature, °C 7, I;x/tr/er/ngly Ih(/)tlsyrlfalcg 7,

Figure 3.8. Water menisci between fibrils, water phase diagram, and Leidenfrost effect. a) Wa-
ter menisci form as bridges between fibrils during drying. A capillary force acts to
pull the fibrils together as shown by the arrows. b) Phase diagram of water dis-
plays routes from liquid phase to gas, i.e. drying. 1. Ambient drying. Drying
in ambient conditions leads to collapse due to liquid—to—vapor phase transition. 2.
Vacuum freeze-drying. Adiabatic decrease in pressure leads to freezing of water
before reaching the liquid—to—vapor boundary, which suppresses the collapse of fib-
rils. 3. Cryogenic freeze-drying. Plunging the hydrogel into liquid nitrogen or
liquid propane leads to rapid freezing of water. Subsequent vacuum drying leads to
no collapse. 4. Supercritical drying. In supercritical drying the phase transition
to vapor is suppressed completely by going around the critical point. For water, the
critical point exists at an inconveniently high pressure and temperature. Therefore,
typically CO,, (critical point ca. 31 °C, 73 atm) is employed instead. c) A drop of
water on a hot surface typically experiences nucleate boiling, which results in rapid
evaporation. d) On an extremely hot surface, a drop of water experiences film boil-
ing, which results in an insulating layer of gas beneath the drop, i.e. the Leidenfrost
effect.

3.3.1 Nanocellulose Aerogels

In 1930s, Kistler 117 discovered a novel class of materials called “aerogels”.
They comprise percolating networks of solid material (silica) with air as the
matrix medium and they were supercritically dried from hydrogels. 1'® Already
in the 1940s, silica aerogel powders were commercially sold as a filler material

for paints, 11

yet it has taken up to the modern age for more complex applica-
tions to emerge. Nowadays, aerogels have been used, for example, as thermal
insulation for construction and in clothing, acoustic insulation, capacitor di-
electrics, additives, and even cosmic dust collection. 120-122

Drying nanocellulose hydrogels in ambient conditions lead to collapsed fibril-
lar films, which resembled paper or thin plastics. The collapse was due to capil-
lary forces acting through menisci forming between nanofibrils during the dry-
ing phase when a liquid—to—vapor phase transition occurred (see Figure 3.8a).
However, careful removal of water without a collapse of the structure could
be achieved through freeze-drying or supercritical CO,-drying from nanocellu-
lose, 128 or from chemically modified or solubilized cellulose. 124126 These ma-
terials are called nanocellulose aerogels, since they consist of an extremely low
density network of cellulose nanofibrils. Nanocellulose aerogels have exhibited

123,127,128

good mechanical properties and they have been used for various func-

tionalities, such as photo-switchable absorption, 12? floatation,3® and magnetic
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actuation 26,

3.3.2 Aerogel Drying Methods

Publication IV also compared different drying methods for aerogels, which com-

pliments the research by Paskksé et al. , 128

who compared ambient drying to vac-
uum freeze-drying and cryogenic freeze-drying in liquid propane. Altogether,
four aerogel drying methods can be identified, in addition to drying under am-
bient environment. Figure 3.7 depicts a summary of the observed morphologies
for different drying methods. Drying in ambient conditions lead to a completely
collapsed film with low porosity and high density. Better results were achieved
by freeze-drying, which can in turn be subcategorized into three groups. In
vacuum freeze-drying, the hydrogel is placed in a vacuum chamber, which is
rapidly evacuated, leading to freezing of the water (see Figure 3.8b). Subse-
quent sublimation of the ice proceeded until a highly aggregated aerogel was
achieved. Dipping the hydrogel into liquid nitrogen (—196 °C) prior to sublima-
tion yielded smaller aggregates and more fibrillar aerogels. Even faster freez-
ing by dipping into cooled liquid propane (=100 °C) yielded a completely fib-
rillar aerogel for thin samples, yet crystallization fronts and aggregation were
observed in thicker samples. The difference in the freeze-drying methods was
attributed to the Leidenfrost effect,'® where a boiling liquid forms an insulating
gas layer (see Figure 3.8d), which hinders heat transfer and thus allows larger
crystals to form. In freeze-drying, the hydrogel acts as the “hot surface”. Liq-
uid nitrogen lies at its boiling point and thus all the cooling is due to enthalpy
of boiling, which creates a large amount of insulating nitrogen gas. However,
liquid propane can be cooled well below its boiling point (ca. —42 °C) by us-
ing liquid nitrogen. Therein heat transfer is solely due to the heat capacity of
the liquid and boiling is suppressed, which prevents the insulating gas layer
from forming. This more rapid freezing by liquid propane leads to formation of
smaller ice crystals when compared to liquid nitrogen and thus the aggregation
of fibrils is mostly inhibited. Employing supercritical CO,-drying facilitated
the creation of completely fibrillar aerogels, yet aggregation of the fibrils into
“flocs” during the solvent-exchange process was evident, at least for ethanol
and acetone, which were used as the intermediate solvents in the study. CO, is
insufficiently soluble in water to allow exchange directly from the hydrogel, yet
instead organogels in a compatible solvent needed to be prepared by solvent-
exchange. Furthermore, the more fibrillar aerogels suffered from worse me-
chanical properties, and the “best” samples in terms of fibrillarity, were fragile

to handle. However, the aggregated aerogels (vacuum freeze-drying and liquid
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Figure 3.9. Schematic representation of the process of creating organic—inorganic hybrid core—
shell aerogels as well as purely inorganic hollow-core nanotubes. Adapted with
permission from Publication IV. Copyright ©2011 American Chemical Society.

nitrogen freeze-drying) exhibited ductile behavior. Therefore, it seems that the

sheet-like aggregation strengthens the aerogels.

3.4 Functionalization of Nanocellulose Aerogels

The nanocellulose aerogels were functionalized with three inorganics: titanium
dioxide (TiOz), zinc oxide (Zn0), and aluminum oxide (A1203). These materials
could be easily uniformly coated by ALD onto the aerogels to provide function-
ality. TiO,, and ZnO are inorganic wide-bandgap semiconductors, which exhibit
photo-switchable wetting. 129-131 Al,O; on the other hand is a hydrophilic mate-
rial, which creates extremely smooth amorphous coatings on various substrates
and here it was used as a reference material.

The ALD deposition employed well-established routes for metalorganics (di-
ethylzinc/water and trimethylaluminum/water processes) and halides (titanium
tetrachloride/water process). 1% The procedure for creating coated nanocellu-
lose aerogels is shown schematically in Figure 3.9. The aerogel substrates are
both porous and sensitive to high temperature, which implied restrictions for
the ALD procedure. The reactor temperature employed was kept at 150 °C to
prevent thermal decomposition of the cellulose network and the pulse/purge
times were increased to 20 s to allow precursor diffusion into the aerogel.

A typical procedure of 50 cycles of ALD resulted in hybrid organic—inorganic
core—shell structures, which are depicted in Figure 3.10. The TiO,-coated aero-
gels were repellent to water yet absorbing organic solvents, which lead to an
application described in Section 4.3. Further calcination of the samples lead
to completely inorganic hollow-core nanotubes, and possible crystallization of

the inorganic layer. Crushing the inorganic aerogels with a mortar allowed the
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Figure 3.10. Nanocellulose aerogels functionalized with inorganic coatings by atomic layer de-
position. a)—c) Scanning electron micrographs from Ti02, ZnO, and Ale3 -coated
organic—inorganic core—shell aerogels. d) ZnO aerogel after calcination at 450 °C
exhibits hollow nanotubes. e)-g) Transmission electron micrographs of the calci-
nated aerogels. Ti02 and A1203 exhibit empty cores and shell thicknesses of ca.
5 nm and 8.5 nm. ZnO has crystallized, which renders the determination of the
shell thickness from the micrograph impossible. The inset in f) shows a tube, where
the core is barely visible. Adapted with permission from Publication IV. Copyright
©2011 American Chemical Society.
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nanotubes to be dispersed into ethanol and then subsequentially cast as films
onto conductive glass substrates. These nanotube films exhibited interesting

atmospheric-responsive functionalities, which are described in Section 4.2.

3.5 Contact Angle Measurements

Contact angle measurements were performed on an Attension Theta (Biolin Sci-
entific) optical tensiometer, which featured a computer-controlled microliter sy-
ringe, blue light source, and a high speed camera. The results were analyzed on
a proprietary software from the manufacturer, which employed axisymmetric
drop shape analysis based on solving the Young—Laplace equation. The sensi-
tivity of the device at extremely high contact angles would need to be improved
for it to yield reliable and reproducible results. However, a standard procedure
for the measurements yielded self-consistent results, which can be compared to
each other. It should be pointed out that in literature the reliability of contact
angle measurements of superhydrophobic surfaces is usually not estimated and
comparisons between studies should always be performed with caution.

The standard procedure employed for measuring advancing and receding con-
tact angles followed these guidelines (see Figure 3.11). (1) Deposit a small (ca.
1 pl) drop of de-ionized, de-gassed water on the surface while leaving the needle
inside the drop. (2) Increase the drop size until > 10 ul and continuously record
the contact angle at different volumes. (3) Measure the advancing contact an-
gle from the plateau region. (4) Increase drop volume to a value estimated by
the theory in Section 2.6.1, which is typically around 50 ul. (5) Decrease drop
volume until ca. 2 pl and continuously record the contact angle. (6) Read the
receding contact angle from the plateau region. (7) If the plateau region was
unreachable, try to increase the volume or decrease the volume displacement

rate.
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Figure 3.11. Example contact angle measurement of a surface with extremely high hysteresis.
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a) A contact angle vs. time plot displays seven measurement cycles each one ending
up at a higher volume than the previous. b) Volume vs. time. c) Baseline length
vs. time. Arrows display the advancing and receding regions of a certain cycle. d)
Contact angle plotted against the drop volume depicts the behavior most clearly.
Both advancing and receding contact angle plateaus are visible. Adapted with
permission from Publication I. Copyright ©2013 American Chemical Society.



4. Applications

“Knowledge is of no value unless you put it into practice.”

— Anton Pavlovich Chekhov

In addition to the theory and experimental results presented, this section in-
troduces applications for the novel materials. All of the demonstrations exhibit
a proof—of—concept nature while leaving up-scaling and manufacturing chal-

lenges to further studies. Three applications are presented as case-studies.

4.1 Displaying and Storing Optical Information in Plastron

Section 3.2 described the physical properties of hierarchically superhydropho-
bic micropost/silicone nanofilament surfaces. The bi-stability of the plastron
under water allowed to write and store information on the surface using a jet of
water (Figure 4.1). After immersion, the surface adopted the micro-Cassie wet-
ting state, which is specularly reflective due to the flat water—air interface. A
jet of water forced the water—air interface to protrude between the microposts,
which created a highly curved surface, and the surface became diffusively re-
flective. Therefore the parts inscribed with the nano-Cassie state appear white
in Figure 4.1 and the micro-Cassie state looks darker. A stability test, where
a surface with both nano-Cassie and micro-Cassie regions was immersed in a
container of water for ca. 30 days, revealed that both of the states were sta-
ble in that time period. Therefore, the surface warrants to be described as a
bi-stable.

The diffuse scattering from the nano-Cassie regions was over 10 times higher
than from the micro-Cassie regions. The contrast (i.e. ratio of the reflectivities
of the states) is far behind commercial liquid-crystal displays or other bi-stable
reflective technologies, yet clearly readable in suitable lighting conditions. A
display using this technology might find a niche market inside the bi-stable re-
flective display technologies, if it would be developed further. Another applica-
tion for this material is storing of information. Basically a piece of information
(i.e. a “bit”) could be stored in the area between four posts, creating a packing

density equivalent to a compact disc of 11 megabytes (without any error correc-
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Figure 4.1. Photograph series of writing information on a hierarchically superhydrophobic sur-
face. a) Surface is being immersed under water. b) Surface is fully under water. ¢) A
jet of water “writes” onto the surface. d) Writing has completed. e) Schematic repre-
sentation of the writing process. f) Water jet from the needle pushes the water—air
interface downwards and causes a wetting transition. g) Reverse transition demon-
strated: suction from needle “lifts” water—air interface to the top of the posts.

tion bits). However, the pitch of the posts is not limited to 10 um, and already
1 pm pitch would lead to 1.1 GB per area of a compact disc. Again, this kind
of water-based optical storage would require a specialist application. The ben-
efits of the system include permanent erasability of the written data by simply
taking the surface out from water. It is also immune to electrical and magnetic

interference, since it is written by pressure and read by optical means.

4.2 Humidity Sensor with a Fast Response

Humidity has proved difficult to measure, especially in the low humidity range.
The most traditional humidity sensors employ humidity-induced mechanical
changes in materials, such as the length of a human hair or the curving of a
metal-paper coil. Nowadays, the most accurate humidity sensors work on the
dew-point principle, where water condensates onto a cooled mirror and the tem-
perature is logged. There exists also capacitive and resistive humidity sensors

which exhibit good accuracy and response times. 132 Lately, TiO, nanotube ar-
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rays and nano-wires have been created for humidity sensing applications and
they have shown promising results on a range of applications. 133134 However,
most of the sensors consisted of a planar surface with relatively short nano-
wires or nanotubes. To date, no TiO,-based sensors created using percolating
three-dimensional networks of nanotubes existed. The benefit of such a system
is the high surface area compared to the volume of the sensor. This kind of
system could possibly exhibit an enhanced response to external stimuli, such
as humidity.

Publication IV demonstrates a humidity sensor based on a TiO,-nanotube
film on a conductive glass substrate, which is shown in Figure 4.2. Nanocel-
lulose aerogels were ALD-coated with a uniform layer of TiO,, followed by cal-
cination, which effectively removed the organic core from the fibers. After cal-
cination the samples were extremely brittle and they were thus mixed with a
solvent and mechanically ground into a slurry. The slurry was blade-casted
on a conductive surface, such as fluorine-tin oxide (FTO) glass, an example of
which is shown in Figure 4.2a. Placing the substrate in a humidity chamber
allowed to measure its electric response using a constant current source and a
voltage meter. At constant current, the measured voltage was inversely pro-
portional to the chamber humidity, as shown in Figure 4.2e. The response time
was exceptionally fast, on the order of 1-10 s, which is comparable to state-of-
the-art sensors. 1357137 For example, the Vaisala temperature/humidity logger
employed (HMT333/Humicap 180) for the reference humidity measurements
reported a response time of ¢9g9, = 8 s.13® The resistance response was linearly
decreasing when drawn on a semi-logarithmic scale as in Figure 4.2f. Due to
the fast response time, an improved version of the TiO,-nanotube film could

prove interesting in a humidity sensor application.

4.3 Selective Oil-Absorbent

Collecting oil from the surface of water under marine environment is a chal-
lenging task, which is further hindered by the fact that oil tends to spread
into a thin film on water and also to emulsify to create a substance that is ex-
tremely difficult to separate.13? The extent of the difficulties realized at the
Gulf of Mexico in 2010, when an explosion on an oil rig caused the death of 11
people and a spill of 4.9 million US barrels, which equals the size of an oil slick
ca. 10 x 10 km? and 1 cm thick. 149 Furthermore, the amount of oil shipped on
the Baltic Sea in 2012 equaled roughly 150 million metric tons per year and

roughly 2000 oil spills (mostly small and land-based) occur each year in Fin-
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a) TiO, nanotube sensors
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Figure 4.2. TiO,-nanotube humidity sensor. a) Photograph of two sensor modules on conduc-
tive glass. b) Scanning electron micrograph of a nanotube-film. ¢) The measurement
setup comprises a sourcemeter, some wiring, humidity chamber, and gas inlets. Ex-
haling through a pipe into the chamber provided the first rudimentary method of
changing humidity of the sample. d) The sample lies at the center of the humidity
chamber together with the current source and voltage probes. e) A pulsing humid-
ity experiment and voltage response of the sample at constant current. f) Humidity
vs. resistance plot exhibits a log-linear region around 40-80% relative humidity.
Adapted with permission in part from Publication IV. Copyright ©2011 American
Chemical Society.
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Figure 4.3. TiO,-coated nanocellulose aerogel oil absorbents. a) Transmission electron micro-

graph of a coated cellulose nanofibril. b) Highly polar liquids, such as water and
glycerol remained as drops on the aerogel, while oils were readily absorbed. c) Aero-
gel immersed in water did not wet, yet a layer of air remained on the surface. d)
Paraffin oil slick floating on water. e)-f) Oil was absorbed using a aerogel pellet. g)
Oil was released from the aerogel after immersion in ethanol or another solvent. h)
Aerogel was cyclically soaked in toluene and subsequentially dried. i) Mass-based
absorption capacity of the aerogel for a number of solvents and oils. Dashed lines
represent the volume-based absorption capacity. Adapted with permission in part
from Publication V. Copyright ©2011 American Chemical Society.

land. 14!

When oil has spread on the surface of water it is beneficial to absorb it into a
solid material, which is more facile to collect. There are commercial polypropy-
lene oil collection mats available, and their oil-intake ability can be as high as
15 times their own weight, yet up to 50% of the oil leeches out of the mat once
its removed from the spill. 142143 Researchers have created materials, such as

144-146 147,148 which have

silica aerogels and carbon nanotube -based sponges,
shown oil absorption capacities up to 2-237 times their original dry weight.
These impressive results, especially related to the aerogels, give reason to ex-
pect a similar behavior from the TiO,-coated nanocellulose aerogels.

To realize a nanocellulose-based oil absorbent, Publication V employed ALD-
coated freeze-dried aerogels with a thin uniform layer of TiO,, which provided
hydrophobicity for the material. The resulting aerogels exhibited hydrophobic,

yet oleophilic properties, and while water drops remained as drops, oils were
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readily absorbed, as shown in Figure 4.3. The aerogel could absorb an oil slick,
roughly equal to its own volume, from the surface of water without absorbing
any water. Furthermore, the oil could be released from the pellet by immer-
sion under ethanol or another non-polar solvent. The aerogels could be reused
several times without degradation, as shown by the toluene absorption test in
Figure 4.3h. The absorption capacity, as determined by weight, ranged from
ca. 20 to 40 times the original dry weight. The apparently large variation was
due to the different densities of the absorbed liquids. Therefore, the study also
determined the volume-based absorption capacity, which equaled ca. 80-90%
for most liquids.

Another aspect to be considered, is the effect of liquid surface tension to the
absorbed amount. A simplistic assumption of vertical capillaries, yields the

well-known Jurin’s law® for the height of capillary rise:

2 0
p = 2ycos
pgr

(4.1)

where r is the diameter of the pore, and an aerogel absorbent floating on the
surface is able to absorb liquid up to a height of 4. If A is larger than the thick-
ness of the aerogel, the whole pellet is soaked, otherwise the top part remains
dry. For hexane, y/p = 28 cm/s?, r is roughly 1 pm, and 6 can be approximated to
be < 45°. These values yield 2 2 4 m, which makes the thickness of the aerogel
insignificant for the absorbed amount. The expected behavior for the absorbed
amount would be m ~ y, yet this kind of dependence was not observed, which is

in contrast to results by Rao et al. 145

, where a clear dependence between sur-
face tension and absorbed mass was reported. Their scaling law presented was
based on the mass that a single capillary could uphold. Modeling an aerogel
as a single capillary quite obviously does not portray the situation well. How-
ever, the contradicting results could be mostly explained by the dependence of
density and surface tension (because for simple liquids both are related to the
cohesion energy) for the liquids used in the study.

Nanocellulose-based oil absorbents could prove useful as a countermeasure
for oil spill cleanup under marine environment providing the cost to manufac-
ture would decrease. Nanocellulose can already be produced at industrial scale,
and freeze-drying and ALD have already found their way into production of var-
ious consumables. Furthermore, there exist even more feasible hydrophobicing
methods, such as certain surfactants and waxes, that might facilitate the pro-
duction. Therefore, a material created using these or similar processes could

well be feasible in the future.
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“Surprising what you can dig out of books
if you read long enough, isn’t it?”

— Robert Jordan

This thesis described basic concepts, material characterization, as well as ap-
plications, which are all related to wetting phenomena. The most important
results are summarized below together with some insight into where the re-
search might be directed in the future.

Publication I described a method to reliably measure the receding contact
angle of a surface with hysteresis. The concept based on geometric arguments
and a simple model for the measurement procedure. Therein, the contact line
of a drop on a surface was assumed to be static until the receding (or advancing)
contact angle was reached. The model produced results, which were verified by
experiments. A Young—Laplace correction yielded more accurate results when
large drops were employed. To this day, many publications have not reported
the receding contact angle, yet this study demonstrated that the measurement
should be possible for all surfaces, when sufficient care is taken. Furthermore,
a novel definition for superhydrophobicity was proposed: “A superhydrophobic
surface exhibits a receding contact angle larger than 150°.”

Publication II introduced a kinetic growth model for the condensation syn-
thesis of silicone nanofilaments. The novelty of the model was that it aims to
explain in which way the break of symmetry occurs when the tetragonal con-
stituent molecules start to arrange onto a surface. The model proposed that
pressure pockets form inside a partially cross-linked film, which then subse-
quently bursts or expands to form the silicone nanofilaments. Experimental
evidence, especially the hollow tubes sometimes observed, provided preliminary
proof for the process. Furthermore, the creation of silicone macrofilaments un-
der water provided insight into the processes, even though the situation was
not exactly similar. Further studies should be able to test the model hypothe-
sis, as it provides some predictions that can be tested. For example, the growth
should be different at curved surfaces, and also on chemically heterogeneous
surfaces.

Publication III introduced a theoretical analysis, which showed that there are
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benefits in creating hierarchically wetting surfaces. The hierarchy extended
the geometries, which exhibited a stable non-wetting state, and also enabled
reverse transitions and bi-stable operation. The theory was tested by creating
a hierarchically superhydrophobic surface by employing lithographic methods
and a silicone nanofilament coating. The surface was immersed under water
and a stream of water was able to “write” on the surface. The writing consisted
of a wetting transition into the more-wetting state. The writing could be erased
simply by reversing the direction of the jet, i.e. sucking water from right above
the surface. Both states were stable for a long period of time under water. In
the future, the system might find applications in bi-stable display technology
or optical data storage.

Publications IV and V demonstrated functionalized nanocellulose aerogels.
The drying method of the nanocellulose hydrogel proved to be an important
factor to the morphology of the resulting aerogel. Drying under ambient condi-
tions lead to a complete collapse of the structure, while freeze-drying and super-
critical drying methods yielded aerogels. The speed of the freezing determined
the amount of sheet-like aggregates observed instead of fibers, and also the
pore size of the largest features. Slow freezing, as in vacuum freeze-drying, re-
sulted in large pores, heavy aggregation and ductile behavior, while the fastest
freezing in liquid propane yielded almost fully fibrillar aerogels with minimal
aggregation. Supercritical CO,-drying appeared to retain the original struc-
ture of the hydrogel, yet the solvent exchange process from water to ethanol or
acetone, might have led to flocculation.

Publication IV demonstrated a resistive/capacitive humidity sensor with fast
response based on TiO,-coated nanocellulose aerogels. The ALD-coated nanofib-
rils were crushed and dispersed into ethanol before casting them as films on
conductive substrates. Simply measuring the voltage across the films, while
providing constant current, yielded fast response to atmospheric humidity. Fur-
thermore, a linear reproducible response to humidity was observed at humidity
range 40-80%. The mechanism was attributed to the high contact area of the
nanotubes, which might have amplified the response. Perhaps this kind of de-
tector might be competitive with other types of sensors, provided that the cost
to manufacture would be low.

A TiO,-coated aerogel exhibiting hydrophobic yet oleophilic behavior was in-
troduced in Publication V. The aerogel was able to absorb almost its own vol-
ume of oils from the surface of water without absorbing any water. The oil from
the pellets could be removed by simple immersion in an organic solvent, or the

whole pellet could be burned in a furnace. The aerogels could be re-used sev-
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eral times without loss of absorption capacity. These proof-of-concept absorbent
pellets might prove useful, yet collaboration with the people working actually
with the oil spills would have to be started to assess the true feasibility.

This work only scraped the very surface of the topic of wetting. There are
endless possibilities for further research — both theoretical and practical. One
important question is what is the time-scale of the wetting transitions observed
in Publication III. There could be both theoretical and experimental approaches
to this problem. In fact, there are already preliminary results from an experi-
ment where the air layer on a hierarchically superhydrophobic surface is ma-
nipulated by using a periodic pressure profile. This experiment should, in the
end, provide information about the dynamics of the transitions, which need to
be understood also from a theoretical point-of-view. The nanocellulose aerogels
have been extensively studied, yet they provide constantly new insights. For
example, the wetting behavior of purely fibrillar hydrophobic aerogels appears
to be different from those with sheet-like aggregates. From a material view
point, the cellulose nanofibrils appear highly similar to the silicone nanofila-
ments, which raises the question could hydrophobized nanofibrils act similar
to the nanofilaments. Whether the research continues to explore the basic con-
cepts of wetting, interesting novel materials, or applications of these, there will

be many interesting phenomena still to conquer in the future.
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Errata

Publication |

On page 3858, cosf, — cosf, was incorrectly denoted as work of adhesion. The
formula is correct, yet the appropriate description would be the force required

to move a drop on a surface.
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