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Preface

Recent years have seen a fast development in the field of self-cleaning
coatings towards varied applications, such as solar cells, flat display panels,
smart cellular phones, building windows, oil pipelines, vehicle-related
coatings, optical devices, safety products, intelligent devices, oil-water sep-
aration, etc. The field has been attracting the attention of not only research
and teaching scientists and application engineers, but also a huge popu-
lation of college and graduate students.

This book is aimed at documenting the latest research and development in
the hot topic, and entertaining readers with both natural mysteries and artificial
miracles. The book contains contributions from world-renowned specialists
in the field, and ten reviews that discuss natural counterparts with self-
cleaning functions, theoretical aspects of self-cleaning phenomena, fabrication
strategies and methods, varied applications, and industrial impacts, etc., under
the title of “Self-cleaning Coatings—Structure, Fabrication and Application”.

After a year of hard work, the book has eventually been finalized. At this
point, I would like to take the opportunity to acknowledge all the authors
who spent their precious time preparing their great contributions to the
book. I would also like to thank Mr Pu He and Dr Lin Yao, who contributed
to the preparation of the book. I am also very grateful to Prof. Dr Hans-Jorg
Schneider for inviting me to participate in the publishing program of the
RSC Smart Materials Series, and to the Royal Society of Chemistry, UK, for
providing the opportunity to publish this book.

Junhui He

Functional Nanomaterials Laboratory

Center for Micro/Nanomaterials and Technology
Technical Institute of Physics and Chemistry
Chinese Academy of Sciences
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CHAPTER 1

The Inspiration of Nature:
Natural Counterparts with
Self-cleaning Functions

TONG LI,*>" TINGTING REN*> AND JUNHUI HE**

4 Functional Nanomaterials Laboratory, Center for Micro/Nanomaterials
and Technology and Key Laboratory of Photochemical Conversion and
Optoelectronic Materials, Technical Institute of Physics and Chemistry,
Chinese Academy of Sciences, Zhongguancundonglu 29, Haidianqu,
Beijing 100190, China; " University of Chinese Academy of Sciences,
Beijing 100864, China

*Email: jhhe@mail.ipc.ac.cn

1.1 Introduction

Generally, a self-cleaning surface is defined as the capability of a material to
maintain a contamination-free surface, avoiding the deposition of dirt."™
There are currently two known types of self-cleaning surfaces. One has a
special surface structure and chemical composition and is derived from
nature, while the other is composed of semiconductor nanocrystals and
functions via a process called photocatalysis.”>* Self-cleaning surfaces have
great prospects for vehicle and building glasses, greenhouses, solar cell
panels, building-integrated photovoltaics (BIPV), corrosion resistant ships,
low resistance oil pipelines, and many daily goods.>”>® As a result, a lot of

"These two authors contribute to this chapter equally.
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effort has recently been devoted to both understanding the mechanisms of
self-cleaning functions and fabricating self-cleaning surfaces.”*' In this
chapter, only the first type of self-cleaning surfaces will be discussed, which
were found in nature and have been mimicked successfully using artificial
surfaces.

Nature is full of mysteries, where human beings can learn, be inspired and
thus create biomimicked objects. Successful examples so far include air-
planes, radars, sonars, sharkskin swimsuits, jellyfish ear storm prediction
instruments, etc. Among natural species, the lotus leaf surface shows
superhydrophobicity with a high water contact angle and low rolling angle.
When it rains, rain droplets can adsorb surface dust and roll off the lotus
leaf surface, leaving a clean surface behind. This contamination-free, i.e.,
self-cleaning, phenomenon had been investigated, and was attributed to the
special surface, which is composed of a hydrophobic micro-nano papilla
matrix.”"* Until now, self-cleaning surfaces have also been found in other
plants (e.g., onion skins, rice leaves) and animals (e.g., butterfly wings,
cicada wings, waterfowl feathers, gecko feet, shark skins).>>''"'° Many
peculiar surface structures with special chemical compositions were ob-
served, and the self-cleaning principles of these organisms were revealed,
which may guide the future design and fabrication of bionic self-cleaning
surfaces.

1.2 Theories

Natural self-cleaning surfaces generally function via either interfacial
wettability or interfacial force action, which could be described by the
following theories.

1.2.1 Interfacial Wettability

The interfacial wettability of materials’ surfaces is an important aspect of
surface science. Several models have been proposed to interpret interfacial
wetting phenomena. The contact angle and hysteresis are introduced to
quantify the wettability.

Young’s Model

Young’s model was proposed in 1805 to describe the state of a liquid on an
ideal rigid surface.” The equation is shown as follows:

s ="7sL+ V16 €08 Oc (1.1)

Where 0 is the contact angle and ysg, 751, and y1g are the interfacial surface
tensions of solid—gas, solid-liquid and liquid-gas, respectively. The equation
reveals the contact angle of a liquid droplet on a solid surface from
knowledge of the three surface tensions involved. As shown in Figure 1.1a,
the three surface tensions reach an equilibrium state, and the contact angle
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Figure 1.1 (a) Young’s model: liquid droplet on a smooth surface, (b) schematic
illustration of contact angle hysteresis on a tilted surface.

Figure 1.2 (a) A liquid droplet in the Wenzel state, (b) a liquid droplet in the Cassie
state.

is the angle between yg;, and y;g. However, under practical conditions, the
structure and chemical heterogeneity of the surface lead to the value of
the contact angle varying in a certain range (Figure 1.1b). Consequently, the
maximal and the minimal contact angle are defined as the advancing
contact angle (0,) and the receding contact angle (0,), respectively, and the
contact angle hysteresis is normally defined as 0, — 0,.>**'

Wenzel Model

The Wenzel model’s”® purpose was to describe homogeneous wetting
regimes and is defined by the following equation for contact angle on a
rough surface:

cos Ow=r cos Oy (r >1), (1.2)

where Oy is the apparent contact angle, 6y is Young’s contact angle for an
ideal rigid surface, and r is surface roughness factor, which is defined as the
ratio of true area of the solid surface to the apparent area. The Wenzel model
reveals the relationship between the surface tension and structure of a
homogeneous surface. As shown in Figure 1.2a, the true surface area is
larger than the apparent surface area, thus the value of r is greater than 1.
Hence, when 60y <90°, the larger the value of r, the more hydrophilic the
surface; when 0y >90°, the larger the value of r, the more hydrophobic the
surface. The Wenzel model only applies to a thermodynamically stable state
and a single chemical component surface, which restrict its applications.
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Cassie-Baxter Model

The Wenzel model could not well describe heterogeneous surfaces, and
Cassie and Baxter proposed the Cassie-Baxter equation® to interpret com-
posite surfaces:

cos 0. =ficos 01 + frcos 0, (fi+fo=1) (1.3)

where 0. is the apparent contact angle in the Cassie-Baxter model, 0, and 0,
are the intrinsic contact angle of component 1 and component 2, and f; and
fo are the apparent area fraction of component 1 and component 2,
respectively. Generally, if one component of the surface is air, the 0, =180,
and the equation can be simplified to:

cos 0.=ficos 0, —f>
=fi (cos 0, +1) -1, (1.4)

Figure 1.2b shows a droplet on a surface composed of air and a hydrophobic
component. As a result, the surface shows a hydrophobic property.

1.2.2 Interfacial Force Disequilibrium

In addition to interfacial wettability, interfacial force disequilibrium was
also found to lead to a self-cleaning function. When dust particles make
contact with two surfaces, the particles are subjected to adhesions from the
two surfaces. When one of the surfaces moves, the particles will remain on
the surface with the stronger adhesion. As shown in Figure 1.3, the net
adhesion force can be calculated by the following equation:

F:Fl_FZ (1.5)

where F, and F, are the adhesion forces of the substrate surface and self-
cleaning surface, respectively. The net force direction is the vector sum of F;
and F,. Supposing that the two surfaces have the same compositions, the
particles will adhere to the surface with the larger contact areas. The surface
with fewer dust particles thus has a self-cleaning property in the interfacial
contacting process.

1.3 Self-cleaning Surfaces in Nature

1.3.1 Hydrophobic Self-cleaning Surfaces
1.3.1.1 Isotropic Superhydrophobic Surfaces

Since ancient times, the lotus leaf has won its reputation in China for the
characteristic of “Live in the silt but not imbrued”. In the 1990s, German
botanist Barthlott'”> and his coworkers solved this puzzle. Because of
epicuticular wax and a micro-nanoscale papillae structure on the surface of
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self-cleaning surface . : dust

Figure 1.3 Schematic illustration of disequilibrium of interfacial force induced
self-cleaning.

lotus leaves, raindrops or water droplets can easily roll off the leaf surface,
taking away contamination particles, such as dust or dirt (Figure 1.4a-c).”*
This phenomenon is defined as superhydrophobicity. More specifically,
superhydrophobicity is used to describe a surface with a high water
contact angle (larger than 150°) and a low rolling angle (smaller than
10°).>>*° And it is also the core property that leads to “lotus effect”-based
self-cleaning. Superhydrophobic surfaces may have wide applications in
the coating industry,”” including building windows,?® solar cells,* textile
industry,?® electronic devices,>* bioengineering,>> and drug delivery.*?
Figure 1.4d-f show scanning electron microscopy (SEM) images of the
lotus leaf with different magnifications. The surface of the lotus leaf consists
of a myriad of papillae with diameters ranging from 5 to 9 pm. And each
papilla is composed of cilium-like nanostructures with an average diameter
of 124.3 +3.2 nm. Furthermore, on the lotus leaf, the micro-nanoscale
hierarchical surface structure is built by convex cells and a much smaller
superimposed layer of hydrophobic three-dimensional wax tubules
(Figure 1.4e,f),>* which can effectively prevent the lower part of the leaf from
wetting. According to the measurements,® the water contact angle of the
lotus leaf is 161° £2.7°, and the rolling angle is only about 2°.
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Figure 1.4 (a) A flowering plant of lotus. A lotus leaf contaminated with clay (b) and
re-movement of the adhering particles by water (c). (d)-(f) The SEM
images of the lotus leaf surface in different magnifications: (d) randomly
distributed cell papillae; (e) a detail of the cell papillae and (f) the
epicuticular wax tubules on the cells.*

Reproduced from K. Koch et al., Multifunctional surface structures of
plants: An inspiration for biomimetics, Prog. Mater. Sci., 54, 137-178.
Copyright 2009 with permission from Elsevier.

Inspired by the lotus leaf, lotus-leaf-like hierarchical surface morphologies
and thus artificial superhydrophobic self-cleaning surfaces have so far been
fabricated on different substrates via varied methods, including atom
transfer radical polymerization,>® chemical etching,®” chemical vapor
deposition,®® electrospinning,®® hydrothermal approach,*® sol-gel method,""
etc. For example, Jiang et al. developed a lotus-leaf-like porous microsphere/
nanofiber composite film of polystyrene (PS) with a water contact angle of
160.4° by a simple electrohydrodynamics (EHD) technique (Figure 1.5a)
without any modification.”” Li et al fabricated a micro/nano dual-scale
lotus-leaf-like structure by chemically depositing Ag nanonubs on Cu
microcones (Figure 1.5b).** The surface was tested to be superhydrophobic
with a water contact angle (WCA) of 158.9° and highly adhesive with a rolling
angle (RA) as high as 90°. Recently, He’s group prepared superhydrophobic
thin films with high transmittance by using the sol-gel method,** layer-by-
layer assembly*® and precursor-derived one-step growth** etc. And the thin
films had excellent mechanical robustness, showing great potential in
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Figure 1.5 (a) SEM image of a superhydrophobic polystyrene film with special
microsphere/nanofiber composite structures prepared by the EHD
method.*”> Reproduced with permission from John Wiley and Sons.
Copyright © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
(b) Lotus-leaf-like silver film the inset is the magnified SEM image.**
Reproduced with permission from the Royal Society of Chemistry.
(c) SEM image of the thin film on a glass substrate. The arrow indicates
nano-scale hollow silica nanoparticles and the dashed arrow indicates
micro-scale mesoporous silica nanosheets.** Reproduced with permis-
sion from L. Xu et al., ACS Appl. Mater. Interfaces, 2014, 6, 9029-9035.
Copyright (2014) American Chemical Society.

many applications. For instance, they used the precursor-derived one-
step growth approach to fabricate hierarchically structured lotus-leaf-like
superhydrophobic thin films (Figure 1.5¢).** The films showed broad-
band antireflection (the maximum transmittance, Tya X 95%), super-
hydrophobicity (WCA =162°) and remarkable durability.

The cicada wing is also a typical example of a self-cleaning function
among various insect surfaces. The regularly aligned nanoposts on the
cicada wing (Figure 1.6a) endow the cicada wing with superhydrophobicity
(WCA=160°) and thus self-cleaning functionality, which can effectively
remove dust particles from the wing surfaces.”” As shown in Figure 1.6b, the
height of the pillar structure is approximately 250 nm, the diameter is about
70 nm.*® This structure also gives cicadas an antireflection property, which
inspires scientists in designing artificial superhydrophobic and antire-
flective surfaces.

By mimicking cicada wings, Min et al. developed a simple and scalable
templating technique to fabricate pillar arrays with a high aspect ratio on a
Si surface and a glass substrate (Figure 1.6¢), which exhibited excellent
broadband antireflection and nonwetting properties.*® A reactive ion etching
(RIE) process and fluorosilane modification endowed the surface of the
silicon and glass with antireflection and superhydrophobicity (WCA =172°,
Figure 1.6d).

Surface geometrical micro-nanostructure and low surface energy are two
significant factors that account for self-cleaning surfaces. For lotus leaves
and cicada wings, water droplets can roll off their surfaces in any direction.
In other words, these surfaces are isotropic in wettability, where the
roughness geometry or chemical heterogeneity is isotropic.
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1.3.1.2 Anisotropic Superhydrophobic Surfaces

Apart from lotus leaves and cicada wings, the surfaces of some other plants
and insects also show a superhydrophobic self-cleaning property, such as
rice leaves, the feathers of ducks and geese, and butterfly wings. However,
their surfaces exhibit anisotropic wettability,'* which is contrary to the
surfaces of lotus leaves and cicada wings.

Rice leaves show anisotropic wettability (Figure 1.7a and b). As seen in
Figure 1.7c and d, the surface of rice leaves also has a hierarchical micro-
nanoscale structure, which is similar to lotus leaves. Nevertheless, papillae
arrange in order along the direction parallel to the leaf edges, while the
vertical direction is in disorder.

It was measured that the water contact angle along the parallel direction is
157 4 2°, while it is 146 £2° in the vertical direction.”® Accordingly, the
rolling angle of the former is 3-5°, and the latter is 9-15°. The observations
show that the arrangement of micro-papillae influences the movement
of water droplets, which makes rice leaves possess anisotropic super-
hydrophobicity. Therefore, rolling water droplets can pick up contaminants
on the rice leaf surface. Besides rice leaves, the feathers of ducks and geese
also exhibit such anisotropic wettability."* Figure 1.8 shows SEM images
of duck feathers. Duck feathers are composed of micro-sized backbones,
trunks and barbules. And the branch consists of many tomenta, which have
nano-sized grooves and protuberances.’® With a neatly arranged micro and
nano-scale structure on the surface of its feathers, a duck can easily keep dry
in water.

Gao et al. replicated a rice-leaf-like surface by a two-step replication
process combining regular replica molding (REM) and temperature-induced
phase separation micro-molding (PSuM).>* First, poly(dimethylsiloxane)
(PDMS) was used to replicate the rice-leaf surface structure. Second,
they replicated the negative PDMS replica using PSuM of poly(N-
isopropylacrylamide) (PNIPAAm) aqueous solution, which could be easily
carried out just by adjusting the temperature. The artificial rice-leaf-like
surface of PNIPAAm showed thermally good responsive and anisotropic
wettability (Figure 1.9).

Figure 1.6 (a) FE-SEM image of the cicada wing with regularly aligned nanoposts.*’
Reproduced with permission from W. Lee et al., Langmuir, 2004, 20,
7665-7669. Copyright (2004) American Chemical Society. (b) High-
resolution AFM three-dimensional image of the dorsal region of a cicada
wing membrane.*® Reproduced from G. S. Watson et al., Putative func-
tion and functional efficiency of ordered cuticular nanoarrays on insect
wings, Biophys. J., 94, 3352-3360. Copyright 2008 with permission from
Elsevier. (¢) SEM image of silicon pillars after 50 min RIE. (d) Water drop
profile on a fluorosilane-modified silicon pillar array (60 min RIE).*
Reproduced with permission from John Wiley and Sons. Copyright
© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 1.7 (a) Photo of a few water droplets on a rice leaf. (b) A water droplet
floating on a rice leaf. (c), (d) SEM images of a rice leaf with different
magnifications. The inset of (d) is a water contact angle on a rice
leaf, with a value of 157 +2°, showing a good superhydrophobic prop-
erty. The bars of (c) and (d) are 50 and 1 pm, respectively.”” Z. Guo and
W. Liu, Biomimic from the superhydrophobic plant leaves in nature:
Binary structure and unitary structure, Plant Sci., 172, 1103-1112. Copy-
right 2007 with permission from Elsevier.

Another typical example of anisotropic wettability is butterfly wings. It
has been reported that the butterfly wing exhibits superhydrophobicity
with a water contact angle of 15242°°% Figure 1.10 shows the
anisotropic wettability on butterfly wings. A water droplet can easily roll off
the surface of a butterfly wing along the radial outward direction
(Figure 1.10a), while it can be tightly pinned in the opposite direction
(Figure 1.10b and c). This unique ability is ascribed to the anisotropic
arrangement of flexible nanostrips and microscales overlapping on the
wings in one dimension.'* Figures 1.10d and e show SEM images of
butterfly wings, which are covered by a large number of quadrate scales
along the RO direction with a length of ~150 um and a width of ~70 pum.
And on the surface of each scale, there are numerous ridging nano-strips of
184.3+9.1 nm in width.>® Moreover, these nano-strips are composed of
cuticle lamellae of apparently different lengths, which are stacked stepwise
along the RO direction.
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100 nm - 100 nm
L ; | ]

Figure 1.8 SEM images of duck feathers, which show multi-scale structures.
(a) bar =100 pm; (b) bar =10 umy; (c), (d): bar =100 nm.>
Copyright © IOP Publishing. Reproduced with permission. All rights
reserved.

200pm

(d)

(e) (f i (9)

119+10° 77+9° 87+9° 49+6°

Figure 1.9 (a)-(c) SEM images of the surface structures of the PNIPAAm replica of a
rice leaf with different magnifications. (d)-(g) Static contact angles of
water droplets on a replicated artificial rice leaf using PNIPAAm, as taken
from the direction parallel to the grooves ((d): 50 °C; (e): 20 °C) and from
the direction perpendicular to the grooves ((f): 50 °C; (g): 20 °C).>*
Reproduced with permission from A. Gao et al, Langmuir, 2010, 26,
9673-9676. Copyright (2010) American Chemical Society.
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Figure 1.10 Anisotropic wettability on butterfly wings. (a) The black arrows denote
the radial outward (RO) direction away from the body’s centre axis.
(b) The droplet easily rolls along the RO direction when the wing is
tilted downwards by 9°. (c) The droplet is firmly pinned on the wing that
is tilted upward, even when fully upright. (d), (e) SEM images of the
periodic arrangement of overlapping micro-scales on the wings and fine
lamella-stacking nano-stripes on the scales. Scale bars: (d) 100 pm;
(e) 100 nm.
Reproduced from ref. 53 with permission from the Royal Society of
Chemistry.

1.3.2 Elastic Effects of Tomenta Introduced Self-cleaning
Surfaces

As well as lotus leaves, other plants have a self-cleaning property." According
to Herminghaus,”* surfaces covered with tomenta, such as Alchemilla leaves,
also show superhydrophobicity. As shown in Figure 1.11a and b, a water
droplet can easily remain round when it is on the surface of an Alchemilla
leaf. Although it seems that the water droplet does not contact the surface
of the leaf, the water contact angle of the surface is close to 180°. In
Figure 1.11c, the tomenta would play a role perfectly analogous to cuticular
wax crystals in the case of microrough surfaces. However, it is found that due
to the effect of surface tension, tomenta tend to cluster, which leads to the
tomenta curve, and have elastic potential energy.”* Because of the elastic
potential energy, the tomenta prevent water droplets wetting the surface of
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substrate

Figure 1.11 (a), (b) A water droplet on an Alchemilla leaf. (c) Condensed hair cluster
holding a water droplet (2 mm diameter). (d) Sketch of the elastic
deformation of the hairs due to bundle formation at the liquid-air
interface.’

Reproduced with permission from A. Otten and S. Herminghaus,
Langmuir, 2004, 20, 2405-2408. Copyright (2004) American Chemical
Society.

the Alchemilla leaf (Figure 1.11d). However, this kind of superhydrophobic
structure is just of dynamic stability. The tomenta are hydrophilic and
flexible, and therefore the surface will be totally wetted when a higher water
pressure makes water droplets contact the bottom of the surface of the
Alchemilla leaf. In this case, the wettability will be decided by the thermo-
dynamic stability, which consists of roughness and chemical composition.

As mentioned, for the leaves of plants that are covered with tomenta,
elasticity and distribution area are two basic parameters to judge if spherical
water droplets can be stably present on the leaf epidermis.

1.3.3 Micro/Nanostructured Slippery Surfaces

In nature, some plants have so-called slippery surfaces, and such surfaces
inspired scientists to fabricate slippery self-cleaning surfaces.”>>” A typical
example is pitcher plants (Nepenthes), also known as carnivorous plants.”®
Pitcher plants have highly specialized leaves adapted to attract, capture,
retain, and digest prey.”® The capture of insects is based on the presence of
lubricating water or the nectar film and the regular microstructure of the


http://dx.doi.org/10.1039/9781782623991-00001

Published on 01 September 2016 on http://pubs.rsc.org | doi:10.1039/9781782623991-00001

View Online

14 Chapter 1

peristome surface. Figure 1.12a shows the pitcher plant. Figure 1.12b shows
the different sections of the pitcher’s inner surface. On top of the plant,
there is a lid (operculum), which keeps rain from diluting the digestive fluid
in the cup.®® The distinct regions of the pitcher, illustrated from top to
bottom, are the collar-shaped peristome, the waxy zone, the transitional
zone and the digestive zone, respectively.®® The waxy zone constitutes about
half the pitcher height (51.3 +2.8%), the transitional zone 5.1 £ 0.9%, and
the digestive zone constitutes the remaining part. As shown in Figure 1.12c,
the underside of the inner margin of the peristome consists of downward-
pointing tooth-like projections and nectar pores. The peristome surface has

1o0th

Figure 1.12 (a) Nepenthes carnivorous pitcher,” copyright 2014 Multidisciplinary
Digital Publishing Institute. (b) Longitudinal section of the pitcher
showing the different zones. (c) Peristome with downward-pointing
teeth above the waxy zone. (d) Smooth transitional zone between waxy
zone (upper) and digestive zone (lower). (e) Limit of the waxy zone: wax
crystals (w. cr.) on the transitional zone that have detached from the
waxy zone.®® Reproduced with permission from John Wiley and Sons.
Copyright © 2002, John Wiley and Sons. (f) SEM micrographs of the
peristome surface and longitudinal section. Top view (left and middle)
and longitudinal view (right) along the radial direction (the black arrow
indicates the cave). (g) SEM image showing the microstructure of the
waxy zone. (h) SEM image showing the detailed morphology of the
plate-like wax crystals at high magnification. (i) SEM image showing
the well-organized glandular cells in the digestive zone.®* Reproduced
with permission of Springer Science + Business Media. Copyright 2015.
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a very regular microstructure consisting of first- and second-order radial
ridges (Figure 1.12f, left). The second-order radial ridges are formed by
straight rows of lunate overlapping epidermal cells, showing an anisotropic
topography (Figure 1.12f, middle).”" And small caves (indicated by the black
arrow, Figure 1.12f, right) between two adjacent cells can be observed in the
longitudinal SEM image, because of the incomplete overlapping. The zone
adjoining the peristome is the waxy zone, which is covered with three-
dimensional plate-like wax crystals (Figure 1.12g and h). Figure 1.12d shows
the smooth transitional zone that separates the waxy zone and digestive
zone. A few isolated wax crystals, which have detached from the waxy zone,
are located on this zone (Figure 1.12e). At the bottom of the pitcher, there is
a digestive zone, which is composed of orderly arranged glandular cells that
release digestive fluid and are located in concave depressions (Figure 1.121i).
In an exceptional pitcher species of Nepenthes bicalcarata, the digestive zone
extends upward to the peristome without having the wax zone.*®

The hygroscopic nectar and hierarchical microstructure collaborate
synergistically and lead to a superhydrophilic peristome, making water
droplets spread quickly and effectively form homogeneous thin films.>**!
And this is in fact the actual trapping mechanism of the pitcher plant in
humid conditions. The peristome surface is so slippery that insects are
unable to attach to the peristome and thus fall into the pitcher. Con-
sequently, the trapping ability of the pitcher plant will increase on
rainy days.

Inspired by pitcher plants, Aizenberg et al. first fabricated an amphiphobic
and multifunctional slippery liquid-infused porous surface by infusion of
fluorinated oil (lubricating fluids) into a porous substrate.”® Since then,
through the use of different infused liquids and porous structures, re-
searchers have designed slippery materials possessing self-cleaning,>®°>%3
adaptive,®* antifouling,”” and temperature stimuli-responsive®® properties.
And these materials can facilitate applications in vapor condensation®® and
anti-fouling, anti-icing, self-cleaning windows and optical devices.®” "’

1.3.4 Hydrophilic and Oleophobic (in Water) Self-cleaning
Surfaces

Interfacial self-cleaning mechanisms can in fact be divided into two
categories: one is superhydrophobicity, the other is superhydrophilicity. In
nature, besides the creatures mentioned earlier, there also exist many
underwater creatures that have both superhydrophilic and superoleophobic
capabilities. The surfaces of such aquatic creatures may meet a three-phase
system involving a solid, water and any organic liquid instead of the solid—-
water—air system on land. In this system, water takes the place of air, and the
organic liquid plays a similar role to water in the solid-water-air system.
Those surfaces, including fish scales, shark skins, snail shells and pilot
whale skins, may inspire scientists to create underwater self-cleaning and
antifouling surfaces.
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1.3.4.1 Fish Scales

In the sea, the fish body can be protected from plankton and possess a self-
cleaning property even though the sea is polluted by oil. Researchers found
that fish scales have a superoleophobic property in water with a contact
angle of 156.4 +3.0° for an oil droplet (1,2-dichloroethane) and a super-
oleophilic property in air.”® Figure 1.13 shows optical and SEM images of
fish scales at different magnifications. Fish scales consist of sectorial scales
with diameters of 4-5 mm (Figure 1.13a). Each sectorial scale is covered by
papillae of 100-300 um in length and 30-40 pm in width (Figure 1.13b). The
surfaces of micropapillae are rough. And nanostructures can be observed on
the papillae (Figure 1.13c,d). Furthermore, fish scales are composed of
calcium phosphate, protein and a thin layer of mucus, which results in
hydrophilicity. Therefore, the superoleophilicity in air and superoleophobic
properties in water of fish scales are basically attributed to the hydrophilic
mucus and the rough hierarchical structure.

500 pm

Figure 1.13 Surface structures of fish scales. (a) Optical image of the fish scale. The
sector-like scales with diameters of 4-5 mm arrange into an array. (b)
SEM image of the fish scale. Oriented papillae 100-300 mm in length
and 30-40 mm in width existing on the fish scales arrange in the radial
direction. (c) SEM image of the fish scale at high magnification; the
papillae surface is rough. (d) SEM image of the papillae.”®
Reproduced with permission from John Wiley and Sons. Copyright
© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Similarly, grass carp can always swim freely and resist biofouling and oil
pollution in water, illustrating a self-cleaning property.? The mechanism of
their self-cleaning ability is contributed to the cooperation of surface
hydrophilic mucus and multiscale structures.

1.3.4.2 Snail Shells

On rainy days, we can see snails everywhere (Figure 1.14a). The surface of a
snail shell is always clean, exhibiting self-cleaning ability in a wet environ-
ment. In fact, the water and oil contact angles of a snail shell’s surface
are about 80° and 10° in air respectively, showing hydrophilicity and
oleophilicity."* But in water, an oil droplet is difficult to attach to the snail
shell (Figure 1.14d-f), indicating superoleophobicity (the oil contact angle is
higher than 150°). Figures 1.14b and ¢ show SEM images of a snail shell. The
surface of a snail shell, which is coated by protein, consists of line grooves
with a pitch of 0.5 mm, grooves crossing to the line groove with a pitch of
0.1 mm and micro-grooves with a pitch of 10 um between the line grooves,
forming a hierarchical structure.'” The key to the self-cleaning property of
the snail shell is its superoleophobicity, i.e., the wetted surface of the snail
shell is hardly contaminated so that the snail shell can keep clean on
rainy days.

1.3.4.3 Shark Skins

As is well known, sharks are fast swimmers, which effectively prevents
them from being invaded by bacteria and parasites. Recently, shark skin

0.2mm

Snail

Figure 1.14 (a) A snail on a leaf after it has rained. (b) Optical microscopy image of a
snail shell. (c) SEM image of a snail shell. (d)-(f) Measurement of the
oil-contact angle in water."

Reproduced from ref. 11 with permission from the Royal Society of
Chemistry.
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has attracted increasing attention for its self-cleaning and low-drag
capabilities.”"”* Similarly, its surface microstructure leads to the self-
cleaning property of shark skin. As shown in Figure 1.15a-c, shark skin
is covered by individual tooth-like scales called dermal denticles, on
which there are spaced riblets oriented parallel to the swimming dir-
ection."™”? Figure 1.15d shows the different sizes and shapes of scales on
different parts. The scales on the head are larger and saponaceous on
the edge; the scales on the back are smaller and have less height; and the
scales on the abdomen are sharply pointed on the edge and have deeper
micro-grooves.”*

Due to the shark skin’s unique microstructures, sharks show oleophobi-
city and low-drag properties. In detail, water flow moves quickly past a
shark’s surface and washes away fouling organisms. Meanwhile, because of
these microstructures, it is difficult for microorganisms and contaminants
to adhere to the skin. Also, the dermal denticles perpetually realign or flex in
response to changes in internal and external pressure as the shark moves
through water, creating a ‘moving target’ for fouling organisms.

(b) f\

&= Base plate

<= Spine

Figure 1.15 (a) Optical microscopy image of shark skin. (b) Illustration of a single
shark scale,”® X. Han, Study on the micro-replication of shark skin, Sci.
China Ser., E: Eng. Mater. Sci., 2008, 51, with permission from Springer.
(c) SEM image of shark skin. (d) Sharkskin patterns on different parts,”*
Y. Luo, Improvement of water-repellent and hydrodynamic drag
reduction properties on bio-inspired surface and exploring sharkskin
effect mechanism, Appl. Phys. A: Mater. Sci. Process., 2015, 120, with
permission from Springer.
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1.3.4.4 Pilot Whale Skins

In addition to shark skin, pilot whale (Globicephala melas) skin also has a
clean surface free of contamination, and the mechanism of self-cleaning is
shown in Figure 1.16a.”” This special ability results from nanoridge pores
and zymogel on the skin’s surface, as seen from the SEM image of pilot
whale skin (Figure 1.16b). Baum et al. found that there is intercellular gel,
containing both polar and nonpolar functional groups, on the surface of
pilot whales, which effectively promotes short- and long-term fouling re-
duction. Moreover, the self-cleaning property, combined with the speed of
movement, surfacing, and jumping of pilot whales, may also contribute to
removing weakly adhered epibionts.

1.3.5 Disequilibrium of Interfacial Force Induced
Self-cleaning Surfaces

Geckos are well-known for the remarkable adhesive property of their toes,
which gives them an extraordinary climbing ability. In 2005, Hansen et al.
revealed how geckos manage to keep their feet clean while walking with
sticky toes.”® Tokay gecko feet contaminated with microspheres could re-
cover their ability to cling to vertical surfaces after only a few steps on clean
glass. Studies illustrate that their self-cleaning ability was attributed to the
hierarchical structure of their feet."* Figure 1.17 shows the structural hier-
archy of the gecko feet. Each toe is covered with rows of lamellae
(Figure 1.17b) which consist of millions of well-aligned microscale setae
(ca. 110 pm in length and ca. 5 pm in diameter) (Figure 1.17c and d). The
setae occur in uniform arrays on overlapping lamellar pads at a density

Blopolymerl
biofouler

Figure 1.16 (a) Preliminary model of the self-cleaning abilities of pilot whale skin,
based on the relief of nanoridges filled with a medium. (b) SEM image
of self-cleaning pilot whale skin. The pores enclosed by the nanoridges
are displayed very clearly.”” C. Baum, Average nanorough skin surface
of the pilot whale (Globicephala melas, Delphinidae): considerations on
the self-cleaning abilities based on nanoroughness, Mar. Biol., 2001,
140, with permission from Springer.


http://dx.doi.org/10.1039/9781782623991-00001

Published on 01 September 2016 on http://pubs.rsc.org | doi:10.1039/9781782623991-00001

View Online

20 Chapter 1

20 pm

Figure 1.17 Structural hierarchy of gecko feet. (a) Macrostructure: ventral view of a
Tokay gecko climbing vertical glass. (b) Mesostructure: ventral view of
the foot, with adhesive lamellae visible as overlapping pads. (c) Micro-
structure: proximal portion of a single lamella, with individual setae
in an array visible. (d), (e) Nanostructure: single seta with branched
structure at upper right, terminating in hundreds of spatular tips,”®
copyright (2005) National Academy of Sciences, U.S.A.

of 14400 permm?® And each seta splits into nanoscale (200-500 nm in
diameter) spatulas (Figure 1.17e).

Nevertheless, early studies did not investigate the gecko’s ability to remain
clean from contamination, which has become the center of attention
for biomimetic self-cleaning surfaces in recent years.”” Very recently,
researchers discovered that disequilibrium in adhesive forces between
substrate, dirt and single or multiple gecko spatulas lead to the self-cleaning
property of gecko feet. According to the research, dirt particles, which have a
small size, can stick to a few spatulas, and the adhesion strength between
substrate and dirt particles is higher than between dirt particles and spat-
ulas. As a result, within a few steps, geckos can simply move the setae from
the substrate so that it can quickly restore cleanliness in case of
contamination.
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Figure 1.18 Overview of natural self-cleaning surfaces.

1.4 Conclusion and Outlook

Nature is always the source of inspiration for scientists, as already
described. The variety of species from terrestrial and aquatic organisms
with special wettability (superhydrophobicity, superhydrophilicity and
superoleophobicity) provides the answers to puzzles we meet (Figure 1.18).

Terrestrial organisms would inspire us in the design and fabrication of
artificial multi-scale self-cleaning materials, while aquatic organisms
would inspire us in the design and construction of self-cleaning and
antifouling materials for underwater or wet environments. Such materials
have great potential in many fields, such as self-cleaning, antifouling,
corrosion-resistance, anti-icing, anti-fingerprint and water-oil separation,
etc. Towards practical applications, however, it will be necessary in the
future to consider the robustness and durability of artificial self-cleaning
materials by taking into account the surrounding environment in terms
of mechanical impacts, water availability (e.g., rain), level and type of
pollution, and possibility of erosion (e.g., in sandy environments, in the
presence of wind, etc.).
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Leaves and Butterfly Wings
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2.1 Introduction

The lotus (‘““He Hua” in Chinese), botanically known as Nelumbo nucifera, is a
variety of aquatic plant. The lotus is native to China and is now widely
cultivated in China, Japan, India, North America, West Asia and Middle Asia.
Some seeds found in a dry lake in northeastern China showed that lotuses
were planted over 3000 years ago. And some ancient seeds can still blossom
today."> Throughout history, lotuses have been regarded as food (the seeds
and the rhizomes), decoration and medicine. Besides, lotuses also play a
significant and special role in Chinese cultural activities. The reason for this
might be in a rhyme written by a famous Chinese poet, Tao Yuanming, who
was living in the Dongjin Dynasty (around 400 A.D.), in which he says
“I admire she (lotus) grows and blooms in the mud, yet neatly and clean out
of it. I admire she flows in the drops of water the yet graceful seen.” It was
not until over 1500 years later that Dettre and Johnson found that the surface
of the lotus leaf was superhydrophobic,’ making the lotus “flows in the
drops of water the yet graceful seen”. And Barthlott and Ehler found that
the lotus leaf had a self-cleaning property due to its microstructure,* helping
the lotus “blooms in the mud, yet neatly and clean out of it”.
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Beautiful flowers always attract beautiful fairies. The butterfly, one of the
most amazing extant insects on the Earth, dances among the blossoms
gently and elegantly with a pair of sparkling wings, making this beautiful
picture even more attractive and dynamic. Due to its great beauty, a butterfly
called Camberwell Beauty, living in Britain, has been given the names Grand
Surprise, the Willow Beauty and the White Petticoat in the past. It has
similar names in several different languages for the same reason. In ancient
China, there was a famous legend of love named ‘“Liang Shanbo and Zhu
Yingtai”, a story about a young couple that died for love and turned into two
beautiful butterflies so that they could live together freely despite strong
opposition from their parents, just like Romeo and Juliet in Shakespeare’s
play. In addition, due to it coming from an ugly worm, the butterfly is often
used in novel imagery to symbolize the transformation of a person.

No matter which - lotus or butterfly - they both leave a deep impression
with their beautiful appearance. However, have you wondered how they
prevent their beauty from becoming dirty? Do they always need to take a
bath to keep themselves clean, just like human beings? The answer is no.
They do not need to clean themselves but use a more intelligent and efficient
way to maintain their beauty: lotus leaves and butterfly wings are both self-
cleaning. In other words, they cannot be polluted so that they have no need
to clean themselves.”®

In this chapter, we will begin with the evolution of lotuses and butterflies
and then figure out the self-cleaning property of the lotus leaves and
butterfly wings, along with their mechanism. Then, we will focus on some
artificial surfaces with a similar self-cleaning property, including their
morphologies, fabrications and applications.

2.2 The Evolution and Taxonomy of the Lotus and
Butterflies

2.2.1 The Lotus

Figure 2.1 shows the flowers, seeds and bodies of a progeny lotus of
old Xipaozi fruit (over 1200 years old) collected by I. Ohga in the 1920s
and planted by H. V. Wester in 1951." The characteristics of the ancient lotus
were very similar to the extant ones. The flower, on the second day of bloom,
has a diameter of about 26 cm. There is also a yellow receptacle located in
the middle that consists of multiple stigmas. Surrounding the stigmas are
over 200 saffron stamens and about 15 pink petals (Figure 2.1a). Different
from the extant species, the body of the ancient lotus (seedlings) has some
variegation on one of its leaves, together with a large wedge (at the right side
of the leaf) encompassing six red veins and specks. Besides, the small
plumule (at the upper right) is much thicker, and another plumule (lower
right) has some yellow and white specks (Figure 2.1c)."
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Figure 2.1 Lotus developed from ancient seeds. (a) Flower, ~26 cm in diameter,
showing the multiple stigmas and saffron stamens. (b) Lotus seeds.
(c) Body of a 400-year-old Xipaozi fruit. (d) 464-year-old fruit on the
second day of germination, having a girth of ~1 cm.

Figure 2.2 shows the taxonomical study of the lotus. The lotus (Nelumbo
nucifera) belongs to the family Nelumbonaceae in plant taxonomy, along
with the Brasenia, Euryale, Nuphar and Nymphaea.

Despite the similarity between the ancient lotus and living ones
today, there was a clear evolution lineage for the lotus over millions of
years (Figure 2.3). According to the morphology of fossils and DNA (gene)
sequences discovered, there could be two parallel lineages during the
evolution of the extant lotus. Nelumbo provinciale living in the Cretaceous
period in Fuveau, Southern France,” was believed to be the ancestor of
Nelumbo protospeciosa.® "' And N. protospeciosa seems to lead to the extant
N. nucifera, which is now widely seen in Europe and Asia. The other parallel
lineage of evolution was for the living lotus in North America. Nelumbo
kempii, living in the Magothy Formation of Long Island and New Jersey,
USA,"*™ is now believed to be the ancestor of Nelumbo protolutea,’'°
known in the early Eocene Grenada Formation of Meridian, Mississippi,
USA.? And N. protolutea then evolved into the widely seen species seen in
North America today, Nelumbo lutea.’
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Figure 2.2 Taxonomical diagram of Nelumbo. J. Shen-Miller, Sacred lotus, the long-
living fruits of China Antique, Seed Sci. Res., 12(03), 131-143, reproduced
with permission.

Europe & Asia North America
' N g “\
Nelumbo nucifera Nelumbo lutea
(Today) ) L (Today) )
( I R ' I ~
Nelumbo protospeciosa Nelumbo protolutea
(Eocene to Miocene) L (Eocene) )
(" Y 3
Nelumbo provincial Nelumbo kempii

(Late Certaceous) (Late Certaceous)

Figure 2.3 The evolution of the lotus.

2.2.2 The Butterflies

Unlike the lotus, which has the botanical name Nelumbo nucifera, butterflies
are too different to be categorized, so there were some interesting mistakes
when distinguishing the butterflies. For example, two butterflies found by
early scientists and named the Selvedged Heath Eye and the Golden Heath
Eye were then proved to be the male and female of a single species, which
was then initially named the Gatekeeper but is now named the Small Heath.
What is more interesting, the original name Gatekeeper is now the name of
an entirely different species, which was known as the Hedge Brown, Hedge
Eye and Large Heath. The name Large Heath is now applied to an entirely
different species that was previously known as the Manchester Argus, or
Marsh Ringlet!

From the view of modern taxonomy, the word butterfly is not a name for
a specific species but is a common name for over 14 000 species in three
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superfamilies within the Lepidoptera - the Hedyloidea, the Hesperioidea
and the Papilionoidea - which evolved from a common ancestor
Rhopalocera (Figure 2.4)."*"”

Today in England, we can still see the ancient insect called the longhorn
caddis fly Mystacides azurea, which is now believed to be the ancestor of
butterflies and moths (Figure 2.5a). In order to hold and grasp the female in
front of it during copulation, the male Mystacides azurea has a pair of highly
modified pincers at the front of its head. Like another old insect, the
dragonfly, the larvae of Mystacides azurea are aquatic and live in portable
cases built in sand grains or fragments of stems bonded to a silk tube out
of their body. Modern day bagworm moths (Psychidae) still have larvae
that live inside cases.

The fossil records show that insects began to live on the Earth about
300 million years ago. After about 100 to 150 million years, the very first
Lepidoptera evolved from the Trichoptera (caddis flies), together with the
appearance of the earliest flowering plants. Figure 2.5b shows a butterfly
fossil found in the Florissant beds, Colorado, USA, which is named Prodryas
persephone (Nymphalidae), which lived about 30 million years ago. And it

[ Rhopalocera ]

hedyloidea hesperioidea papilionoidea

Figure 2.4 Three different species of butterfly.

Figure 2.5 (a) Mpystacides azurea. (b) Fossil of an ancient butterfly. W. Barthott,
Purity of the sacred lotus, or escape from contamination in biological
surfaces, Planta, 202, 1997, figure 5, with permission of Springer.>°
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shows some similarities between the ancient butterflies and the extant ones:
the double vibrissa, wide and transparent wings and the arthropodic body
with an exoskeleton.*® However, different from the vertebrate which has
hard bones, the bodies of the butterflies were so soft that few of them could
turn into fossils. And due to the lack of fossil records, there is still no clear
evolutionary trace for the butterflies, which still needs to be studied.®

2.3 Self-cleaning Properties of Lotus Leaves and
Butterfly Wings

2.3.1 The Lotus Leaves

Lotus leaves may have been the first biological surface to inspire scientists
to investigate the self-cleaning phenomenon. The self-cleaning property of
lotus leaves is so significant that the word “lotus effect” was created to
describe all surfaces with self-cleaning properties. In the late 1970s, a group
of German biologists, led by Barthlott and Neihuis, studied over 300 plant
leaves'®?° and they found that it was the synergy of the rough structure and
the hydrophobic wax cover on the surface that helped with the self-cleaning
property (Figure 2.6a).>" If the wax was removed by cleaning with acetone,
the water contact angle would be dramatically reduced and the self-cleaning
property would also disappear. Therefore, the superhydrophobicity and
self-cleaning property are considered to be caused by the synergy of a rough
surface structure that imprisons air beneath water drops and the water
repellency of the wax coated on the surface. And the self-cleaning property
was then defined with two key criteria:

(1) Superhydrophobicity. The water contact angle (WCA) must be over
150°%

(2) Strong anti-pollution. Pollutants such as dusts and microparticles on
the surface can be taken away by water when rolling off with no traces
(Figure 2.6b).>"

Figure 2.6 (a) The SEM image of a lotus leaf. (b) A drop with dust standing on the
lotus leaf.
Reproduced from ref. 22 with permission from John Wiley and Sons.
Copyright © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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However, after about 30 years, a new discovery by Jiang Lei’s group in
China indicated that a nanoscale structure may occur on the microscale
sturcture®® and the combination of such a micro/nano structure is the real
reason that the lotus leaf is self-cleaning. In addition, such surfaces have
large WCAs and small sliding angles. Thus, water drops can easily roll off the
surface, taking away pollutants.> Figure 2.7a is an SEM image of a large area
of a lotus leaf. Many small papillas in diameters ranging from 5 to 9 pm are
spread randomly on the surface. A magnified view of one of the papillas
(Figure 2.7b) shows that each papilla is covered by numerous nanobranches
with an average diameter of 124.3 nm+ 3.2 nm. In addition, the nano-
branches also appear in the spaces among the papillas (Figure 2.7c), which
can prevent the lower part of the leaf from being permeated.>® Jiang Lei’s
group figured out that this micro/nano structure could lead to a large WCA
(161.0° £2.7°) and a small sliding angle (about 2°).

When put into moist air, tiny water drops will condense on the surface.
The whole process can be observed in situ with an environmental scanning
electronic microscope (ESEM). At the beginning, a small microdroplet
appears in the basin among the papillars (Figure 2.8a). When the pressure
keeps increasing, the tiny microdroplet grows to bead in contact with the
papillars (Figure 2.8b). With an increase in pressure, the drop keeps growing
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Figure 2.7 SEM images of the lotus leaf surface and the relationship between the
nanostructure and the contact angle.
Reprinted with permission from Y. Zheng, D. Han, J. Zhai and L. Jiang,
Appl. Phys. Lett., 2008, 92, 084106. Copyright 2008, AIP Publishing LLC.>*
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Droplet
' ]

Figure 2.8 ESEM images indicating the water condensation process on the lotus
leaf surface.
Reprinted with permission from Y. Zheng, D. Han, J. Zhai and L. Jiang,
Appl. Phys. Lett., 2008, 92, 084106. Copyright 2008, AIP Publishing LLC.>*

until it is so big, the basin cannot hold it. So it tends to escape the basin
(Figure 2.8c). Finally, the drop will stand on top of the papillars, bridging over
more than four papillars and leaving the air trapped beneath (Figure 2.8d).>*

The magnification of the drop standing in the basin among the papillars
is shown in Figure 2.9. Different from the condensation process on a flat
surface, the water drop does not collapse during the condensation
(Figure 2.9a). This may be due to the wet contact on top of the papillars
where a thin layer covers them (Figure 2.9) and the thin layer can be clearly
seen in the detail of the papillar.*

According to Adamson and Gast, a model of the relationship between
the superhydrophobicity and the multi-scale structure can be founded. The
multi-scale structure on the surface of the lotus leaves (nano structure spreads
over the microstructure) can be roughly taken as a fractal described by the
Koch curve.”® Then, the roughness can be calculated by the fractal formula.
Considering Wenz!l’s law, the relationship between the contact angle on the
rough surface (6¢) and the smooth surface (6) can be written by eqn (2.1)

cos O =f; <%)chos 0—f (2.1)


http://dx.doi.org/10.1039/9781782623991-00025

Published on 01 September 2016 on http://pubs.rsc.org | doi:10.1039/9781782623991-00025

View Online

Biological Surface: Lotus Leaves and Butterfly Wings 33

(d) Relatively high
surface-energy

Covering gegion

of liquid
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Figure 2.9 ESEM images of water drops in contact with the papillars.

where (L/)’~? is the roughness, L, [ are the upper and lower limits
for a fractal surface, respectively and D is the fractal dimension, f; and f,
are the fraction of area occupied by surface and air (f; +f, = 1), respectively.
As for the surface of lotus leaves, L and / can be roughly approximated by
the size of the microscale papillas and the nanoscale branches. In the
Koch curve, D is ~2.27 in three-dimensional space, and (L/) is ~3",
where n can be determined be the specific fractal structure. It is easy to
know that as n increases, the roughness increases. Thus, if we set L, the
upper limit, a constant, with 7 increasing, [/, the lower limit, will decrease.
When we put in the diameter of the papillas and branches measured in
Figure 2.7a, f; and f, can be calculated as 0.2056 and 0.7944, respectively.
If we note 0 as 104.6° +0.5° as reported,*® according to eqn (2.1), 0; can
be roughly calculated as shown in Table 2.1.

Figure 2.7d gives the relationship between the diameter of the papillas
and the appearent contact angles based on the calculation results. With the
shrinking of the papillas, the contact angle climbs up very slowly. However,
when the nanobranches begin to appear on the papillas, the value of the
contact angle rockets from less than 160° to over 170°, which gives a much
steeper curve. This illustrates that the nanobranches have played an im-
portant role in generating the superhydrophobicity.
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Table 2.1 Relationship between 0¢ and n.
O¢
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Figure 2.10 AFM images of natural lotus leaves.
Reproduced from ref. 22 with permission from John Wiley and
Sons. Copyright © 2002 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

Observed under an atomic force microscope, the micro/nano structure can
be clearly revealed, which is made up of micro papillas and nanobranches
(Figure 2.10).>77°
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The second criterion of self-cleaning is strong anti-pollution, which
indicates that the suface must be slightly adhesive. The wax coated on the
papillas results in a low coefficient. Thus the interfacial area between the
surface and the dust (or particles) is very small, causing a rather reduced
adhesion. Figure 2.11 is a cartoon illustration demonstrating the differences
between the smooth surface and the lotus leaf with a self-cleaning property
when water rolls down the surfaces. When water drops, such as rain, fall
onto the leaf, it is very easy for them to roll down, catch the adhered dust and
take it away, resulting in the self-cleaning property, or the so-called “lotus
effect”, which protects leaves from pollutants. A considerable amount of
dust still leaves non-superhydrophobic smooth surfaces with lower
WCAs.* 1

In addition to the superhydrophobicity on the upper surface of the lotus
leaves, which is the interface between air and soild, superoleophobicity has

rough superhydrophobic

smooth surface
surface

— )

water drop on a lotus leaf

Figure 2.11 Behaviour of water drops rolling off different surfaces and a natural
lotus leaf.
Reprinted from ref. 33 with permission from the Royal Society of
Chemistry.
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(b) water droplets lotus leaf

gl

oil droplets

Figure 2.12 Oil drops beneath the lotus leaf.
Reprinted from ref. 33 with permission from the Royal Society of
Chemistry.

also been found on the lotus leaves, which is the interface between water and
solid.”® Figure 2.12 shows a photo of a lotus leaf on the water surface. When
water drops are dispensed onto the upper surface, they retain a spherical
shape due to the superhydrophobicity. However, when oil drops (n-hexane
dyed red) are dispensed onto the lower surface, they also retain the same
shape, which means the lower surface of the lotus leaf is superleophobic.

The ESEM image and AFM scanning results give a possible explanation
for this contrast. Different from the upper surface, the lower surface has
no three-dimensional multi-scale structure.’®?* Instead, it consists of
randomly ordered tabular and slightly convex papillars with a size of about
40 mm x 20 mm x 4 mm (L x W x H) (Figure 2.13). And each papillar con-
tains numerous nanogroove structures with a length of 200-500 nm. This
structure can secrete some hydrophilic compounds, such as in ferns,*® which
can form a water layer covering its surface and make it superleophobic.

2.3.2 Butterfly Wings

Different from lotus leaves, the pretty colors of various butterfly wings are
the result of a complex pattern of scales, bristles or cilia covering the surface
of the wings.?® From a biological point of view, each scale (or bristle) is
formed by a single epidermal cell. Those cells, forming the basic architecture
layer by layer and stripe by stripe, are considered to be the units for the
pattern and its details. And since even the simplest scales are perfectly
structured, butterfly wings can be seen as one of the most skilful works of art
in biological pattern formation at not only the cellular level but also the
macro level carved by nature.*®

Figure 2.14 contains SEM images of several butterfly wings. Despite the
difference in the apperenance and colors of the butterflies, their wings are
all formed by well-ordered micro structures: the scales or bristles cover the
surface of the wings, with the latter partly covered by the former. This
structure is very much like tiles (Figure 2.15), which were common structures
on the roofs of the ancient Chinese dating back to the Zhou Dynasty
(700 B.C.) and were used to prevent leaks from rain.
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(a) (b)

Figure 2.13 Oil sliding off the lower lotus leaf surface and the SEM and AFM images
of the surface.
Reproduced from ref. 36 with permission from John Wiley and Sons.
Copyright © 1994 Wiley-Liss, Inc.

It is not only in shape but also in function that the scales and tiles are the
same. Researchers have found that although the structure and color of dif-
ferent butterfly wings differ from one another, the water repellency prop-
erties of them are quite similar, which is also extremely interesting.
Figure 2.16 shows two butterflies with quite different wings: one is colourful,
thick and non-transparent while the other is thin and transparent. Although
their wings are made by highly ordered large scales and randomly arranged
small cilia, respectively, the water contact angles on the wings are both
higher than 150°, resulting in superhydrophobicity.*”

The self-cleaning property of butterfly wings is strongly related to their
superhydrophobicity.’®*? The water contact angle on the wings covered by
scales is higher than 150° and the contamination particles can be washed
away easily with a small tilt angle (~3°), while the contact angle on the wings
after the scales are removed is only 100° and the particles cannot be easily
washed away.*® And there is no evidence to indicate that the area, length,
width or gaps of the scales affect the contact angle as well as the self-cleaning
property of the wings.*"*?
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Figure 2.14 SEM images of several butterfly wings. (a) Marpho menelaus, top view of
scales, scale bar =50 pm; (b) Caligo martia, part of the upper lamina of
a non-specialized scale, scale bar =1 um; (c) Astraptes azul, longitudinal
view of a fractured bristle, scale bar=2 pm; (d) Parides sesostris,
longitudinal view of fractured reflective scale, scale bar=1 um;
(e) Morpho menelaus, edge of a cover scale, scale bar =2 pm; (f) Caligo
beltruo, part of a longitudinally fractured scale, scale bar=0.5 um.
P. Perez Goodwyn, Waterproof and translucent wings at the same
time: problems and solutions in butterflies, Naturwissenschaften, 96,
2009, figure 1, with permission of Springer.®”

When put into moist air, water drops begin to condense on the overlapped
scales. Figure 2.17 is a combination of the ESEM images indicating water
condensation on the wing surfaces of two different butterflies, Morpho
rhotcnor (left) and Morpho aega (right).*
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Scales on butterfly wings Tiles on an ancient Chinese house roof

Figure 2.15 Comparison of the scales on butterfly wings and the tiles on a Chinese
house roof.
Left: Copyright (2015) from Bio-Inspired Wettability Surfaces:
Developments in Micro- and Nanostructures by Yongmei Zheng.
Reproduced by permission of Taylor and Francis Group, LLC, a division
of Informa plc. Right: www.tonghuashiji.net.

Different from the self-cleaning property of lotus leaves where dust can be
washed away from any direction, water drops falling onto butterfly wings can
only move from a single direction away from the body but they can get
pinned in the opposite direction (Figure 2.18).***" This is because the micro
scales and the nano rear ends are both arranged along the direction away
from the body, forming an overlapping structure (Figure 2.19a and b). And
the AFM scanning results show that the height of each step along the rolling
direction is about 10 nm for the micro scales and 500 nm for the nano
rear ends.

When the butterfly wings slope downward, the scales and rear ends
separate from each other, fragmenting the water contact line, making the
water drops roll off easily. However, when the wings slope upwards, the
scales and rear ends get close to each other, forming a continuous water
contact line and preventing the water drops from rolling away (Figure 2.20).

Recently, researchers have found that the flapping of the wings can be
another factor driving the tiny water droplets from the surface of the wings.

For butterflies living in habitats with moist air, e.g. Morpho deidamia,
it is not enough to wait for the water drops to leave their wings before they
can fly. They need a much more efficient and active way to get rid of the
drops, especially when they are relatively small. As with most butterflies
investigated, an overlapped structure and directional adhesion have been
discovered on their wings,** which can help the drops roll off the wings
along the radial outside (RO) direction (Figure 2.21a-d). However, unlike the
butterflies with flat scales covering their wings, the scales on the wings of
Morpho deidamia bend toward the surface. And the tilt angle against the RO
direction (w,) is larger than that along the RO direction (w,) (Figure 2.21b,).
In addition, the surface of each scale is covered with parallel ridges with
nanowalls, which also tilt toward the RO direction (Figure 2.21¢,).*®
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Figure 2.16 Differences between non-transparent and transparent wings.
Reproduced from ref. 44 with permission from the Royal Society of Chemistry.
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Morpho rhotcnor

Figure 2.17 Water drops on butterfly wings.
Reproduced from ref. 44 with permission from the Royal Society of
Chemistry.

(@

Figure 2.18 The rolling and pinned status on butterfly wings.
Reproduced from ref. 44 with permission from the Royal Society of
Chemistry.
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Figure 2.19 SEM and AFM images of scales and nano ridges.
Reproduced with permission from C. Liu, J. Ju, Y. Zheng and L. Jiang,
ACS Nano, 2014, 8, 1321. Copyright (2014) American Chemical Society.*®

Due to the asymmetric scales with a micro-/nano-structure, Morpho
deidamia can get rid of water drops in both static and dynamic situations.

On static wings, tiny water droplets start to generate between the ridges
due to their small size. As the surface of the scale is superhydrophobic,*”*®
the drops will gather on the ridges as their volume increases. Because
drop 1 penetrates into the ridges more deeply than drop 2, it has a larger
fraction of liquid/solid interface, leading to a larger retention force.*® Thus,
drop 2 with a smaller retention force will then be absorbed by drop 1,
making drop 1+ 2.

When drop 1+ 2 continues growing, the tilt angle and shapes makes its
shape asymmetric, where the side along the RO direction spreads more than
that against the RO direction,*®*® causing an imbalance in the surface
tension forces acting on the two sides of the drop.’’ This force can be
written as:

Lright
Fy :J ) 7(cos 0y — cos 0)dl (2.2)

Lieft
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Scales

Discontinuous TCL Quasi-continuous TCL

Nanometre tips nometre tips
Rolling Pinning

Figure 2.20 Different TCL phase along and against RO direction.
Reproduced with permission from C. Liu, J. Ju, Y. Zheng and L. Jiang,
ACS Nano, 2014, 8, 1321. Copyright (2014) American Chemical Society.*®

where y and dl represent the surface tension of water and the integrating
variable along the RO direction.’***

When drop 1+ 2 meets its neighbor on the scale (drop 3), the capillary
force produced by the water band between the drops makes the initial one
move towards the new one.” And this fast inside attachment of liquid
causes a combined drop (1 + 2 + 3), which will then dewet from the surface.
During the dewetting process, the part belonging to drop 1+ 2 (left side)
dewets along the RO direction, whilst the drop 3 part (right side) dewets
along the opposite direction (against the RO direction). The asymmetry of
drop 1+ 2 + 3 indicates that the adhesive force in the interface between the
drop and the surface is relatively smaller when dewetting facing the dir-
ection of RO but larger when dewetting against it. This discrepancy in the
adhesive force between the two directions may be the result of the different
types of three-phase contact lines (TCLs) along the two opposite directions:
fragmented along the RO direction while relatively continuous or quasi-
continuous against it (Figure 2.22).

After coalescence, the surface energy released during the coalescence
process is already at the maximum. And it can convert to the kinetic energy
of drop 1+2+3.>*°® We note E the kinetic energy obtained by drop
1+ 2+ 3, Ey can be defined as:

Ek :Esl + E52 - Es(l+2) - EV (23)
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Figure 2.21

Micro scale

Morphology of the scales and ridges of butterfly wings.
Reproduced with permission from C. Liu, J. Ju, Y. Zheng and L. Jiang, ACS Nano, 2014, 8, 1321. Copyright (2014) American

Chemical Society.*®
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Figure 2.22 A drop’s behavior on butterfly wings.
Reproduced from ref. 70 with permission from John Wiley and Sons.
Copyright © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

where E4, Es, and Eq(; 1) are the surface energy of the initial drops 1, 2 and
the coalescenced drop 1+ 2, respectively, and E, is the viscous dissipation
during the coalescence (as the diameter of the drops is smaller than 2.7 mm,
there is no need to consider the impact of gravity). If the radius of drops
1+ 2 and 3 are assumed to be the same, E\ can be further written as:

Ei :ynﬂ{(z —2%)(2 — 2 cos 0)

+ [z%lpb(cp) - zqfa(cp)} sin 9}

3
— 64nu il
p

(2.4)
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where 7, p, 0 and p are the surface tension of water, the density of water, the
contact angle of water drops on the wings and viscosity coefficient of water,
respectively. And f,(¢) and fi,(¢) represent the f(¢) after and before the
coalescence, where f(¢) can be noted as:

flo)=epcosby+p—1 (2.5)

In eqn (2.3-2.5), ¢ is the roughness parameter of the wetted surface area, ¢ is
the ratio of the soild area wetted by water and 0y represents the Young’s
contact angle on a smooth surface.”” Due to the multi-scale structure formed
by the micro scales and nano ridges, the butterfly wings get a large ¢, leading
to a lower energy barrier for the transportation of the drops with high
coalescence speed. Thus when two drops become one, there is a synergy
between the unbalanced surface tension and the surface energy released,
leading to an apparent movement of the drops along the RO direction.

Unlike flies and bees, who fly with humming, butterflies always fly from
flower to flower softly and gently, as if they were dancing a waltz. On average,
the frequency of a butterfly vibrating its wings is less than 20 Hz with an
amplitude about several centimeters.’®>*

The behavior of drops attaching to the vibrating wings is similar to those
on static wings. With the vibration of the wings, fog drops move along the
RO direction (Figure 2.23a). The side view images (Figure 2.23b) show that
transportation of the drops on the vibrating wings also contains three
phases: contacting, coalescence and bouncing. Analysis of a drop’s behavior
on static wings gives a possible explanation for this phenomenon. As
the TCL is fragmented along the RO direction but continous against it, the
dewetting of the drops is easier along the RO direction than opposite the RO
direction. Thus an unbalanced surface tension occurs to the fog drops on
the asymmetric wings, pointing to the RO direction.’® With the help of the
vibration and released surface energy, the drops can bounce along the
RO direction.® The relationship between the frequency and the bouncing
distance is shown in Figure 2.23c.

2.4 Artificial Self-cleaning Surfaces Inspired by Lotus
Leaves and Butterfly Wings

Nature is always the school for scientists and engineers. Inspired by specific
multi-scale surfaces with an excellent self-cleaning property, researchers
have developed a series of artificial surfaces with a similar structure and
similar property.®’"® The secret of the self-cleaning on lotus leaves and
butterfly wings lies in the micro-/nano-structure covering their surfaces. In
order to fabricate such structures, lots of methods have been introduced to
form the multi-scale surfaces, including self-assembly,®* CVD,**"®” bottom-
up,®® spin coating,® electrospinning’® and so on.

Electrospinning is a simple and efficient method to fabricate large-scale
functional fibers and membranes, including membranes with a self-cleaning
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Figure 2.23 A water drop’s behavior on vibrating butterfly wings.
© IOP Publishing. Reproduced with permission. All rights reserved.””
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Figure 2.24 Self-cleaning membrane fabricated by electrospinning.

property.”””® Combining a porous micro sphere and three-dimensional
fibers, Jiang et al. fabricated a polystyrene (PS) membrane (Figure 2.24). The
hydrophobicity mainly depends on the micro spheres while the fiber scaffold
is used to enhance mechanical properties such as stability and toughness
and grasping the micro spheres in order to prevent them from being
washed away.”® The water contact angle on the membrane is about 160.4°. In
addition, they electrospun the mixture solution of polyanion (PAN) and
PS and got a similar “fiber-sphere” membrane. On the surface of the sphere
are some nano papillars, which can increase the roughness of the surface
and lead to a better superhydrophobicity.

A hydrothermal method can be used not only to synthesise various
nanocomposites with different amazing functions but also to fabricate nano
arrays with superhydrophobicity and self-cleaning. Liu et al. fabricated a film
made of randomly arranged Sb,0; arrays by taking antimony isopropoxide
as the reaction precursor and hexadecylamine as the orientation-directing
agent (Figure 2.25).”” Besides the superhydrophobicity, these films also gain
a small sliding angle, which meets the standard of self-cleaning.

If we take the electrospinning and hydrothemal method as the way to
fabricate structures inspired by lotus leaves, replication is the way to
copy the exact structure. Utilizing natural lotus leaves as a replication
template and poly(dimethylsiloxane) (PDMS) as the replication material,
the morphology of the upper surface can be reproduced onto the PDMS
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Il water [_Jair 00 PDMS 0 epoxy resin oil

Figure 2.26 Janus artificial membranes.

surface.”® Through a two-step replication, the lower surface can also be
duplicated with epoxy resin. When water and oil are dispensed onto the
replicated upper and lower surfaces respectively, they represent the same
superhydrophobicity and superleophobicity as the natural lotus leaves
(Figure 2.26).*

2.5 Conclusion

Lotus leaves and butterfly wings are two common natural self-cleaning
surfaces. Due to the micro/nanostructure on the surfaces of lotus leaves,
water has a large contact angle and low adhesion force on their surfaces,
making it easily to roll off and wash away dust.?” Different from lotus leaves
with a static and isotropic self-cleaning property, the roll-off behavior
of water drops on butterfly wings is anisotropic, which means the water
drops can only roll off along the RO direction but will get pinned against the
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RO direction. Butterflies can also get rid of water drops condensed on their

wi

ngs by vibrating them. With the growth and coalescence of the water

drops, they will bounce along the RO direction as a result of the asymmetric
structure of the scale. Inspired by natural surfaces, various artificial self-
cleaning surfaces have been designed and fabricated.®”®”® It is believed
that these surfaces will play a significant role in the production of smart

devices, water transportation and new generation sensors.
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3.1 Introduction

Self-cleaning materials, including superhydrophilic coatings and super-
hydrophobic coatings, have gained much attention in society. The
wettability of such coatings can keep their substrates clean with the help of
rain. Maintenance can be reduced, and thus time and cost may be saved if
substrates have a self-cleaning property. For superhydrophobic coatings, two
models have been proposed, including the Wenzel model and the Cassie—-
Baxter model. In the Wenzel model,' a water droplet is assumed to make
direct contact with the surface, accounting for surfaces with a large contact
angle but high contact angle hysteresis. Such coatings usually do not have a
self-cleaning property as water droplets stay on their surfaces. In the Cassie—
Baxter model,> a microscopic air chamber exists between the water
droplet and the surface texture. The special structure and low surface
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energy of superhydrophobic coatings can make water droplets suspended
on the surface stable and roll off easily, which better accounts for super-
hydrophobicity. In recent years, we have witnessed significant advances in
building superhydrophobic surfaces.>

Superhydrophobic coatings cannot, however, avoid contact with oils or
other organic liquids in practical applications. Such low energy liquids may
destroy the air chamber in the surface texture and lead to transformation
from the Cassie-Baxter model to the Wenzel model. As a result, the coatings
will lose superhydrophobicity. Fabricating superamphiphobic coatings with
both superhydrophobicity and superoleophobicity may solve the problem
effectively. As compared to fabricating superhydrophobic coatings, many
more challenges must be met in building superamphiphobic coatings. Two
methods would be helpful for building superamphiphobic coatings. One is
to create a large surface roughness and low energy surface with surface
tension less than a quarter of the surface tension of oils."'™** The other is to
construct a rough surface with a “re-entrant” or ‘“overhanging” structure,
which could fabricate oleophobic surfaces with oleophilic materials.'*'> As
superamphiphobic coatings have usually been fabricated by combining the
advantages of the two methods, they will be discussed comprehensively in
the following sections without distinguishing between the two methods.

Materials with high transmittance are widely used in different fields.
Coatings combining high transmittance and superamphiphobicity may be
applied on varied transparent substrates, such as lenses, goggles, windshields,
and the protecting panels of solar cells, which would largely expand their
range of applications. Although superamphiphobic coatings possess a large
surface roughness (commonly larger than 1 pm)'* ' and thickness, which is
contradictory to high transmittance coatings (smooth surface and proper film
thickness),? several groups have succeeded in fabricating superamphiphobic
coatings with high transmittance via different methods.""">°

This review aims to provide an account of the recent development in
fabricating superamphiphobic coatings with high transmittance. In the
second section, we illustrate two principle surface textures of super-
amphiphobic coatings. In the third section, we summarize the fabrication
methods of superamphiphobic coatings with high transmittance in recent
research. Finally, we conclude by pointing out challenges that remain in this
field and the research direction to meet the challenges. An outlook is also
made toward their future prospects.

3.2 Superamphiphobic Coatings: Re-entrant and
Overhang Surface Structures and Their Effects on
Light Transmittance

Special surface textures are required to build superamphiphobic coatings.

Tuteja et al. first put forward the concept of re-entrant surface texture, which
could achieve superamphiphobic surfaces with oleophilic materials.*!
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Fluorodecyl polyhedral oligomeric silsesquioxane (POSS)-poly(methyl
methacrylate) (PMMA) was used to fabricate a superoleophobic surface by
electrospinning. According to the Cassie equation, cos0*=—1+ ¢q
(1 +cos 6)), where 6* is the apparent contact angle on the textured surface,
0 is the equilibrium contact angle on a smooth surface of the same material,
and ¢y is the fraction of the solid in contact with the liquid. The electrospun
fibers exhibited excellent oleophobicity (6*>90°). However, the corres-
ponding spin-coated surfaces were oleophilic (6§ <90°) (Figure 3.1a). Another
re-entrant structure was fabricated via silica deposition and a two-step
etching process, which was called a micro-hoodoo structure (Figure 3.1b).
These surfaces are considered to be in a metastable Cassie state.'*'> Two
important parameters could be used to design these re-entrant surface
textures. For the electrospun fibers, the first one is spacing ratio
D* =(R+ D)/R, where R is the radius of the nanofibers and 2D is the average
edge-to-edge spacing of the nanofibers. The second is the robustness par-
ameter H* =2(1 — 08 0)Rlcap/D* [lcap = (y1v/pg)"*], which measures the ro-
bustness of the metastable Cassie state with respect to the fluid properties,
equilibrium contact angle, and surface geometry. In the formula, y, refers to
the interfacial tension of liquid and vapor phases, p is the liquid density, g is
the acceleration due to gravity (Figure 3.1a). For the micro-hoodoo geometry,
D*=(W+D)/W and H*=2[(1 — cos )R+ H]l..,/D* (Figure 3.1b). The inter-
face is thought to be metastable when the parameters D* > 1 and H* > 1.'**!

Figure 3.1 Critical role of re-entrant curvature. (a) and (b) cartoons highlighting the
formation of a composite interface on surfaces with re-entrant topogra-
phy (for both fibers and micro-hoodoos). The geometric parameters R, D,
H, and W characterizing these surfaces are also shown. The blue surface
is wetted while the red surface remains non-wetted when in contact with
a liquid whose equilibrium contact angle is 0 (<90°)."***> Reproduced
from ref. 22 with permission from John Wiley and Sons. Copyright ©
2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) and (d)
Schematic diagrams illustrating possible liquid-vapor interfaces on
two different surfaces with the same solid surface energy and the same
equilibrium contact angle (6), but different geometric angles (y).>"**
Copyright 2008 Proceedings of the National Academy of Sciences U.S.A.
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For the metastable Cassie state, by the time the liquid makes contact with
the surface, the net force on the interface of three phases (air, liquid and
solid) is toward the outside of the structure due to a special surface texture
(inverted trapezoidal structure), which could prevent the liquid from pene-
trating into the surface structure. As a result, the surface made by oleophilic
materials can provide superoleophobicity (Figure 3.1d). In contrast, the net
force of the coating with the structure of a trapezoidal surface texture is
toward the inside on the interface of three phases (Figure 3.1c), which would
lead to a superoleophilic surface.?*?

Gao’s group fabricated an overhanging surface structure, which could also
make a hydrophilic surface become superhydrophobic.'® The capillary force
would provide an energy barrier that prevents water from entering into the
surface texture and allow it to stay in the metastable Cassie state. Three
cross-sectional profiles of a liquid in contact with a solid indent consisting of
overhanging structures are shown in Figure 3.2, which could illustrate
the mechanism of the special surface structure. When Ogyerhang > Oiae, the
interface of the water and air phases is concave, the net force generated by
the meniscus (Fs) is toward the inside of the indent, causing water to
penetrate into the structure. As a result, the surface turns to the Wenzel
state. When 0gyerhang = Ofiae, the interface of the water and air phases is flat,
Fs could be ignored. When 0gyerhang < O, the interface of the water and air
phases is convex, and F; is toward the outside of the structure, which could
prevent the liquid from making contact with the solid surface.'”**%*

It must be noted that the re-entrant and overhang surface models are
essentially identical, and both provide the metastable Cassie state that could
make oleophilic surfaces become superoleophobic. These surface models
would guide further development in fabricating superamphiphobic coatings
with ordered surface textures. However, for disordered surface textures, the
models could not provide a quantitative prediction as the morphology is too
complex.

The chemical composition of coatings is important as well for achieving
superamphiphobic coatings with high transmittance. On one hand, appro-
priate fluorocarbon silanes are usually used to modify coatings to create low
energy surfaces,'"** which is a basic requirement of superamphiphobic

Water
()

Figure 3.2 Three cross-sectional profiles of water in contact with a solid indent
consisting of overhanging structures.
Reproduced with permission from L. Cao, H. H. Hu and D. Gao,
Langmuir, 2007, 23, 4310. Copyright (2007) American Chemical Society.
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coatings."’™™® On the other hand, matrices of high refractive index should
generally be avoided with respect to coatings of high transmittance.

For coatings with high transmittance, three factors would affect light
transmittance. The first is the light absorption of coatings, which is deter-
mined by the compositions of both coating and substrate. Tailoring these
compositions, e.g., removal of an iron impurity, could decrease the light
absorption of coating and substrate.>® The second factor that affects light
transmittance is the light reflection of the substrate surface. Based on recent
research, coatings with a proper film thickness and refraction index can
significantly suppress light reflection from the substrate surface and present
an antireflective property.>*>” The light reflection could even be negligible
because of antireflective coatings.*®*° Last but not least, light scattering may
seriously affect the light transmittance of coatings, especially for super-
amphiphobic coatings. The particle sizes in superamphiphobic coatings
contain re-entrant or overhang surface structures that are commonly much
larger than 1 pm."**"** Based on recent research, the Rayleigh and Mie
scattering in the visible region could not be negligible when the size of
particles in coatings are larger than 100 nm.***"! For Rayleigh scattering, the
intensity of scattered light (I) could be estimated by the formula:

5 4, 9 2 6
I/Iy= 1+;7;250 (2;) <Zz+;) <;i> , where I, is the intensity of incident
light, S is the distance between particle and detector (typically a few centi-
meters), n is the refractive index of the particle, d is the diameter of the
particle, and /Z is the wavelength of light. When the particle sizes are larger
than the wavelength 4, the Mie scattering is dominant in light scattering.

The total scattering cross section of Mie scattering could be expressed as
2 o0

oM = ;_n Z (2m + 1)(|am|2+|bm\2), where a,, and b,, are the Mie co-
m=1
efficients, representing the magnetic and electric multipoles of order m,
respectively.*” They are functions of d and n. Figure 3.3a and b show the
contribution of particle diameters to the degree of Rayleigh scattering and
Mie scattering cross sections from materials with different refractive indices.
It is noted that light scattering becomes much more serious with an increase
in particle sizes. Therefore, to fabricate superamphiphobic coatings with
high transmittance, the surface roughness of coatings must be largely
reduced, which would pose significant challenges to their fabrication. Re-
search has recently proved that light scattering caused by pillar edges could

be reduced by increasing the D* in the re-entrant surface structure.'®

3.3 Approaches to Building Superamphiphobic
Coatings with High Transmittance
3.3.1 Colloidal Lithography and Plasma Nanotexturing

Colloidal lithography, which is high throughput and cost-effective, has been
successfully used to fabricate thin films.*>** For example, Gogolides’s group
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Figure 3.3 The contribution of particle diameters to the degree of Rayleigh scattering (a) and the Mie scattering cross sections (b) from
materials with different refractive indices.
Reproduced from ref. 40 with permission from the Royal Society of Chemistry.
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fabricated superamphiphobic to amphiphilic surfaces with colloidal lith-
ography and plasma nanotexturing.'® Polystyrene (PS) colloidal particles
were deposited on poly (methyl methacrylate) (PMMA) substrates via
spin-coating. O, plasma ion etching was used in a high-density plasma
reactor, and the conditions were as follows: 1900 W, 100 sccm O,, 0.75 Pa,
and a moderate bias voltage (usually —80 V). After O, plasma etching, the
structured surface was exposed to C,Fg plasma in the same reactor for the
conformal deposition of a thin fluorocarbon (FC) film (900 W, 0 V, 5.33 Pa
C,Fg, deposition rate 30 nm min~'). The surface morphology is shown in
Figure 3.4a and b.

The contact angle of the coating was 168° for water and 153° for
diiodomethane; the contact angle hysteresis was 2° for water and 9° for
diiodomethane. The surface became superhydrophilic and superoleophilic
after treatment with O,-plasma for even as short as 10 s. The coating was
transparent, which is shown in Figure 3.4c. However, a large surface

>
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Water
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Figure 3.4 Ordered micropillars produced after colloidal lithography of 1 pm PS
particles on a PMMA substrate and one etching step in high-density
oxygen plasma. (a) 1 min etch, —80 V bias; (b) 2 min etch, —80 V bias.
(Other conditions: 1900 W, 100 sccm O,, 0.75 Pa.); (c) fluorocarbon-
coated, oxygen plasma treated superamphiphobic surface under optimal
conditions."®
Reproduced with permission from K. Ellinas, A. Tserepi and E.
Gogolides, Langmuir, 2011, 27(7), 3960. Copyright (2010) American
Chemical Society.
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roughness results in high light scattering, which thus reduces the trans-
mittance of the coating. Furthermore, as limited by the materials in the
fabrication, the robustness of the coating needs to be improved.

3.3.2 3-D Diffuser Lithography

3-D diffuser lithography had been used to make large superhydrophobic
coatings, which had a perfectly ordered microbowl and microlens array.** Im
et al. fabricated a superamphiphobic surface with an inverse trapezoidal
microstructure on a large transparent flexible substrate.'”” 3-D diffuser
lithography was used to fabricate a photoresist mold for duplicating inverse-
trapezoidal microstructures by using the soft lithography of PDMS.
Spin-coating was used to fabricate a negative photoresist on a metal-
patterned glass substrate. A self-assembled monolayer was formed on the
coating with a silanizing agent (tridecafluoro-1,1,2,2-tetrahydrooctyl tri-
chlorosilane, CF;-(CF,)s(CH,),-SiCl;). Figure 3.5a-d shows the schematic
diagram of the backside 3-D diffuser lithography and the surface morph-
ology of the coating. The contact angle of the coating was 153° for water and
135° for methanol (Figure 3.5e-f). The light transmittance of the coating was
approximately 85% in the range of 400 nm to 700 nm (Figure 3.5g). The
surface morphology fits the re-entrant surface texture, which contributes to
the superamphiphobicity of the coating. The superhydrophobicity of the
surface is stable, which could withstand the impinging test of a water droplet
at high speed. However, the robustness of the surface, which could merely
withstand the impinging test of a water droplet, is not good enough to satisfy
the needs in practical applications. Moreover, the large surface structure leads
to high light scattering, which is contradictory to the demands of building
high light transmittance coatings (flat surface and proper film thickness).

3.3.3 Electrospinning

Electrospinning is a simple and versatile technique for fabricating nano-
fibers on a large scale.”>*° It consists of three parts: a high voltage power
supply, a spinneret containing a sol-gel solution and a flat collector. Ganesh
et al. fabricated a transparent robust superamphiphobic coating using SiO,
nanofibers as a template.”’ The SiO, nanofiber template was produced
by electrospinning SiO, on a glass substrate. After that, deposition of
triethoxysilane (TS) was carried out inside a desiccator with two bottles of
2 mL ammonia and 2 mL TS solution, respectively. A hybrid silica network
containing SiO, nanofibers enclosed by an ultrathin porous silica membrane
after coating was heated at 600 °C for 2 h. The amphiphobic modification of
the coating was carried out by placing the calcinated specimen into a
desiccator with a glass bottle containing 40 mL of fluorinated silane for 2 h.
Figure 3.6a-d shows the surface morphology of the as-spun SiO, nanofibers
and the hybrid silica network (SiO, nanofibers-silica membrane).
The contact angles and contact angle hysteresis (given in parentheses) of the


http://dx.doi.org/10.1039/9781782623991-00053

Published on 01 September 2016 on http://pubs.rsc.org | doi:10.1039/9781782623991-00053

View Online

Transparent Superamphiphobic Coatings: Structure, Fabrication and Perspective 61

20 pm

(9 100 ——m™MmM8M™MMm————7——7—
80+

=

o 60

(5]

c

©

£ eene: Slide glass

T 40r { ——FiatPOMS

I -===- PDMS trapezoid before Teflon coating

g {|  =——PDMS trapezoid after Teflon coating

; 20+ : —— PDMS microlens array

0 1 1 1
200 300 400 500 600 700 800
Wavelength (nm)

Figure 3.5 (a) A schematic diagram of backside 3-D diffuser lithography. (b)-(d) SEM
images of the fabricated PDMS trapezoids with various magnifications
and view angles. The dimensions of a trapezoid are H=11.9 pm,
Osige = 56°, P=40 pm, and W, =26 um. (e)—(f) Contact angles of deionized
water and the methanol of the coating. (g) Transmittance characteristics
of various samples as a function of the wavelength of the incident light.
Reproduced from ref. 17 with permission from the Royal Society of
Chemistry.

coating for water and hexadecane were 161° 4 0.8° (2°) and 146.5° +0.7° (6°),
respectively. The hardness and modulus of the coating were measured to be
1.6 GPa and 24.7 GPa, respectively. However, the transmittance of the
transparent superamphiphobic film coated glass substrate is 85%, which
has fallen significantly compared to a blank glass substrate (Figure 3.6e).
The deposition of the silica membrane leads to the low porosity of coating,
which is opposite to the demands of high transmittance coatings, i.e., high
porosity. A photograph of water, hexadecane and ethylene glycol droplets on
the superamphiphobic surface is shown in Figure 3.6f.
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Figure 3.6 (a) and (c) SEM images (low and high magnifications) of the as-spun SiO, nanofibers, (b) and (d) SEM images (low and high
magnifications) of the hybrid silica network (SiO, nanofibers-silica membrane). (¢) Comparison of the transmittance of blank
and superamphiphobically coated glass substrates. (f) Photograph of water (dyes blue with trypan blue dye), hexadecane (dyed
red with alizarin red dye) and ethylene glycol (colourless) droplets on the superamphiphobic surface.

Reproduced from ref. 21 with permission from the Royal Society of Chemistry.
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Figure 3.7 SEM images of spray-deposited SFNs on Si wafers with various sol concentrations: (a) 0.05, (b) 0.1, (c) 0.3, and (d) 0.6 wt%.
Contact angles of water (e) and hexadecane (f) on surfaces prepared from sols with various SFN concentrations.
(g) Transmittance spectra of coatings on glass substrates with SFN sols of various concentrations. The insets show optical
images of the coated glass substrates overlaying printed paper.>*
Reproduced with permission from S. G. Lee, D. S. Ham, D. Y. Lee, H. Bong and K. Cho, Langmuir 2013, 29(48), 15051. Copyright
(2013) American Chemical Society.
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3.3.4 Spray-coating

Spray-coating is a facile method to fabricate coatings on a large scale.*’
Recently, the fabrication of superamphiphobic coatings has been reported
by spraying fluoropolymer blends with nanoparticles (or carbon nano-
tubes) using cosolvents.>***>! The group of Cho used this method to
fabricate superamphiphobic transparent coatings via spraying silica-
fluoropolymer hybrid nanoparticles (SFNs) without any pre- or post-
treatment.”® The assembly of these nanoparticles could create both
microscale and nanoscale roughness, and the fluoropolymer decorated on
the silica nanoparticles could provide a low surface energy. The surface
morphologies of coatings prepared using varied sol concentrations are
shown in Figure 3.7a-d, which lead to varied surface wettability and
transmittance. With an increase of the SFN concentration, the contact
angles of water and hexadecane on the coating increase, while the contact
angle hysteresis of water and the transmittance of the coating decrease
(Figure 3.7e-g). This approach of building transparent superamphiphobic
coatings is easy to implement, and can be applied to fabricate large scale
coatings. However, external forces may easily destroy the surface texture of
the superamphiphobic coatings. With the help of PDMS solutions, the
robustness of the coating increases. However, the transmittances of the
coatings are lower than the substrates. The coatings are not mechanically
robust as the adhesions between the nanoparticles are not strong enough
to resist outer abrasion forces.

Ge et al. sprayed strings of amphiphilic silica nanoparticles dispersed in
an amphiphilic sol solution to fabricate transparent superamphiphobic
coatings.”" The contact angles and roll-of angles (given in parentheses) of
the water and hexadecane of the coating were 165.6° (1.5°) and 156.4° (3.5°)
(Figure 3.8a), respectively. The coating also possessed high transparency.
Figure 3.8b and ¢ show a photograph and light transmittance of the coat-
ing. Figure 3.8d shows the coating’s surface morphology.

Figure 3.8 (a) SCAs and RAs of water (y=72.8 mN m '), propylene carbonate
(y=411 mN m™"), olive oil (y=32.0 mN m™'), and hexadecane
(y=27.5 mN m ") droplets on the 5 um thick amphiphobic coating.
Insets: optical images of a 5 L water droplet and hexadecane droplet on
the coating surface. (b) Photograph of four droplets, including dyed
water (red), dyed propylene carbonate (blue), olive oil (yellow), and
hexadecane (colorless), deposited on a superamphiphobic glass slide.
(c) UV-Vis transmittance of the coatings sprayed from different amount
of solutions on glass slides. Bare glass was used as a reference. (d) SEM
images of the superamphiphobic coating with network of stringed silica
NPs, which was taken after the sputtering of Au. The as-prepared silica
NP/sol ethanol solution (0.25 mL, TEOS-HDFTES = 2: 1, v/v) was sprayed
on a 1x 1 in.” glass slide with a film thickness of ~5 um. Inset: high-
resolution SEM image showing the fractal, nanoporous structure.
Reproduced from ref. 51 with permission from John Wiley and Sons.
Copyright © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Our group fabricated robust superamphiphobic coatings with high
transmittance via dip-coating solid silica nanoparticles, spray-coating silica
hollow spheres, followed by spray-coating a binder solution composed of
silica nanosheets and acid-catalyzed silica sol. The water contact angle and
ethylene glycol contact angle of the coatings reached as high as 171° and
150°, respectively. The maximum transmittance of coated glass reached
96.2% at a wavelength of 550 nm, which is much higher than that of blank
glass (91.2%). With the help of the binder solution, the coatings demon-
strated excellent mechanical robustness. They fell at the 5A level in the tape
adhesion test based on ASTM D3359-93, and could endure the 5H pencil
scratching test. They also retained their superhydrophobicity after a tape
peeling test, sand abrasion test, water drop impact test, and outdoor
durability test for five months.>”

3.3.5 Micromolding

Micromolding is a cost-effective and low-expertise approach to mass fabri-
cation of patterned polymer surfaces, which could generate polymer replicas
without limitation from the same master pattern. Recently, researchers have
used the micromolding method to fabricate transparent superamphiphobic
coatings.”®*® Kang et al. fabricated a robust superomniphobic coating with
high transmittance and durability, using a micromolding treatment to
fabricate mushroom-like micropillars on polymeric substrates.>® Figure 3.9a
shows the process of micromolding. Octafluorocyclobutane (C,Fg) was
deposited on the coating to reduce the surface energy by chemical plasma
deposition with an ICP etching chamber. The surface morphologies of
coatings fabricated on PDMS and PFPE are shown in Figure 3.9b-g. The
surface had a re-entrant structure, which contributed to the super-
amphiphobicity of the coatings. The contact angles of deionized water and
ethanol were near 1607, the contact angle hysteresis were less than 10°. The
light transmittance of the coating was slightly lower than 90% in the visible
spectral range from 380 to 780 nm, while that of bare substrate was 93-94%
(Figure 3.9h). The micromolding approach can fabricate accurate surface
texture. However, the process of fabrication should be simplified. Further-
more, limited by the materials used in the fabrication, the robustness of
surface structures needs to be improved.

3.3.6 Micromolding and Spray-coating

Golovin et al. created a transparent superomniphobic surface via spraying
1H,1H,2H,2H-heptadecafluorodecyl polyhedral oligomeric silsesquioxane
(F-POSS) on master-molded polydimethyl siloxane (PDMS) pillars.'® Silicon
master-molds with different square arrays of holes were fabricated by
standard photolithography. PDMS pillars were constructed using silicon
master molds as templates. Figure 3.10a illustrates the fabrication method
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Figure 3.9 (a) Fabrication scheme of PDMS and PFPE mushroom-like micropillar arrays. The bottom SEM images show that the two
structures have identical geometry after dual duplication processes. SEM images of the fabricated PDMS (b)-(d) and PFPE
micropillars (e)-(g) with side (upper panels) and top views (lower panels), respectively. The micropillars have a 5 pm pillar
diameter, 8.5 pm top disk diameter, 10 pm height with different space/diameter (SR): SR =1 for (b) and (e), 6 for (c) and (f), and
10 for (d) and (g). (h) Transmittance spectra of various samples over a UV-VIS wavelength regime.

Reproduced from ref. 20 with permission from the Royal Society of Chemistry.
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of surface structures, while Figure 3.10b-g shows their surface morphologies
obtained under varied experimental conditions. The surfaces showed high
transparency and superomniphobicity. By calculating the surface robustness
factors D* and A*, the surfaces were proven to be in a metastable Cassie-
Baxter state. The transmittances, contact angles and contact angle hysteresis
of the surfaces are shown in Figure 3.10h-k. The specimens were flexible,
and the contact angle hysteresis was still ultra-low even when the specimens
were greatly bended. Although the surface had excellent wetting, optical
and bending properties, its surface robustness, anti-abrasion capability and
adhesion-to-substrate were not provided in the article, which would play an
important role in practical applications of transparent superamphiphobic
surfaces.

3.3.7 Template-based Method

The template-based method is an imprint-related way to prepare super-
hydrophobic surfaces, which involves the use of a matrix with desired
features, replication of the features and subsequent lifting off the replica or
dissolution of the templates.”® Deng et al built a transparent super-
amphiphobic coating using candle soot as a template.'® A glass slide was
coated with candle soot by holding it above the flame of a paraffin candle.
Chemical vapor deposition (CVD) of tetraethoxysilane (TEOS) catalyzed by
ammonia was used to coat the soot layer with a silica shell. After 24 h TEOS
CVD treatment, the coating was calcined at 600 °C for 2 hours to remove the
carbon core. The surface was coated with a semifluorinated silane by CVD to
reduce the surface energy. The surface morphology of the porous structure is

Figure 3.10 (a) Fabrication method. First, the desired pattern is etched into a
silicon master mold using photolithography. PDMS is poured into the
master mold and cured in an oven. PDMS/F-POSS is sprayed onto the
pillars, which are subsequently cured again. (b)-(d) PDMS pillars
(D* =10) spray-coated with PDMS/F-POSS for 30, 120, and 240 seconds.
(e)-(g) PDMS pillars with D*=100 spray-coated for 30, 120, and
180 seconds. (h)-(i) Contact angle measurements with water, hexade-
cane, and ethanol for pillars with D* = 100. The filled and open symbols
represent advancing and receding contact angles, respectively. The
surface in (i) was sprayed for 120 seconds. The inset shows the re-
entrant PDMS/F-POSS structure; scale bar: 5 mm. (j)-(k) Transparency
of the surfaces coated with the PDMS/F-POSS spray for different spray
times and D* values. For all spray times greater than 0 seconds, a
maximum in transparency persists at D*=42. (I)-(m) Movie frames
taken with 10 ms intervals are superimposed for droplets of water
and ethanol, respectively. The droplets roll back and forth several
times before reaching the edge of the substrate, which highlights the
ultralow contact angle hysteresis (CAH).

Reproduced from ref. 16 with permission from John Wiley and
Sons. Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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shown in Figure 3.11a-f. The coating had a contact angle and roll-off angles
(given in parentheses) of 165+ 0.8° (1 +1°) for water and 156 +0.8° (5+1°)
for hexadecane (Figure 3.11g-h), respectively. The transmittance of the
coating was reduced by less than 10% compared to that of pristine glass
for wavelengths above 500 nm (Figure 3.11i). The coating could with-
stand the sand abrasion test. Although the coating possesses super-
amphiphobicity and good robustness, the light transmittance of the coating
is unfortunately lower than that of the substrate due to the large roughness
of the coating.

Zhu et al fabricated transparent superamphiphobic coatings using
carbon nanotubes (CNTs) as templates.”® CNTs were entrapped by silica
nanoparticles and the compounds were sprayed onto the glass substrate.
The coating possessed superamphiphobicity; water, dodecane and other
organic liquids could remain as typical spherical shapes on the coating
and could roll off it easily. The coating was transparent but the light
transmittance of the coating was much lower than the glass substrate.

3.3.8 Spin-coating

Spin-coating is widely used to fabricate thin films, which could deposit
uniform coatings of organic materials, or uniformly distribute particulate
matter on flat surfaces.” Fu and coworkers fabricated a superhydrophobic
and near-superoleophobic transparent coating via spin-coating.'* The
coating was first prepared with polydimethylsiloxane (PDMS) and hydro-
phobic silicon dioxide (SiO,) nanoparticles by spun assembly. Then a
sintering treatment was used to degrade the PDMS into SiO,. After the
sintering treatment, the coating was immersed in piranha solution in
50 °C for 30 min. Finally, the coating was immersed in 1H,1H,2H,2H-per-
fluorooctyltrichlorosilane (CF;(CF,)sCH,CH,SiClz, PFTS, 1.0 v% in toluene)
for about one minute and then put into a drying cabinet at 80 °C for 5 h.

Figure 3.11 (a) Photograph depicting sample preparation. A glass slide is held in
the flame of a candle until a soot layer a few micrometers thick is
deposited. (b) Scanning electron microscope (SEM) image of the soot
deposit. (c) High-resolution SEM image showing a single particle chain
made up of almost spherical carbon beads 40+ 10 nm in diameter.
(d) SEM image of the deposit after being coated with a silica shell.
(e) High-resolution SEM image of a cluster after the carbon core was
removed by heating for 2 hours at 600 °C. (f) High-resolution TEM
image of a cluster after calcination, revealing the silica coating with
holes that were previously filled with carbon particles. The silica shell is
20+ 5 nm thick. (g) and (h), a 2 pl water drop and 5 ul hexadecane drop
deposited on the surface possess static contact angles of 165°+1° and
156° £+ 1°, respectively. (i) Ultraviolet-visible transmittance spectra of a
3 um-thick superamphiphobic surface compared to pristine glass."*
Reproduced from ref. 22 with permission from John Wiley and Sons.
Copyright © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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The contact angle of the coating was 152.7 £ 2.1° for water and 140.7 £ 3.2°
for dilodomethane. The contact angle hysteresis was below zero for water
and 12.4 £5.2° for diiodomethane. Figure 3.12 shows the light transmit-
tance, roughness average and height average of the coatings with different
treatments. The robustness of the coating should be improved as the ad-
hesion strength between the nanoparticles of the coating is weak. Further-
more, the contact angle of diiodomethane is merely 140°, which does not
meet the criteria of superamphiphobic coatings.

3.3.9 Layer-by-layer Assembly

In 1966, Iler demonstrated a novel method for creating multilayers of
inorganic colloidal particles, which is now known as a layer-by-layer (LbL)
assembly.”® It is a simple and accurate way to fabricate coatings with varied
compositions and structures. Cao and Gao fabricated transparent super-
hydrophobic and highly oleophobic coatings through layer-by-layer as-
sembly of silica nanoparticles and sacrificial polystyrene nanoparticles.’®
After the assembly, the coatings were calcined at 550 °C for 4 h to remove
the sacrificial polystyrene nanoparticles. Then the coatings were immersed
in (tridecafluoro-1,1,2,2-tetrahydrooctyl) trichlorosilane (FTS) solution for
15 min to reduce the surface energy. Figure 3.13a and b show the surface
morphologies of the coatings with 25 bilayers before and after removing
the polystyrene particles. The contact angles of the coating were 160° for
water (Figure 3.13c) and 140° for hexadecane (Figure 3.13d). The contact
angle hysteresis was less than 5° for water, but that for hexadecane was not
mentioned. The coating had similar transparency to the glass slide
(Figure 3.13e). However, the fabrication process may be simplified to sat-
isfy the needs in practical applications. Furthermore, the robustness of the
coating may be improved as the adhesion strength is weak between the
nanoparticles of the coating.

Our group designed coatings that are simultaneously highly antireflective
and superamphiphobic.’” Three different nanoparticles were used to fabri-
cate the coatings via layer-by-layer assembly. After the assembly, the coating
was calcined at 550 °C for 3 h. 1H,1H,2H,2H-Perfluorooctyltrichlorosilane
(PFTS) was deposited on the coating via CVD at 120 °C for 2 h. The contact
angles and sliding angles for different kinds of liquids are shown in
Figure 3.14a-e. The maximum transmittance of a coated glass substrate was
as high as 96.1% at 530 nm, while that of a blank glass substrate was only
91% (Figure 3.14f). The coating could endure the water drop test. However,
the surface structures of the coating are easy to destroy by external forces,
meaning that the robustness and the adhesion-to-substrate of the coating
need to be improved.

To enhance the surface robustness and adhesion-to-substrate of coat-
ings, a tetraethyl orthosilicate (TEOS) CVD treatment was used to deposit
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Figure 3.12 Optically transparent images of pure glass, as-spun PDMS/SiO, and PFTS treatment (a), transmittance of different samples
measured with a UV-vis spectrometer (b) and statistical data of roughness average and height average were obtained by the
software SPI4000 and WSxM4.0 with five 10 pm x 10 pm images (c).
Reproduced from ref. 13 with permission from the Royal Society of Chemistry.
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Figure 3.13 Figure 3.13 (a) and (b) are SEM images of the coatings with 25 bilayers
before and after removing the sacrificial polystyrene particles, re-
spectively. Labeled in (a) are a representative 60 nm polystyrene particle
(labeled as ““1”’) and a representative 20 nm silica particle (labeled as
“2"). The polystyrene particles disappear in (b) after calcination.
The scale bars are 200 nm. Photographs of a coated glass slide with
droplets of (c) water and (d) hexadecane to demonstrate the super-
hydrophobicity, high oil-repellency, and transparency of the coating.
Insets in (c) and (d) are images taken during the contact angle meas-
urement. (e) Transmission spectrum of the glass slide before and after
the coating process. The glass slide is coated with 25 bilayers, and is
calcined and functionalized with FTS.

Reproduced from ref. 56 with permission from the Royal Society of
Chemistry.

silica on the coatings, which was catalyzed by ammonia. The TEOS
CVD treatment was carried out in an oven at 60 °C for 3 h, followed by
hydrothermal treatment at 125 °C for 1 h. At the end, dynamic hardening at
700 °C for 2 min was applied to further reinforce the coatings.’®
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Figure 3.14 Digital images of the contact angles of water (a), diiodomethane (b), ethylene glycol (c), phenylcarbinol (d) and hexadecane
(e), on the S5S',S"; coating. (f) Transmission spectra of a blank glass substrate and a S5S',S”;-coated glass substrate recorded
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Reproduced from ref. 57 with permission from the Royal Society of Chemistry.
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Figures 3.15a and b show the surface morphology of the coating before and
after the TEOS CVD treatment. After the treatment, the size of the particles
became larger, and the distance between the particles became closer than
before. The nanoparticles that constructed the coating cross-linked with
each other, and the whole surface turned into a three-dimensional network
structure. As a result, the surface robustness and the adhesion-to-substrate
were enhanced significantly compared to the original coating. The coating
after the treatment could withstand a 4H pencil scratching test, a tape
peeling test using 3M scotch tape 40 times, a water drop impact test and a
sand abrasion test. The contact angles of the coating were 171° for water
(Figure 3.15c¢) and 152° for ethylene glycol (Figure 3.15d). The maximum
transmittance of the coating was 98.7% at 1580 nm. Although the
TEOS CVD treatment significantly enhanced the surface robustness and
adhesion-to-substrate, more efforts have yet to be made while maintaining
the high transmittance and superamphiphobicity of the coating. For
example, the coating hardness and its transmittance in the range of visible
light should be improved, and especially, the fabrication process should
be simplified.

The above coatings have significantly enhanced the transmittance of
substrate, which would ignite the hope of applying superamphiphobic
coatings to such fields as solar energy utilization and optical devices. These
coatings possessed a disordered surface texture and porous film structure,
and their surface roughness was less than 100 nm. According to recent
research, when the sizes of particles in coatings are smaller than 100 nm, the
Mie scattering in the visible region would be negligible,***' and thus light
scattering would not significantly influence light transmittance. Meanwhile,
a porous film structure could decrease the refractive index of the coating and
might also restrain the incident light from reflection. This strategy would
become an effective approach to the fabrication of antireflective super-
amphiphobic coatings.

3.3.10 Slippery Liquid Infused Porous Surfaces

Slippery liquid infused porous surfaces (SLIPS) were inspired by
the Nepenthes pitcher plant, which exhibits antiwetting behavior to almost
all fluids and shows extreme temperature and pressure stability. Different
from traditional superhydrophobic/superamphiphobic coatings, SLIPS
possess a thin layer of a liquid lubricant trapped inside the porous structure
of the coating.>>*°"® Aizenberg’s group prepared several SLIPS on different
kinds of substrates.>>*>®® Low-surface-tension perfluorinated liquids
were chosen to lubricate coatings (for example 3 M Fluorinert FC-70,
75=17.1 mNm™'; or DuPont Krytox oils). Figure 3.16a-c shows the process
of fabricating SLIPS and the surface morphologies of the coatings.
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Figure 3.15 SEM images of the coating before (a) and after (b) 3 h TEOS CVD treatment. Contact angles of the coating of water (c) and
ethylene glycol (d). (e) Transmission spectra of the coatings by 0 h, 1 h, 2 h and 3 h CVD TEOS treatments, respectively.
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Reproduced from ref. 58 with permission from the Royal Society of Chemistry.
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The SLIPS possessed low sliding angles to water and oil although they
did not have large contact angles (Figure 3.16d-e). The lubricated
surface was repellent to water, oil, blood, and ice (Figure 3.16h-j). The
surface also possessed self-healing ability. Compared to the dry surface,
a significant increase appeared in the transmittance of the lubricated
coating (Figure 3.16f-g), because the lubricating liquid infused the
surface texture and reduced the light scattering. SLIPS show an effective
way to build high transmittance superamphiphobic coatings. However,
the SLIPS would lose the omni-repellency if the lubricating liquid was
dried up.

To give an easy and comprehensive comparison, we have summarized in
Table 3.1 the above methods in terms of the number of process steps,
adopted substrates, technical characteristics, transmittance and coating
durability. Clearly, each method has its advantages and potential
applications.

Figure 3.16 (a) Schematics showing the fabrication of SLIPS by infiltrating a
functionalized porous/textured solid with a low-surface energy,
chemically inert liquid to form a physically smooth and chemically
homogeneous lubricating film on the surface of the substrate.
(b) Comparison of the stability and displacement of lubricating
films on silanized and non-silanized textured epoxy substrates. Top
panels show schematic side views; bottom panels show time-lapse
optical images of top views. Dyed pentane was used to enhance
visibility. (c¢) Scanning electron micrographs showing the morpholo-
gies of porous/textured substrate materials: an epoxy-resin-based
nanofabricated post array (left) and a Teflon-based porous
nanofiber network (right). (d) Optical micrographs demonstrating
the mobility of a low-surface-tension liquid hydrocarbon—hexane
(ya=18.6+0.5 mNm ', volume ~3.6 pl)—sliding on a SLIPS at a
low angle (2 =3.0°). (e) Time-sequence images comparing mobility of
pentane droplets (y,=17.240.5 mNm ', volume ~30 pl) on a SLIPS
and a superhydrophobic, air-containing Teflon porous surface. Pen-
tane is repelled on the SLIPS, but it wets and stains the traditional
superhydrophobic surface. Optical transmission measurements for an
epoxy resin-based SLIPS (f) and a Teflon-based SLIPS (g) in the
visible light range (400-750 nm).>® Reprinted with permission from
Macmillan Publishers Ltd: Nature, Copyright 2011. (h)-(j) Patterning
of various liquids based on surface chemistry contrasts. The upper
row shows the addition of liquids to the dry, patterned substrates. The
lower row shows the addition of liquids to the pre-lubricated sub-
strates. (h) Rhodamine B-dyed water: the pattern is revealed both in a
dry state and on the lubricated sample; (i) DFSB-K175-dyed octane and
(j) sheep blood: the liquids wet and contaminate the entire surface in a
dry state, while successful patterning occurs using the repellent
properties of SLIPS surface areas.’® Reprinted from Macmillan
Publishers Ltd: Nature, Copyright 2013.
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Table 3.1 Summary of fabrication methods of superamphiphobic coatings with high transmittance.

Process Application

Fabrication method steps fields Technical characteristics Transmittance Durability
Colloidal lithography and Two Polymeric Ordered surfaces on a Transparent  N. A.
plasma nanotexturing"® microfluidics large scale
3-D diffuser lithography'” Four Large flexible Ordered surfaces on 77% Pass water drop impact test
substrates flexible substrates
Electrospinning®" Four Glass Self-cleaning coatings on  85% Hardness: 1.6 GPa
glass Modulus: 24.7 GPa
Spray-coating®’ One Flat and curved Large area surfaces 91.5% Pass water jetting and sand abrasion
substrates without pre- or post- tests
treatment
Micromolding®® Two Thermal or Simple and low-expertise ~ 88-89% Pass 6 months’ durability test
UV-curable
materials
Template-based method"® Four Heat-resistant Easy-to-fabricate <90% Pass sand abrasion test
substrates
Spin-coating"? Four Glass substrates Low cost and easy Nearly 93% Pass weathering and ultrasonic
manipulation damage tests
Layer-by-layer assembly®®  Four Glass substrates, Precise control over 98.7% Pass pencil scratch, sand abrasion,
etc. coating structure tape peeling and water impact tests
Slippery liquid infused Two Low energy Low contact angles with ~ 95% Withstand strong shear forces and
porous surfaces® surfaces low sliding angles mechanical damage

08
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3.4 Summary and Outlook

Superamphiphobic coatings with high transmittance have recently
gained much attention due to both scientific interest and potential
applications, especially in solar energy utilization and optical devices.
Although many efforts have so far been made to fabricate super-
amphiphobic coatings with high transmittance, fundamental aspects are
yet to be clarified for designing the optimal structure of superamphiphobic
coatings with high transmittance and several significant challenges are
yet to be met toward practical applications. First and foremost, most
coated substrates mentioned above have transmittance lower than their
substrates and it is difficult to meet the requirements of many practical
applications, especially infrared detector protecting panels, building-
integrated photovoltaics (BIPV), solar cell protecting panels, and self-
cleaning greenhouses, etc. The design and fabrication of novel surface and
film structures toward antireflective superamphiphobic coatings are thus
emerging as an urgent future direction. How to design and fabricate
structures that could harmonize the contradictory requirements of super-
amphiphobicity and antireflection would be the key point in future re-
search. Only a few coated substrates have so far achieved enhanced
transmittance compared to blank substrates,’>””*® and the coatings
possessed a disordered surface texture and porous film structure. These
successes at least shed partial light on the design and fabrication of
antireflective superamphiphobic coatings with ultra-high transmittance.
Secondly, the micro-nano sized features of superamphiphobic coatings
can usually be destroyed by external forces easily and irreversibly, which
would lead to the loss of superamphiphobicity. Therefore, most super-
amphiphobic coatings do not have sufficient mechanical strength and
stability, which are, however, prerequisites for a thin film to be possibly
useful in many field applications. The ammonia-catalyzed chemical vapor
deposition of tetraethoxysilane (TEOS) proved to be an effective way to
enhance the surface robustness of superamphiphobic coatings by reducing
the gaps of nanoparticles in coatings and forming a three-dimensional
cross-linked network structure.'®”® Assembling nanoparticles with binder
solution would be another method to enhance the robustness of super-
amphiphobic coatings. Last but not least, the complicated fabrication
processes of the coatings mentioned above are not suited to mass and
large-area production; novel and facile fabrication methods should be
invented for future practical applications. Dip-coating, spray-coating,
and roll-to-roll coating might be ideal methods toward the low-cost and
large-scale production of coatings. It is anticipated that multi-functional
coatings with high transmittance, superamphiphobicity and excellent
robustness would be fabricated in future via simple and easy appro-
aches, and would be widely used in a broad spectrum of applications
(Figure 3.17).
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4.1 Introduction

In our daily life, various types of functional materials with specific properties
are used for realizing a comfortable environment with convenience. The
flexible controlling of surface properties is a key issue for the design of
fascinating materials with advanced functions. The surface property of
materials is closely related to various phenomena such as surface wettability,
adhesive joining, abrasion strength and friction behavior. For the evaluation
of the surface wettability of various materials, the water contact angle
measurement is often adopted as an easy and reliable method."” It is pos-
sible to split surface wettability into two categories—hydrophilic state and
hydrophobic state—based on the behavior of a water droplet on the surface
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Figure 4.1 Schematic image of the classification of surface wettability on a solid
surface.

of target materials (Figure 4.1). A water contact angle less than 90° is
indicative of a hydrophilic state, while a water contact angle greater than 90°
indicates a hydrophobic state. Even today, many researchers are continu-
ously devoted to the design of a functional surface with a hydrophilic or
hydrophobic property due to the existence of a potential demand in various
areas of fundamental research and practical application.®™®

On a hydrophilic surface, especially a superhydrophilic surface, a water
droplet gets wet and rapidly spreads to the entire surface with high uni-
formity. The superhydrophilic surface shows a water contact angle lower
than 5° (Figure 4.1). Such a surface property, designed by the application of
coating techniques, is already commercialized for antifogging mirrors, glasses
and the outer walls of buildings.>* Meanwhile, on a hydrophobic surface,
especially a superhydrophobic surface, a water droplet has a spherical
shape and shows a water contact angle larger than 150° (Figure 4.1).
A superhydrophobic surface shows specific functions such as waterproofing,
antifogging, the effect of decreasing surface friction and accretion of ice and
snow.”™® The functionalization on a smooth solid surface has also a certain
limitation in the improvement of surface wettability. Surface architectures
observed in nature such as the leaves of plants, the legs of a water strider and
wings of a butterfly are indispensable.” ! Diverse techniques for the design of
a desired surface property and structure are indispensable in agreement with
necessary requirements. The development of multifunctional thin films has
attracted much attention in recent years. In this chapter, our recent ad-
vancements in coating technologies for the design of superhydrophilic and
superhydrophobic surfaces are mainly featured. Special attention has been
focused on the photocatalytic self-cleaning property with advanced functions.

4.2 TiO, Thin Films for Superhydrophilic Coatings

In environmental remediation and energy related issues, TiO, is well known
as an efficient photocatalyst.>"*™'*> TiO, has the potential to promote the
removal of most organic compounds and toxic ions from water, which is
accomplished by way of the high reactivity of a photoformed electron and
hole. Complete degradation of volatile organic compounds, dye molecules,
endocrine disruptors and bacteria in air and water results in a better natural
environment.'®>* Unique photocatalytic reactions for the production of
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hydrogen and fine chemicals can also occur on TiO, under moderate
conditions.>*"*° For the past several decades, thin film types of TiO, have
also attracted much attention due to their technological importance. After
the discovery of the photoinduced superhydrophilicity of a TiO, surface in
1997, commercially applicable photofunctional materials with antifogging
and self-cleaning properties were designed using pure TiO, and nano-
composite coatings.’>*! TiO, thin films show multifunctional properties
such as photocatalytic activity and photoinduced surface hydrophilicity.
Based on these functions, TiO, thin films are adopted in the coating
process of target materials for utilization of self-cleaning performance. Oily
dirt is easily removed by the photocatalytic property of TiO,, leading to
maintenance-free characteristics as an additional function of materials.
These fascinating properties strongly depend on their surface archi-
tectures. A bottom-up technology for the synthesis of nanostructured
materials was also important in the preparation of TiO, photocatalysts.**™*®
In this regard, taking advantage of microspheres is one way to design unique
architectures. Both powder and thin film materials are designed by applying
template strategies. TiO, thin films are mainly prepared by both a dry-
process and wet-chemical process such as sol-gel, chemical vapor deposition
(CVD) and sputtering deposition. By combining conventional sol-gel tech-
niques with a bottom-up approach using uniform poly(methyl methacrylate)
(PMMA) microspheres (Figure 4.2), TiO, thin films with a unique macro-
porous structure were successfully prepared on a quartz substrate.””*®
Polymer microspheres as template materials are easily removed by heat
treatment or solvent extraction. TiO, thin films with macropores are denoted
as m,-Ti0,/Q (PMMA concentration: n=10-20 wt%). Each prepared TiO,
thin film had an anatase crystalline structure, relatively high transparency,
and was well fixed on quartz substrate. The formation of macropores
was confirmed by SEM measurement (Figure 4.2). The quartz substrate
was uniformly covered by TiO, thin films without formation of cracks.
The number of macropores depended on the PMMA concentration of the
pre-coated aqueous dispersions. Macropores were homogeneously formed
on the entire surface of TiO, thin films in the case of m,y-TiO,/Q. The
diameters of the macropores (ca. 400 nm) were slightly small compared with
original PMMA particles due to the shrinkage of the TiO, network during the
calcination process. The film thickness was about 200 nm, which showed a
good correspondence with the radius of the PMMA microspheres. The
architectures of the TiO, thin film surface were important in relation to
noticeable phenomena such as photoinduced hydrophilicity and photo-
catalytic self-cleaning properties. Figure 4.3(A) shows the water contact angle
changes on these thin film surfaces under UV light irradiation. The water
contact angle gradually decreased with increases in UV irradiation time. On
each sample, the water contact angle became lower than 5°. The spreading of
water droplets on m,(-TiO,/Q was clearly observed after a short period of
UV light irradiation, indicating the positive roles of macropores for the
enhancement of surface hydrophilicity. The rougher surface of TiO, thin
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Figure 4.2 A schematic diagram of the procedures for the preparation of macro-
porous TiO, thin films.
Reproduced from ref. 38 with permission from the Royal Society of

Chemistry.
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Figure 4.3 (A) Changes in the contact angle of water under UV light irradiation and
(B) the recovery profiles in the dark after measurement of (A). Samples:
(a) TiOL/Q, (b) m4-TiO,/Q, and (c) m,(-TiO,/Q.
Reproduced from ref. 38 with permission from the Royal Society of
Chemistry.


http://dx.doi.org/10.1039/9781782623991-00086

Published on 01 September 2016 on http://pubs.rsc.org | doi:10.1039/9781782623991-00086

View Online

90 Chapter 4

films exhibits a faster change from the hydrophobic to hydrophilic state
under irradiation of UV light.** During a period of being kept in the dark
after the measurement of water contact angles (Figure 4.3(A)), the water
contact angle on each sample gradually increased and recovered to almost
the initial angle (Figure 4.3(B)). A slow recovery of water contact angles was
observed in the following order: 11,¢-TiO,/Q > m4(-TiO,/Q > TiO,/Q. TiO, thin
films with macropores exhibited a good durability of the hydrophilic surface
in the dark. The photocatalytic performance of these thin films was evalu-
ated in the decomposition of 2-propanol in water and acetaldehyde in
air under UV light irradiation. The reduction of waste in water and volatile
organic compounds (VOCs) in air is important in relation to self-cleaning
and keeping a clean environment. In both reaction systems, the reaction rate
follows the order of m,-TiO,/Q>m;,-TiO,/Q>TiO,/Q. This tendency cor-
responds well with the increases of the surface area of samples. In relation to
the self-cleaning, the construction of macropores was found to strongly
enhance the photofunctional properties of TiO, thin films. The enhance-
ment of these properties for efficient degradation of organic molecules and
realizing a good surface hydrophilicity are advantages and possibilities in
the design of self-cleaning materials.

4.3 Porous Silica Thin Films for Superhydrophilic
Coatings

Isolated tetrahedrally coordinated transition metal species (M =Ti, V, Cr,
Mo, W, etc.) can be designed within the matrixes of porous siliceous
materials for applications in unique reaction systems.**"** These species are
embedded within the silica matrix through the isomorphous substitution of
Si atoms and tetrahedrally coordinated to oxygen atoms. Therefore, these
species are considered to be highly dispersed at the atomic level within the
frameworks and also to be well-defined and uniform active sites. The well-
ordered porous structures and large surface areas originating from the silica
frameworks provide condensation effects, high adsorptive capacities and
high dispersivities of active species in both catalytic and photocatalytic
reaction systems. In the photocatalytic reactions, unique photocatalytic
performances were observed in the reduction of CO, with H,0,***” the
decomposition of NO into N,,***® oxidation of CO into CO,,”°°* and the
partial oxidation reaction of hydrocarbons.”*>® The photocatalytic prop-
erties are attributed to the ligand-to-metal charge transfer (LMCT) processes
of the isolated transition metal oxides with tetrahedral coordination, which
could not be attained in bulk photocatalysts. The main stream of these
works are carried out in the powder type of samples by many researchers.
Meanwhile, porous silica thin films have been prepared by spin-coating
and dip-coating methods through a solvent evaporation process.’”*® Based
on these methods, isolated tetrahedrally coordinated transition metal species
are incorporated within the porous silica framework in a thin film shape.
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A tetrahedral Ti-containing porous silica thin film (TiMSF) was prepared on
a quartz glass substrate via a spin-coating method. The precursor solution
was synthesized by mixing water, a Si source, a Ti source and an organic
surfactant as a structure-directing agent.***>°"% The sol solution obtained
was spin-coated on the substrate, followed by calcination for surfactant
removal. The film thickness was controllable by changing the amount of
coated sol solution. TiMSF was completely colorless and transparent
enough to see a background image, where transparent materials were used
as substrates. The presence of a mesoporous structure in TiMSF was
confirmed by XRD and TEM techniques. The typical and sharp XRD
peak due to the (1 0 0) reflection of the mesoporous structure was observed
at 2-3°. The TEM image of the TiMSF clearly demonstrated the presence of
a uniform mesoporous structure. It was also confirmed that TIMSF showed
high adhesion to substrate and was well-fixed on the quartz substrate after
multiple peeling tests.

The local structure of the Ti-species was investigated by Ti K-edge X-ray
absorption fine structure (XAFS) measurements. In the X-ray absorption
near-edge structure (XANES) region, TiMSF showed a sharp pre-edge peak at
4967 eV. This peak is attributed to the 1s to 3d transition caused by a lack of
an inversion center in the tetrahedron structure.®”®” Depending on the
environment, Ti-species show a pre-edge peak with a typical shape. More-
over, the Fourier transforms of the extended X-ray absorption fine structure
(EXAFS) spectrum of TiMSF show an intense peak assigned to the existence
of oxygen neighbors (Ti-O), indicating the successful incorporation of
isolated tetrahedral Ti-species without the formation of aggregated Ti-oxide
species. In a UV-vis absorption measurement, TiMSF only exhibited a typical
absorption peak at around 210 nm with small absorption in the region from
240 to 280 nm, which is also clear evidence of the successful incorporation
of tetrahedral Ti-species within silica matrixes. The absorption edge of
embedded Ti-species within silica matrixes depends on the dispersion and
their local structures. The absorption bands at 200-240 nm and 240-280 nm
are assigned to the isolated tetrahedral Ti-species and dimers or small
oligomers, respectively.*®®”°® These absorption bands can be assigned to
the LMCT transition of Ti-species with tetrahedral coordination.

In the thin film type of porous siliceous materials, it is possible to evaluate
surface wettability from the water contact angle measurement. Figure 4.4
shows photographic images of a water droplet on a pure mesoporous silica
thin film (MSF) and TiMSF. The water contact angle on MSF was 20-30°.
The surface wettability changes to be more hydrophilic by incorporation of
Ti-species within silica matrixes. The water contact angle on TiMSF was
smaller than 10°. TiMSF also has a relatively hydrophilic surface as com-
pared to TiO, thin films even before UV light irradiation. TiMSF responded
to irradiation of UV light and induced a change of surface wettability to a
highly hydrophilic state. The water contact angle on MSF was scarcely
changed after UV light irradiation. TiMSF clearly showed photoinduced
superhydrophilicity, which is similar to the property of bulk TiO, thin films.
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Figure 4.4 (A) Contact angle of a water droplet on MSF and TiMSF and (B) photo-
graphic images of a water droplet on each sample before and after UV
light irradiation (irradiation time: 3 h).*

This phenomenon of TiMSF can be attributed to photoexcitation of Ti-
species. Tetrahedral Ti-species were found to play a significant role in the
improvement of the hydrophilic properties of MSF through the formation of
a new adsorption site of water molecules by electron localization.

The photocatalytic property of TiMSF was also confirmed by the
decomposition of oleic acid as a model of oily dirt.*** Adhesion of oleic acid
on the film surface leads to the disappearance of the highly hydrophilic
property of TiMSF. Under UV light irradiation, the decreases in the water
contact angles on TiMSF were observed by the photocatalytic removal of
oleic acid (Figure 4.5). The water contact angle gradually decreased under UV
light irradiation and finally reached a superhydrophilic state. The removal of
oleic acid was also confirmed by the changes of FT-IR peaks ascribed to the
C-H stretching vibration of alkyl groups in oleic acid. These results indicated
that the TiMSF, having both hydrophilic property and photocatalytic
performance, is applicable to hydrophilic coatings with a photocatalytic self-
cleaning property.

The utilization of polymer microspheres as template materials was also
investigated in the structural controlling of the TiMSF surface.®* By com-
bining a precursor solution for the synthesis of TiMSF with poly(methyl
methacrylate) (PMMA) microspheres, tetrahedral Ti-containing porous silica
thin films with a uniform mesoporous and macroporous structure (-TiMSF)
were successfully prepared on a quartz substrate with a high transparency
(Figure 4.6). The macropores showed scraggly and distorted circular shapes.
The combination of macroporous and mesoporous structures as well as the
roles of tetrahedral Ti-species led to a significant improvement of surface
hydrophilicity as compared to that on TiMSF. The water contact angle was
smaller than 10° even before UV light irradiation. The water droplet was
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Figure 4.5 Time-dependent changes in the water contact angles of TiMSF after

adhesion of oleic acid under UV light irradiation. Inset shows FT-IR
spectra of TiMSF before (a) and after (b) UV light irradiation.”

Figure 4.6

Macropore

Mesoporous
silica wall

Tetrahedral Ti species

Macropore

m-TiMSF

(A) Schematic image of Ti-containing porous silica thin films with a
uniform mesoporous and macroporous structure (m-TiMSF) and (B) SEM
image of (a) TIMSF and (b) m-TiMSF. Inset of (B,b) shows a photographic
image of m-TiMSF.**
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entirely spread out on m-TiMSF after UV light irradiation. Differences in
the architectures directly influence the surface properties of thin films. In the
case of m-TiMSF, the mesoporous structures are divided by macropores,
leading to an increase in the fine roughness on the film surface. The
strong hydrophilic nature of m-TiMSF attributes to the positive effects by
combination of tetrahedral Ti-species as well as macroporous-mesoporous
structures.

Moreover, the surface hydrophilicity of MSF was improved by the in-
corporation of transition metal species (e.g. V, Cr, Mo, W, etc.) instead of the
tetrahedral Ti-species.*®*””> These samples were prepared through almost
the same method by using a corresponding metal source (i.e. NH,VO3,
Cr(NO3); - 9H,0, (NH4)sM0,0,,-4H,0, or (NH4);qW1,04; - 5H,0). Among
them, the tetrahedral W-containing mesoporous silica thin film (WMSF)
shows the highest hydrophilic properties.**>’® The water contact angle on
WMSF was ca. 3°, and changed to almost 0° after UV light irradiation. WMSF
also exhibited a long durability superhydrophilic state. In the dark, the
water contact angle on WMSF was slowly increased by the adhesion of oily
dirt. However, the superhydrophilic state was easily recovered by using a
self-cleaning property of WMSF under UV light irradiation. In the case of a
tetrahedral Cr-containing mesoporous silica thin film (CrMSF), a surface
wettability change was observed under UV and visible light irradiation.
CrMSF has the possibility to be applied for indoor use as a self-cleaning
material with surface hydrophilicity.*”"7”>

4.4 Nanocomposite Materials for Superhydrophobic
Coatings

4.4.1 Superhydrophobic Surface Designed by Catalytic
Property of Coated Materials

Nanocomposite coatings are effective techniques for accumulating multiple
functions, enabling maintenance-free characteristics. The selection and
precise compositional control of key building blocks in composite materials
are indispensable for realizing fascinating functions in various areas of
fundamental research and practical application. Artificial hydrophobic sur-
faces are commonly designed through controlling chemical compositions
for lowering the surface energy and geometric structures of solid surfaces
on a micro- or nano-scale.>”*”’® Considering both factors is indispensable
for achieving sufficient superhydrophobic states. In numerous instances,
carbon materials and fluorine-containing polymers are adopted and com-
bined with other desired materials for the design of a superhydrophobic
surface.””™°

The superhydrophobic surface has been designed by the synthesis of
carbon nanotubes (CNTs) on Ti-containing mesoporous silica thin films
(TiMSF) with a Co-Mo catalyst (Figure 4.7). In this case, Co-Mo catalysts
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Figure 4.7 Preparation procedure of CNTs-modified TiMSF with a Co-Mo catalyst,
SEM image of surface and photographic image of water droplet.
Reproduced from ref. 86 with permission from the PCCP Owner
Societies.

were deposited on TiMSF under microwave irradiation (500 W; 2450 MHz).
It is well known that microwave irradiation enables rapid and uniform
heating, which is also applicable to the synthesis of metallic colloidal
nanoparticles with a narrow size distribution.>>*'~*® Highly dispersed metal
nanoparticles are deposited on Ti-containing mesoporous silica by using the
interaction between isolated Ti-species within the silica frameworks and
microwaves.**"*® For the design of a superhydrophobic surface, the Co-Mo
deposited TiMSF surface was modified by CNTs through the catalytic
reaction of Co-Mo and alcohol vapor at 1073 K.*® The surface of the thin film
was densely covered with CNTs (diameter: ca. 15 nm). A surface fine struc-
ture was constructed by the formed CNTs. On this film surface, the water
contact angle reached 165°, indicating the formation of a superhydrophobic
surface. The Co-Mo catalysts are not uniformly formed on the MSF without
the incorporation of Ti-species or by conventional thermal heating.
Increases in the water contact angle were observed after surface modification
by CNTs. However, the superhydrophobic state was hardly realized on the
thin film surface.

Tetrahedral Cr-containing colloidal silica nanoparticles (Cr/SNPs) were
also used in the design of a superhydrophobic surface.®” Cr/SNPs were fixed
on a quartz substrate, and played roles in the formation of surface roughness
and photocatalyst for modification. In this case, the surface was modified by
polyethylene (PE) via photocatalytic ethylene polymerization. The tetrahedral
Cr-species show photocatalytic activity for polymerization of ethylene under
UV and visible light irradiation.””*®® The surface of the substrate was firstly
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Figure 4.8 Schematic image of Cr/SNPs-coated glass and photographic images of a
water droplet before (a) and after (b) photocatalytic polymerization of
ethylene.

Reproduced from ref. 87 with permission from the Royal Society of
Chemistry.

covered by Cr/SNPs through the spin coating process. Cr/SNPs have a
uniform spherical shape ca. 80 nm in diameter (Figure 4.8). Photocatalytic
ethylene polymerization on the surface was performed by UV light irradi-
ation in the presence of ethylene gas at 298 K. The formation of PE was
confirmed by FT-IR measurement. The spherical shape of Cr/SNPs was
hardly changed before and after formation of PE. These thin films have a
high transparency. After PE modification, the water contact angle reached
ca. 162° (Figure 4.8). A sufficient superhydrophobic property was achieved
by PE modification on the Cr/SNPs surface using the photocatalytic property
of coated materials.

4.4.2 Superhydrophobic Surface with Photocatalytic
Self-cleaning Property

The nanocomposite thin films mentioned above show sufficient super-
hydrophobicity, however, these functions are limited and are scarcely used
with a self-cleaning property. The design of superhydrophobic surfaces with
additional functions have been investigated in recent years. For instance,
the reversible switching of surface wettability between superhydrophobic
and superhydrophilic states was studied using external stimuli-sensitive
materials.”®*™®> External stimuli, i.e., light, temperature, pH and others,
induce the reversible switching of surface wettability.**"®> These are nano-
composite materials designed by combining each component with desired
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functions. In practical uses, the performances of superhydrophobic coatings
are slowly decreased by adhesion of oily dirt. TiO, is one of the promising
materials for superhydrophilic coatings with a self-cleaning property and
has enough potential for easy removal of oily dirt under UV light irradi-
ation.”™®® However, the design of durable superhydrophobic surfaces with
photocatalytic self-cleaning properties via combination of hydrophobic
materials and TiO, is not so easy due to the photoinduced wettability
changes of the TiO, surface. The composite thin film photocatalyst of
hydrophilic materials and TiO, is well-investigated by many researchers,
whereas the combination of hydrophobic materials and TiO, has not yet
received a full investigation. The simultaneous uses of the hydrophobic
property and the functions of TiO, lead to durable superhydrophobic
surfaces with a photocatalytic self-cleaning property.

A nanocomposite coating of TiO, and polytetrafluoroethylene (PTFE)
by radio frequency-magnetron sputtering (RF-MS) deposition provides
superior hydrophobicity with a photocatalytic self-cleaning effect on a fine-
structured substrate.’” Dry processes for thin film coatings are very attractive
for mixing several components, which has some difficulties in wet-chemical
processes. The TiO, and PTFE composite film was prepared on quartz and a
structured Ti substrate (denoted as TiO,-PTFE/Q and TiO,-PTFE/Ti).
The TiO, and PTFE were accumulated on the substrate at the same time
(molar ratio: Ti-F=ca. 0.15). A FE-SEM image showed that TiO, and PTFE
deposited separately on the quartz substrate (TiO,/Q and PTFE/Q) was
composed of accumulated small roundish particles without any large
cracks (Figure 4.9(a)-(c)). The sea-island surface structure was observed in
TiO,-PTFE/Q. The sea and island parts consist of PTFE and TiO,, respect-
ively. The structured Ti substrate has a needle-like structure. In the
deposition of PTFE and PTFE-TiO,, each component was uniformly accu-
mulated on the structured Ti substrate without large geometric changes
(Figure 4.9(d)-(f)). Several Ti needles were covered with each component and
thus formed a relatively thick rod-like structure. FT-IR investigations also
indicated the state of PTFE in composite samples. Absorption peaks were
observed at ca. 1725, 1250, and 740 cm ' attributed to the existence of
CF=CF and CF,, (n = 1-3) groups.’®'°® PTFE was not completely decomposed
during the sputtering deposition process.

The measurement of the water contact angle shows the importance of
the surface fine structure of coated materials. The water contact angles on
PTFE/Q and TiO,-PTFE/Q were only about 116° and 111°, respectively. The
water contact angle is only about 120° on flat fluorine-containing polymers
such as a PTFE surface. The water contact angle on PTFE/Ti (168°) and
TiO,-PTFE/Ti (157°) fulfilled the definition of a superhydrophobic surface.
A water droplet with a spherical shape was clearly observed on these sur-
face.”® Under UV light irradiation, TiO,/Ti was gradually hydrophilized
and finally achieved a superhydrophilic state. The water contact angles on
PTFE/Ti and TiO,-PTFE/Ti were almost the same values even after UV light
irradiation (Figure 4.10). The deposition of TiO, on PTFE/Ti induced surface
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Figure 4.10 Changes in the water contact angle (0) on each sample ((a) TiO,/Ti,
(b) PTFE-TiO,/Ti, and (c) PTFE/Ti) under UV light irradiation. Inset:
photographic images of the water droplet before UV light irradiation.®”

wettability changes to the superhydrophilic state, which were similar to that
on TiO,/Ti. The nanocomposite coating of TiO,-PTFE restricted the surface
wettability changes. The two domains mixed on the nano-scale possess
hydrophilic and hydrophobic natures, which maintained a good water-
repellent property without spreading of the water droplet. The increases
of TiO, content in the composite of TiO,-PTFE led to surface wettability
changes under the same conditions. Chemical composition plays an
important role in the design of an artificial superhydrophobic surface. The
self-cleaning property of each sample was confirmed by the decomposition
of oleic acid as a model contaminant of oily dirt under UV light irradiation
(Figure 4.11). After adhesion of oleic acid, the water contact angle on each
film was immediately changed to around 65°. The water contact angle on
PTFE/Ti was almost the same value after UV light irradiation. Once the
surface was polluted, the superhydrophobicity was hardly recovered without
washing by an organic solvent. In the case of TiO,/Ti, the water droplet was
completely spread out on the surface after UV light irradiation, which
realized both effects of the photocatalytic degradation of oleic acid and
photoinduced superhydrophilicity. In contrast, TiO,-PTFE/Ti showed a
unique response and a gradual increase in the water contact angle to its
original superhydrophobic state. The removal of oleic acid was achieved by
the photocatalytic self-cleaning property of the TiO, domain. TiO,-PTFE/Ti
also restored its superhydrophobic state even after five cycles of adhesions of
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oleic acid and UV light irradiation. The compatibility between hydrophobic
materials and the photocatalytic self-cleaning effect of TiO, was attained in
TiO,-PTFE/Ti through the mixing of each component.

4.5 Summary

Coating technologies for the design of superhydrophilic and super-
hydrophobic surfaces have attracted much attention in recent years. The
control of chemical composition and architecture of the film surface is
indispensable for realizing fascinating functions. TiO, and transition
metal-containing porous silica thin films exhibit superhydrophilicity and a
self-cleaning property. Superhydrophobic surfaces were also designed using
the catalytic property of coated materials via formation of a carbon nanotube
and polyethylene. A nanocomposite of TiO, and PTFE realized the use of a
photocatalytic self-cleaning property on a superhydrophobic surface. The
simultaneous use of the self-cleaning property as an additional function is
useful for keeping a clean surface with superhydrophilicity and super-
hydrophobicity. The usage of light energy, including natural solar light,
opens the way to keeping clean surfaces without a complicated system,
leading to energy-saving and maintenance-free coatings.
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CHAPTER 5

Producing Self-cleaning,
Transparent and Hydrophobic
Si0,-crystalline TiO,
Nanocomposites at Ambient
Conditions for Stone Protection
and Consolidation
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5.1 Introduction

The deterioration process of monuments and modern buildings originates
from both the dramatic increase of the atmospheric pollution and the high
levels of humidity. As a direct consequence of these external actions, ugly
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black crusts have been extensively formed on the building facades since
organic matter and nitrogen oxides are deposited on the deteriorated sur-
faces. Therefore, the development of innovative versatile coatings for the
protection and self-cleaning of building substrates has attracted the atten-
tion of researchers."”

TiO, nanoparticles (titania) have been widely used as semiconductor
photocatalysts in many fields, such as water purification, self-cleaning ma-
terials, sensors and solar energy conversion, due to their unique prop-
erties.>* The use of TiO, nanoparticles together with construction building
materials has contributed to the development of versatile materials with
continuously growing applications." Titania has been successfully in-
corporated within mortars, concrete, exterior tiles and paving blocks during
their manufacturing process, thus producing not only self-cleaning surfaces
but also substrates with improved mechanical properties."”>”” Moreover, the
addition of TiO, nanoparticles within lime mortars has enhanced the car-
bonation process and the formation of hydraulic phases.’

However, the application of TiO, in the conservation of monuments and
specifically, on their external facades, imposes several restrictions regarding
the synthesis and application of the self-cleaning products.®® Firstly, the
applied materials should be synthesized via simple synthesis routes (one-pot
synthesis), not demanding additional treatment such as heating, during
in situ applications on the monuments or building constructions. Secondly,
the production of self-cleaning materials should minimize the energy de-
mand required as much as possible, giving rise for further scaling-up pro-
cedures. Thirdly, transparent and stable coatings are preferred in
monument protection, since they comply with the aesthetic requirements
imposed by the curators of cultural heritage.

Different strategies concerning the application of TiO, on exterior build-
ing surfaces have been recently reported in the literature. These include the
use of aqueous TiO, colloidal dispersions,'®** TiO, nanoparticles in-
corporated in polymeric matrices'>'* or even titanium isopropoxide solu-
tions."”>'® However, some of these strategies might entail remarkable
drawbacks related both to the aesthetic parameters and the adhesion be-
tween coatings and substrates. The typical white colour of TiO, nano-
particles might induce a remarkable change in the aesthetic properties of
the building materials after the application of the products. Moreover, due
to the limited chemical affinity between stone substrates and products, the
latter are easily removed from the surfaces, thus decreasing their lifetime. An
alternative approach to improve the limited adhesion between TiO, and
stone substrates is the combination of TiO, nanoparticles with a SiO, matrix.

It is already known that the silica matrix originating from the hydrolysis
and condensation of the alkoxysilanes, is one of the most widely used bases
in protective and consolidant agents.'” On the one hand, the alkoxysilanes
provide low viscosity, which enhances their penetration depth into the pore
structure of the stone substrates. On the other hand, the main drawback of
these products is the brittleness of the xerogels obtained after the


http://dx.doi.org/10.1039/9781782623991-00105

Published on 01 September 2016 on http://pubs.rsc.org | doi:10.1039/9781782623991-00105

View Online

Nanocomposites at Ambient Conditions for Stone Protection and Consolidation 107

polymerization, which are susceptible to cracking due to the high capillary
pressures developed during drying.'® Several attempts to avoid the cracking
of these xerogels have been reported in the literature. Specifically, crack-free
materials have been prepared in the presence of drying control chemical
additives (DCCA)" and surfactants, such as n-octylamine,”” to produce xerogels
with large and uniform pores. In addition, the incorporation of TiO,, SiO,,
Al,O; and calcium oxalate (CaOx) particles into silica xerogels has also been
reported to reduce cracking.”'>* Finally, the addition of organosilanes into the
silica precursors reduces the surface energy of the sols, thus preventing
cracking and providing toughness and flexibility to the final xerogels.***’
Therefore, products based on the incorporation of TiO, nanoparticles
within a silica matrix, in the presence of n-octylamine, have been syn-
thesized, as an alternative approach to innovative self-cleaning agents.®°
These silica-titania mesoporous crack-free materials induce improved ad-
hesion properties, thus ensuring the long-term performance of the products.
In addition, mixing Ti and Si alkoxide precursors has also been used to pro-
duce TiO, dispersions in a silica matrix, thus providing sols with lower values
of viscosity than the sols containing pre-synthesized TiO, nanoparticles.
However, these synthesis routes exhibit limitations relating not only to the
experimental procedures, but also to in situ applications. Firstly, it is well
known that the Ti alkoxides hydrolyze much faster than Si alkoxides,***” thus
providing, after application on building substrates, inhomogeneous and
cracked coatings. Secondly, the formation of the photoactive anatase TiO,
crystals usually demands high temperatures during the synthesis routes.”®
The innovative aspect of the work presented here refers to the synthesis of
photoactive, transparent and hydrophobic nanocomposites at ambient
conditions for the protection of monuments and buildings. We investigated
nanocomposites by mixing Ti and Si alkoxides in the presence of Ox and
hydroxyl-terminated polydimethylsiloxane (PDMS). In order to evaluate the
effect of Ox concentration on the nanostructure and on the properties of the
nanocomposites, we designed three nanocomposites with increasing Ox
concentrations and different sequences of the reagent agents.
Hydroxyl-terminated PDMS was selected as an additive to the nano-
composite structure due to its ability to reduce the surface energy of the
colloidal solutions providing elasticity, flexibility, hydrophobic and crack-
free properties to the final xerogels.”>*° Regarding the Ox addition, we pri-
marily thought that it could behave as an additional protective agent for the
stone substrate through its reaction with the calcium carbonate and the
production of CaOx. It is well known that CaOx, which is more stable and
resistant to weathering than calcium carbonate, constitutes the main com-
ponent found in well-preserved surfaces of monuments, the so-called “pat-
inas” layers.*™** In our previous studies, we have developed innovative and
effective consolidants based on a silica matrix modified with CaOx nano-
particles.”>** Furthermore, the Ox might also play a role as a sol-gel catalyst
for the alkoxysilane and as a chelating agent for the delaying of Ti alkoxide
hydrolysis, thus providing homogeneous xerogels. One more possible
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advantage of adding Ox is the fact that this acid has already been established
as a DCCA additive that can act as an additional medium for crack-free
xerogel production.?® Finally, according to the literature, the Ox could also
behave as a hole scavenger during the photocatalytic procedure.** >’ More
specifically, the action of the oxalic acid ions as a hole-scavenger agent could
be summarized to the following: (1) these ions characterized as good bi-
dentate ligands, can be absorbed on the positively charged TiO, surfaces; (2)
the oxalic ions participate in the photocatalysis firstly binding the photo-
generated holes and secondly producing radicals that further promote the
photocatalytic procedure.

The present chapter is organized as follows. Firstly, we report the synthesis
and characterization of the three nanocomposites, in order to clarify the role
both of the Ox concentration and the addition sequence of the precursor
materials. Furthermore, we elucidate the reasons that contribute to the
photocatalytic activity of the materials synthesized. To gain insight into the
structure of the nanomaterials, several analytical techniques were used, such
as FTIR, TEM/STEM, AFM and nitrogen physisorption. Finally, the assess-
ment of the nanocomposites as protective, consolidant and self-cleaning
materials on marble and calcareous stones for both monuments and
modern buildings is also demonstrated.

5.2 Experimental

5.2.1 Materials

SiO,-TiO,-PDMS nanocomposites were synthesized by using tetra-
ethylorthosilicate (TEOS, Sigma Aldrich), titanium(iv) isopropoxide (TTIP,
Sigma Aldrich) and hydroxyl-terminated polydimethylsiloxane (PDMS,
Sigma Aldrich), as raw materials. Ethanol (EtOH, Sigma Aldrich), iso-
propanol (ISP, Merck) and de-ionized water were used as solvents. Oxalic
acid dihydrate (Ox, Panreac) was used as the catalyst. Finally, methyl orange
(MO, Fluka) and methylene blue (MB, Panreac) were used for the photo-
catalytic experiments. All chemicals were used as received, without further
purification prior to use.

5.2.2 Synthesis of STP Nanocomposites

In the present work, three nanomaterials were synthesized for producing
innovative materials for stone protection and consolidation. The nanoma-
terials denoted as STP-1, STP-2 and STP-4 were inspired by the initial letters
of silica, titania and PDMS, respectively. In order to estimate the influence of
Ox on the properties and the structure of the final xerogels, we have syn-
thesized three formulations with increasing Ox concentrations. Therefore,
the number followed the names previously presented are related with the Ox
concentration of the nanomaterials, number 1 corresponds to the lower Ox
concentration, while 2 and 4 to the medium and high Ox content,
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respectively. Moreover, the STP-1 formulation differs from the other two
formulations in the sequence of addition of the reactants during the syn-
thesis. The synthesis routes of the new nanocomposites are illustrated in
Scheme 5.1. Specifically, the steps of the STP-1 synthesis are as follows: (a)
TEOS, EtOH, H,0 and Ox were stirred at ambient conditions for 140 min; (b)
PDMS reagent was added drop by drop to the previous solution and the
magnetic stirring was continued for another 15 min; and (c) thereafter
the TTIP alkoxide was also added to the TEOS/PDMS solution under stirring.
The solution obtained was left under strong magnetic stirring (1200 rpm)
for 24 h, thus providing a transparent colloidal solution (Scheme 5.1a).

Regarding the synthesis of STP-2 and STP-4, the main steps are as follows:
(a) PDMS, EtOH, H,0 and Ox were stirred at ambient conditions for 90 min;
(b) TTIP diluted with EtOH was added with a very slow rate to the previous
solution in order to prevent the hydrolysis of TTIP and simultaneous particle
agglomeration;*® and (c) the transparent colloidal solution obtained was left
under magnetic stirring for 24 h. Specifically, in the case of STP-2, TTIP
should be added in no less than 4 h, in order to obtain a transparent sol.
Finally, after the addition of TEOS, the sol remained transparent
(Scheme 5.1b).

The molar ratio of TEOS-EtOH-H,0-PDMS-TTIP used in the synthesis of
STP-1 was 1:4:4:0.04:0.017, whereas for STP-2 and STP-4, we used
1:5.6:4:0.04:0.017 (see Table 5.1).

(a) A (b) A
140 min TEOS Hydrolysis 90 min | EtOH, H;0 weccrg
stirring EtOH, H.0 of TEOS stirring | H2C204,PDMS | Stabilization
o PDMS drop L e
A — b drop by d
‘ g : p. y drop
15 min J 24 h stirring B:I Pepgzafror{ Sopame
stirring ormation o
anatase TiO
TTIP drop by :
v drop z
24 h c 30 min
l‘gg:l stirring stirring
letero- W
\ Copolymerization Copolymerization
condansaien PDMS with TEOS/ s gty
of alkoxide. TTIP
Transparent | Drying under lab conditions Transparent Drying un%el; I.'a_b conditions%
nanocomposite Gelation -m nanocomposites i
'~ | 9days  Sdays
\ » N e
STP-1 s0l STP-1 xerogel STP :’ ; ’f TP-4 STP-2 STP-4

Scheme 5.1 Synthesis routes of: (a) STP-1 and (b) STP-2/STP-4 nanocomposites.
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Table 5.1 Properties of the materials under study. Reprinted from C. Kapridaki,
L. Pinho, M. Mosquera and P. Maravelaki-Kalaitzaki, Producing photoactive,
transparent and hydrophobic SiO,-crystalline TiO, nanocomposites at
ambient conditions with application as self-cleaning coatings, Appl.
Catal., B, 156-157, 417-427, Copyright (2014), with permission from
Elsevier.®

Gelation time (days)

Sample Ox moles” Open vessel Closed vessel Vol. reduction%
STP-1 0.0001 5 35 82
STP-2 0.017 9 45 86
STP-4 0.036 5 7 84

“Referred to 1 mol of TEOS.

5.2.3 Characterization of the STP Nanocomposites

In order to observe the appearance of the xerogels obtained, the colloidal
sols were cast into transparent molds and sealed by a moldable film on their
tops (Parafilm). The film was perforated, thus increasing the solvent evap-
oration in order to simulate the phenomena taking place on the surface of
building materials. These molds were kept under ambient conditions and
monitored until a constant weight was reached and visually inspected in
order to find any micro-cracking. In addition, the gelation times of the
nanocomposites were also measured in both closed and open vessels.

The evolution of the sol-gel process along with the chemical bonds of the
derived nanocomposites were investigated through Fourier transform infra-
red spectroscopy (FTIR) absorption spectra using a Perkin-Elmer 1000 spec-
trometer in the spectral range of 400-4000 cm ™. Both the sols and powders
of the nanocomposites were examined through FTIR. Specifically, the spectra
shown in Figure 5.1(a) correspond to the crucial steps of STP-1 synthesis: (i)
TEOS-EtOH-Ox mixture at 0 min; (ii) after the addition of PDMS to the latter
mixture; (iii) after the addition of TTIP on the 4th day; and (iv) the xerogel of
the STP-1 after 35 days. Figure 5.1(b) shows the spectra attributed to STP-2, as
follows: (i) PDMS-EtOH-Ox sol after being left to react for 90 minutes; (ii)
24 h after adding TTIP; (iii) immediately after the addition of TEOS and (iv)
STP-2 xerogel after 30 days. Since the FTIR spectra obtained for STP-4 and
STP-2 were very similar; only the spectra for STP-2 are shown.

The thermal behaviour of the three nanomaterials was determined
through differential thermal analysis (DTA) and thermogravimetric analysis
(TGA) using a Setaram LabSysEvo 1600 °C at a heating rate 10 °C min "'
under a N, atmosphere from 27 to 1000 °C. The samples under study were
previously dried at 60 °C for 24 h.

The specific surface area and pore volume of the nanocomposites were
obtained from N, adsorption-desorption isotherms performed at 77 K in a
Quantchrome Autosorb IQ device. Furthermore, the pore size distribution of
materials was also estimated by analyzing the adsorption data by means of a
hybrid NLDFT (non-local density functional theory) approach.*
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Figure 5.1 (a) FTIR spectra of STP-1 for increasing time intervals: (i) TEOS-EtOH-Ox mixture at 0 min; (ii) after the addition of PDMS to
the latter mixture; (iii) after the addition of TTIP on the 4th day of curing time; (iv) STP-1 xerogel cured for 35 days. (b) FTIR
spectra of STP-2 (i) PDMS-EtOH-Ox sol mixture after being left to react for 90 minutes; (ii) 24 h after the addition of TTIP to the

latter sol; (iii) immediately after the addition of TEOS and (iv) STP-2 xerogel after 30 days.
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Detailed microstructural features of the STP materials were examined by
transmission electron microscopy (TEM) using a JEOL 2010F TEM/STEM
microscope, operating at 200 kV with 0.19 nm spatial resolution, equipped
with a high angle annular dark field (HAADF) detector and an Oxford X-Max
silicon drift X-ray energy dispersive spectroscopy (XEDS) detector. The
images were recorded in both TEM and STEM-HAADF modes.

X-Ray diffraction (XRD) analysis was performed in a Bruker D8 Advance
diffractometer using Ni-filtered Cu Ko radiation (35 kv and 35 mA) with a
Bruker Lynx Eye strip silicon detector.

The surface of the nanocomposites was also investigated by means of
atomic force microscopy (AFM, Nanotec Electronica S.L.) operated in tap-
ping mode. Roughness measurements were performed on 1x1 um? scans.

Diffuse reflectance spectra (DRS) of the nanocomposites under study were
recorded in the range of 200-800 nm by using a Varian Cart 3 spectrometer
equipped with an integrating sphere. All the spectra were transformed to a
magnitude proportional to the extinction coefficient through the Kubelka-
Munk function F(R). For comparison purposes, we have also examined
commercial TiO, nanoparticles (P25) from Evonik.

5.2.4 Photocatalytic Activity of the STP Nanocomposites

In order to evaluate the photocatalytic activity of the three nanocomposites,
we assessed the photocatalytic degradation of methyl orange (MO) under
UV irradiation. Specifically, 0.3 g of STP powders (previously dried at 60 °C
for 24 h) were dispersed in MO aqueous solution with a concentration of
0.3 ppm.

Aiming at elucidating the role played by the TiO, prepared in the lab and
the Ox added in the designed nanocomposites under the conditions of
synthesis, we have also performed the photocatalytic experiments with the
following TiO, formulations: (a) TiO, obtained from TTIP at ambient
conditions; and (b) the previous TiO, formulation in presence of Ox. The
synthesis of the as-prepared TiO, formulation used the following experi-
mental procedure: (i) TTIP reagent was added, drop by drop, to a solution
of H,O and ISP, with a final molar ratio of TTIP-H,O-ISP equal to
1:8.7:78; (ii) the solution obtained remained under magnetic stirring for
3 days, at constant laboratory temperature, in order for the chemical
reaction to be accomplished; (iii) the powder produced was collected
through a filtration procedure, washed with H,O and dried at 60 °C for 24 h
to remove the physically adsorbed solvents. This final TiO, powder,
denoted as T; formulation, was investigated for its ability to decompose the
MO organic matter. For the photocatalytic procedure, T} was dispersed in
an aqueous solution of MO (2.5 ppm) in a T)-MO molar ratio equal to
2.6 x 10°, thus obtaining the dispersion named as T.4. Moreover, for the
assessment of the T; photocatalytic ability in the presence of oxalic acid, we
prepared a new T) dispersion, denoted with Tjo,.q4, by adding 10 mg of Ox in
the Ty 4 previous colloidal solution.
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In addition, in both experimental procedures (STP and TiO, formu-
lations), the photochemical degradation of MO was also assessed in order to
determine the kinetic rate of the purely photochemical degradation mech-
anism. Prior to the photocatalytic assessment, the dispersed powders were
magnetically stirred in the dark for 30 min, in order to achieve adsorption—
desorption equilibrium. All the experiments were performed in a UV
chamber equipped with four 8 W black light blue lamps emitting in the near-
UV range (315-400 nm). The maximum absorbance of MO was monitored at
464-506 nm, depending on the pH values of the colloidal solution, by using
a UV-VIS Varian (Cary 1E) spectrophotometer.

Considering that the photocatalytic degradation of MO follows a pseudo-
first order kinetic model, the results obtained during the photocatalytic tests
were fitted to a non-linear regression model (OriginLab). Therefore, the
kinetic behaviour of the photocatalysts under study could be described ac-
cording to eqn (5.1):

C=Coe ™, (5.1)

where C corresponds to MO concentration at increasing times; k is the
pseudo-first order kinetic constant; ¢ is the reaction time; and Cj, is the initial
MO concentration (¢ =0).

The values of k as well as the values of the regression coefficients (r*) were
recorded and confirmed the good fitting between the experimental results
and the model.*’

5.2.5 Application and Characterization of the
Nanocomposites on Stone Substrates

The performance of STP nanomaterials was evaluated on Thassos and Naxos
marbles, along with Alfas calcareous limestone (composed of micritic calcite).
Prior to the applications, polished marble and limestone samples were wa-
shed with deionized water and dried for 24 h at 60 °C. With the aim of
evaluating the protective, self-cleaning and consolidation activities of the
nanocomposites under study, the following applications were conducted: (a)
STP-1 material was applied twice on Thassos marble as a coating; (b) STP-2
and STP-4 were applied as coatings and strengthening agents to Naxos marble
and Alfas stone, respectively. All the substrates were first impregnated with
EtOH, in order to facilitate the application of the sols. In the case of marble
samples, the nanocomposites were applied by brush, whereas the Alfas with
high porosity was treated by capillary absorption. The performance of the
hybrid materials as protective and strengthening agents was evaluated, after
a constant weight was reached, using the techniques described above.
Untreated counterparts were also examined for comparison purposes.

The aesthetic changes produced on the stone samples were evaluated
by means of the assessment of the total colour difference (AE*) using a
spectrophotometer (Konica Minolta, CM2600d).**
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The hydrophobic behaviour of the treated substrates was investigated
through water contact angle (CA) and water capillary absorption (WCA)
measurements. CA measurements were determined using an optical tensi-
ometer (Thetalite TL 101, KSV) under laboratory conditions, according to the
sessile drop method.”* Water droplets (~10 pL volume) were applied on
three different points of the surface of each stone sample and the static
contact angles (6s) were measured in the images produced. WCA was
measured according to UNI-EN 15801:2010,> by using the gravimetric
sorption technique. Moreover, the total water capillary absorption (TWCA),
which expresses the total amount of water absorbed during the WCA test,
was also recorded.

In order to test the ability of the treated specimens to allow water vapour
evaporation, we have also carried out a water vapour permeability (WVP) test
according to the procedure referred to in UNI-EN 15803:2010,* using special
disc-shaped specimens.

Treated stone samples and their untreated counterparts were also visu-
alized by scanning electron microscopy (SEM), using a FEI-Quanta Inspect
(D8334) instrument. Moreover, in order to evaluate the chemical affinity
between the STP nanocomposites and the stone substrates, we performed
FTIR analyses of treated stone samples.

The mechanical properties of the treated Alfas stones were evaluated
by measuring: (a) the indirect tensile strength (Brazilian test) and (b) the
drilling resistance and penetration depth by using a drilling resistance
measurement system (DRMS), a Sint Technology device.**

Finally, the effectiveness of the materials as self-cleaning agents on stone
was assessed by monitoring the discolouration of methylene blue (MB) ap-
plied on the surfaces. Specifically, 1 mL of a solution of 1 mM MB dissolved
in ethanol was deposited on the treated and untreated surfaces. The
coloured specimens were later irradiated in the UV chamber (equipped with
8 W black light blue lamps, emitting in the near-UV range 315-400 nm;
3 mWem %), and the values of the total colour differences (AE*) at various
time intervals were recorded using a spectrophotometer.® In particular, the
photocatalytic activity of the treated specimens was demonstrated through
the recorded ratios of AE*/AE, at various irradiation times. AE* corresponds
to the total colour difference between the unstained surface and the cor-
responding stained surface at increasing time intervals; AE, expresses the
total colour difference between stained and unstained surface at time equal
to 0 min.

5.3 Results and Discussion

5.3.1 Composition Characterization

The sol-gel transition of the synthesized nanocomposites took place spon-
taneously within 5-9 days under laboratory conditions (see Table 5.1).
However, both the sequence of the reagents and their amounts have a clear
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effect on the gelation time of the sols at ambient conditions in open and
closed vessels (Table 5.1). The product STP-1 cannot be directly compared
with the other two nanocomposites, since both the Ox content and the se-
quence of addition of the materials is different. Therefore, we can compare
only STP-2 and STP-4 nanocomposites, which revealed the shorter gelation
time exhibited by the material with the higher Ox concentration (STP-4) (see
Table 5.1). Taking into account the latter result, the role of Ox as a sol-gel
catalyst has been demonstrated. Moreover, the shorter gelation time ob-
served for STP-1 with respect to STP-2, seems to be attributed to the different
sequence of addition of the reagents and not to the amount of Ox present in
the formulation. Specifically, in the case of STP-1, TEOS was added in
the first step of the synthesis, thus requiring a shorter time for achieving the
sol-gel transition.

By comparing the shrinkage of the xerogels, we indicated that all the
materials under study provided similar volume reductions (see Table 5.1).
These findings are in good agreement with previous observations of Mos-
quera et al,*” thus confirming that the presence of PDMS affects the
shrinkage of the xerogels. This shrinkage is attributed to the PDMS chains,
which coil up during the drying process, thus providing high elasticity and
rubbery behaviour to the derived nanocomposites. Therefore, the similar
shrinkage behaviour for the three nanocomposites can be ascribed to the
equal PDMS concentration included in the nanomaterials under study.

After the drying process, all the synthesized materials produced crack-free,
colourless, homogeneous and highly transparent monolithic xerogels, as
indicated in Scheme 5.1. Specifically, factors such as the low amount of Ti
alkoxide added to the starting sols and the good dispersion of titanium
domains by using strong stirring and slow addition of TTIP, provided
transparency to the nanocomposites.

However, given the different hydrolysis and condensation rates of Si and
Ti alkoxides, additional difficulties may arise if one wishes to obtain
homogeneous gels employing these two precursors.*® It is well known that
the hydrolysis reactions of alkoxides proceed by nucleophilic substitution
mechanisms and depend on the electronic partial charge of the metal atoms.
However, Ti"* presents a more electrophilic character (higher positive par-
tial charge) than Si**.*® Moreover, the chemical reactivity of the alkoxides is
associated with the unsaturation degree of the metal or silicon which can be
estimated from the difference between the usual coordination number (N)
and the oxidation state (Z) of the metal coordination. The N-Z values
obtained are equal to 0 and 2 for Si and Ti, respectively, justifying the higher
reactivity of titanium comparing to silicon alkoxides.?” Therefore, in any sol-
gel synthesis including a Ti alkoxide, phase separation may easily take place
instead of the formation of a homogeneous gel network.

We considered that the addition of Ox in synthesis could promote the
formation of homogeneous gels. Specifically, the action of Ox could
be summarized as follows: (1) the oxalate ions are strong ligands that may
coordinate with Ti alkoxides, thus delaying the Ti alkoxide hydrolysis
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process;*®*” (2) Ox acts as a catalyst in the hydrolysis and condensation of

TEOS; and (3) Ox prevents the agglomeration of TiO, nanoparticles, gener-
ating stable colloidal dispersion solutions with pH values that are far from
the isoelectric point.*®*®

In this point, we may further discuss the decrease in gelation time ob-
served for STP-4 (5 days) with respect to STP-2 (9 days). These results showed
that the presence of higher amounts of Ox also shortened the gelation time
of the nanocomposites. Therefore, Ox, apart from acting as a chelating
agent, obviously acts as a sol-gel catalyst (Table 5.1).

Finally, crack-free nanomaterials were obtained due to the synergistic
action of Ox and PDMS (Scheme 5.1). Particularly, Ox acts as DCCA,** while
PDMS enhances the formation of a flexible silica network thus avoiding
cracking during drying.>**°

FTIR provided further insights into the sol-gel process and the chemical
structure of the nanocomposites under study. All the spectra obtained
for the sols showed a typical wide band located at the spectral region of
3000-3700 cm ™, attributed to O-H bonds. As expected, the intensity of this
band decreased with time for all the nanocomposites, due to the conden-
sation of the silica network.

In spectrum ii of Figure 5.1(a), we may clearly confirm the presence of
PDMS which was added to the mixture TEOS-EtOH-Ox, due to the appear-
ance of a peak at 1261 cm™ ' attributed to the symmetrical bending of the -
CH; groups in Si—(CH;).>® As expected, this peak is also present in the
spectra of STP-2 (Figure 5.1(b)). Moreover, in the spectra of xerogels of
Figure 5.1(a) and (b), we also observed a shift of this peak to higher wave-
number values (1267 cm™ '), together with an additional peak located at
849 cm ™. This could probably be related to the copolymerization of PDMS
and TEOS." For STP-1, the peak at 849 cm ™' can be observed even after the
4th day of the sol formation (Figure 5.1(a), spectrum iii). Finally, in all of the
xerogel materials, the peak at 1267 cm™ " gives us the opportunity to assume
that the PDMS ensures hydrophobic properties to the final hybrid
nanocomposites.

The addition of TTIP into the sols of STP-2 and STP-4 produced two low
intensity peaks at 945 and 1152 cm™ ', which may be related to O-Ti and -
CH; bonds, respectively (Figure 5.1(b), spectrum ii).”° It is worth mentioning
that in the cases of STP-2 and STP-4, the role of Ox as a chelating agent was
established through the observation of the peak located at 1683 cm™ . This
peak corresponds to the C=0 stretching of Ox, which presented a shoulder
at 1711 ecm™ " after the addition of TTIP (Figure 5.1(b), spectra ii). This ob-
servation could also justify a probable coordination between the nucleo-
philic oxalic ions with the Ti alkoxide added, thus deterring the
instantaneous TTIP hydrolysis and polymerization.>*

The completion of the condensation of the xerogels can be confirmed
through the changes observed in several peaks (Figure 5.1(a) and (b), spectra
iv).?> The absence of the peaks located at 2931, 2975, 2892, 1452, 1381
and 880 cm ' can be attributed to the elimination of C-H bonds of the
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groups -CH,/-CH; during the hydrolysis and condensation of the alkoxides.
The antisymmetric stretching of Si-O-Si bonds at 1077 cm ™', a peak at
810 cm ™' attributed to the SiO, structure and the absorption of Si-OH
groups at 954 cm ' indicated the evolution of the formation of xerogels
(Figure 5.1(a) and (b), spectra iv).

The results obtained through the FTIR analysis demonstrate the accom-
plishment of the hydrolysis and condensation of the alkoxides, the co-
polymerization of PDMS within the silica network and the role of Ox as a
chelating agent.

The TGA-DTA results for the nanocomposites under study revealed weight
loss in two regions. First, weight losses together with an endothermic peak
observed upon heating from 40 to 205 °C were attributed to the release of
absorbed water. At higher temperatures and up to 950 °C, another reduction
in weight was ascribed to the removal of organic solvents and the
decomposition of the organic matter.>” By taking into account the above
results, we can conclude that PDMS was successfully incorporated within the
silica matrix, thus producing organic-inorganic hybrid nanocomposites.

5.3.2 Textural and Microstructural Characterization

The textural properties of the nanocomposites under study were determined
through N, sorption analysis. N, adsorption-desorption isotherms are given
in Figure 5.2 together with the values obtained for surface area (Sy.,) and
pore volume (Vpore) (Table 5.2).

As seen in Table 5.2, STP-2 presented a significantly smaller pore volume
than the other materials under study. Therefore, the pore size distribution
could not be calculated. The different textural behaviour of STP-2 is
explained by taking into consideration the information provided by TEM
analysis, which is presented in the following paragraphs.

As indicated in Figure 5.2(a), STP-1 and STP-4 exhibit type IVa isotherms,
which can be associated with mesoporous materials.’® Regarding the hys-
teresis of the isotherms, both materials present a type H4 loop with parallel
and almost horizontal branches.’* According to the literature,”® a H4

Table 5.2 Textural parameters obtained from the isotherms and the
NLDFT method for the materials under study. Reprinted
from C. Kapridaki, L. Pinho, M. Mosquera and P.
Maravelaki-Kalaitzaki, Producing photoactive, transparent
and hydrophobic SiO,-crystalline TiO, nanocomposites at
ambient conditions with application as self-cleaning
coatings, Appl. Catal., B, 156-157, 417-427, Copyright (2014),
with permission from Elsevier.®’

Sarea (mz gfl) Vpore (Cm3 gil)
STP-1 153 0.136
STP-2 3 0.006

STP-4 440 0.260
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Figure 5.2 (a) Nitrogen adsorption-desorption isotherms and (b) NLDFT pore size distributions for the nanocomposites under study.

Reprinted from C. Kapridaki, L. Pinho, M. Mosquera and P. Maravelaki-Kalaitzaki, Producing photoactive, transparent and
hydrophobic SiO,-crystalline TiO, nanocomposites at ambient conditions with application as self-cleaning coatings, Appl.
Catal., B, 156-157, 417-427, Copyright (2014), with permission from Elsevier.®’
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hysteresis loop is observed for materials that consist of particles with in-
ternal voids of irregular shape and broad size distribution.

Furthermore, the pore volume and the surface area observed for STP-1
nanocomposite showed lower values than those obtained for STP-4.
The isotherms obtained for STP-1 and STP-4 (Figure 5.2(a)) also indicated
adsorption of nitrogen at low pressure, which is associated with the presence
of a microporous system.>® Therefore the pore size distributions of these
materials were also estimated using the NLDFT method which approaches
both micro and mesopores.>® The NLDFT pore size distribution obtained
for the nanocomposites were calculated from the adsorption branches
and are shown in Figure 5.2(b). STP-1 and STP-4 exhibited a bimodal
distribution consisting of: (1) a microporous region with pores of sizes close
to the mesopore range (from 1 to 2 nm); and (2) mesopores ranging from
2 to 8 nm.

For a deeper investigation into the microstructure of the nanomaterials,
we also carried out TEM, HAAD-STEM and HRTEM, coupled with X-EDS
analysis. In Figure 5.3, we present TEM images of the three synthesized
nanomaterials. STP-1, exhibited a uniform SiO,-TiO,-PDMS network with
aggregates ranging from 40-100 nm, probably due to the high connectivity of
the Ti-O-Si bonds at atomic level (Figure 5.3(a)).>* However, STP-2 and STP-4
with high concentrations of Ox exhibited aggregations, similar in size to STP-
1, throughout their matrix (Figure 5.3(b)-(c). The TEM micrographs obtained
for STP-2 and STP-4 allow us to observe the presence of nanoparticles, pre-
sumably TiO,, incorporated within the SiO, network. This may probably be
due to the formation of independent domains during the hydrolysis and
condensation of Si and Ti alkoxides, which seem to be absent in STP-1.
Gopala et al.>® have obtained similar nanocomposites containing separate
domains of silica and titania nanoparticles. In particular, STP-2 presented
nanoparticles with sizes ranging from 5 to 10 nm in contrast to STP-4, which

Figure 5.3 TEM images of: (a) STP-1, (b) STP-2 and (c) STP-4 nanocomposites.
Reprinted from C. Kapridaki, L. Pinho, M. Mosquera and P. Maravelaki-
Kalaitzaki, Producing photoactive, transparent and hydrophobic SiO,-
crystalline TiO, nanocomposites at ambient conditions with application
as self-cleaning coatings, Appl. Catal., B, 156-157, 417-427,
Copyright (2014), with permission from Elsevier.®’
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contained particles with smaller sizes (2-5 nm, indicated by yellow arrows in
Figure 5.3(c)).

In addition, we have observed that STP-2 presented a significantly higher
amount of individual TiO, nanoparticles embedded within the silica matrix,
with respect to STP-4. We should point out here that the excess reduction of
pore volume along with the low surface area values observed by N, physi-
sorption for STP-2 can be justified by this significantly large amount of ag-
gregates and the separate domains of TiO, nanoparticles. We consider that
the embedded non-porous TiO, aggregates into the STP-2 silica matrix have
clearly negatively affected the porosity and the surface area of this nano-
composite. Facio et al.>* have previously observed pore volume reductions of
nanocomposites as the concentration of the embedded non-porous SiO,
particles increased. Moreover, our conclusions correlated with the in-
corporation of the non-porous components into the silica matrix are in ac-
cordance with the TEM micrographs (Figure 5.3(a)-(c)). Specifically, by
observing the TEM images of STP-1 and STP-4 (Figure 5.3(a) and (c)), the
formation of porous materials can be confirmed, since a light texture of the
matrix has been shown. However, STP-2 resulted in a dense texture without
the presence of pores (Figure 5.3b).

In order to investigate the silica-titania distribution, we also carried out
HAADF-STEM analysis for all the materials. The HAADF-STEM images for the
nanocomposites under study are shown in Figure 5.4(a)-(c). In this image
mode, the electrons that are subject to high-angle scattering are captured
and the signal is approximately proportional to Z*, where Z is the atomic
number. Therefore, the obtained Z-contrasts of the HAADF-STEM images,
attributed to different components of the nanocomposite, confirmed the
previous discussion.’® The STP-1 image (Figure 5.4(a)) does not clearly show
any Z-contrast, thus indicating the connectivity at the atomic level.”* The
nanocomposites with higher Ox concentration (STP-2 and STP-4), as opposed
to STP-1, presented a noticeable differentiation in visible contrast due to the
discrimination between the nanoparticles and silica matrix (Figure 5.4(b)
and (c)). A comparison between these nanomaterials clearly showed differ-
ences in Z-contrasts throughout their matrices. In the case of STP-2, the
higher contrast of the observed zones may be associated with the TiO, na-
noparticles, due to the higher atomic number of Ti compared to Si. In
addition, the HAADF-STEM image of STP-2 indicated the presence of sep-
arate domains of TiO, which are hardly distinguishable by TEM analysis. In
the STP-4 HAADF-STEM image, we confirmed the small and spherical TiO,
particles observed by TEM study indicated with yellow arrows (Figure 5.4(c)).

X-EDS with elemental distributions of Si and Ti over the spotted area of
the HAAD-STEM images are illustrated in Figure 5.4(a)-(c). The X-EDS maps
obtained for STP-1 confirmed only the presence of Si referred to three spe-
cific individual spots. The absence of Ti peaks from these spectra could be
associated with the homogeneous distribution of the Ti and Si alkoxides, at
the atomic level. Therefore, the very low concentration of Ti produced
throughout the matrix was hardly detected by the analyzer (Figure 5.4(a)).
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Figure 5.4 (a)-(c) STEM-HAADF images and X-EDS spectra for STP-1, STP-2 and STP-4, respectively and (d) HREM image corresponding to
STP-2 nanocomposite. The latter image shows the TiO, anatase nanoparticles incorporated within the silica matrix.
Reprinted from C. Kapridaki, L. Pinho, M. Mosquera and P. Maravelaki-Kalaitzaki, Producing photoactive, transparent and
hydrophobic SiO,-crystalline TiO, nanocomposites at ambient conditions with application as self-cleaning coatings, Appl.
Catal., B, 156-157, 417-427, Copyright (2014), with permission from Elsevier.®
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In the case of STP-2, three X-EDS spectra were detected, due to the high
visible contrasts obtained. As expected, Ti was not identified in the analyzed
spot (Figure 5.4(b), spot b1) with lower intensity, contrary to the other two
spots originating from zones with high contrast (b2 and b3). These findings
along with the highest Ti peaks in the case of the highest contrast zone (b3
spot) further support the statement that the higher contrast zones can be
attributed to separate domains of TiO,. Moreover, in Figure 5.4(c), the TiO,
nanoparticles located in independent domains inside the bulk of the STP-4,
provided higher visible contrast than the SiO, matrix. The HAAD-STEM il-
luminated area in Figure 5.4(c), spot c2 further confirmed the presence of Ti.

The microstructure of the nanocomposites with high concentrations of Ox
(STP-2 and STP-4) was further investigated through a HREM (high resolution
electron microscopy) study. The representative HREM image of STP-2 illus-
trated in Figure 5.4(d) indicated the presence of TiO, nanoparticles with
sizes of approximately 5 nm which were incorporated within the silica
matrix. This HREM image provided dark zones associated with the over-
lapping of at least two crystalline nanoparticles. Furthermore, we should
point out that the TiO, nanoparticles are more difficult to distinguish due to
the fact that these domains are embedded within the silica network. The
HREM image of the STP-4 material showed similar morphology features to
those of STP-2, therefore it was not included.

At this scale, by analyzing the digital diffraction pattern of the HREM
image (shown as an inset in Figure 5.4(d)), we demonstrated the crystallo-
graphic nature of the components contained in the nanocomposites. The
presence of (01-3), (10-1) and (1-12) crystallographic planes associated with
the anatase crystalline phase of TiO, was confirmed with the application of
Fourier transformation to the visible lattice spacing present in the crystalline
structure of our materials. These findings revealed the formation and in-
corporation of anatase TiO, nanoparticles, within the silica network of STP-2
and STP-4. Both the production and the embedment of the photoactive TiO,
nanoparticles was achieved by the hydrolysis and condensation of Ti alk-
oxide, in the presence of Ox, at ambient temperature. Finally, the amorphous
structure of the silica network was also confirmed.

The X-ray diffractogram patterns of the powder form of the nanomaterials
prepared in our laboratory are also given in Figure 5.5. All the materials
presented a typical amorphous structure, without the peaks associated with
the crystalline phases (anatase, rutile or brookite) of TiO, particles. As pre-
viously reported, the crystalline structure of anatase TiO, detected by TEM
analysis was hardly observed by an XRD study.’” In the case of our materials,
we assume that the absence of XRD characteristic peaks could be attributed
either to the small size of the particles or to the lack of the orientation of the
crystalline structures.

At this point, taking into account all the findings reported by TEM and
physisorption analysis, we can draw a conclusion on the texture and
microstructure of the nanocomposites under study. The sequence of the
addition of the precursor materials is responsible for the difference of the Si
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Figure 5.5 XRD patterns of the three nanocomposites under study.

Reprinted from C. Kapridaki, L. Pinho, M. Mosquera and P. Maravelaki-
Kalaitzaki, Producing photoactive, transparent and hydrophobic
SiO,-crystalline TiO, nanocomposites at ambient conditions with
application as self-cleaning coatings, Appl. Catal., B, 156-157, 417-427,
Copyright (2014), with permission from Elsevier.®® Reprinted from
C. Kapridaki and P. Maravelaki-Kalaitzaki, TiO,-SiO,-PDMS nano-
composite hydrophobic coating with self-cleaning properties for marble
protection, Prog. Or;g. Coat., 76, 400-410, Copyright (2012), with permis-
sion from Elsevier.”’

and Ti distribution between STP-1 and the other two materials. Specifically,
in the syntheses of STP-2 and STP-4, the hydrolysis and homo-condensation
of the Ti alkoxide took place prior to the addition of TEOS, thus promoting
the formation of independent TiO, nanoparticles within the silica network.
In contrast, in the STP-1 synthesis, the completion of the TEOS hydrolysis
prior to the addition of TTIP is associated with the hetero-condensation of
the two alkoxides (TTIP and TEOS), and therefore the production of Ti-O-Si
connectivity at the atomic level.

Moreover, the production of anatase TiO, nanoparticles at ambient tem-
perature is correlated to a peptization process occurring during the synthesis
of STP-2 and STP-4. According to previously reported results, the presence of
an acid medium enhances the re-dispersing process of the amorphous TiO,
phase, thus facilitating the growth of crystalline particles (peptization).”®*® In
STP-2 and STP-4, the production of the amorphous phase of TiO, preceded the
peptization process, which took place in the presence of Ox during the
magnetic stirring for 24 h (Scheme 5.1). Consequently, in the materials con-
taining higher Ox concentrations (STP-2 and STP-4), the anatase TiO, nano-
particles observed by TEM/STEM (Figures 5.3 and 5.4) were produced prior to
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the addition of TEOS. As opposed to these findings, in the STP-1 synthesis, the
peptization process is restricted due to both the fast hetero-condensation of
the alkoxides (Si and Ti) and the lower concentration of the acid medium (Ox).

By comparing the size of TiO, separate domains incorporated within the
materials STP-2 and STP-4, we can conclude that these differences may
correspond to the different Ox concentrations contained in these two na-
nocomposites. The results obtained by TEM showed that the nanomaterial
with the highest Ox concentration (STP-4) consists of TiO, nanoparticles
with the smallest size and the most spherical shape. Similar findings were
also reported by Mahshid et al,*® confirming the formation of small and
spherical TiO, nanoparticles at low pH values.

By taking into account all the results described above, we propose in
Scheme 5.2 a schematic representation of the nanocomposites under study.

Figure 5.6(a)-(f) shows the 2D and 3D images of the surface topography of
the nanocomposites under study observed by AFM. Specifically, in
Figure 5.6(a)—(c), the 1 um x1 pm 2D top views of the three materials
are illustrated, while the corresponding 3D images are depicted in
Figure 5.6(d)-(f). The AFM images demonstrated that all the materials con-
sist of aggregates with morphology similar to that observed in the micro-
graphs of TEM analysis. Moreover, the AFM images clearly showed that the
PDMS content modifies the surface morphology, producing roughness on
top of the coatings. The presence of PDMS in our materials promotes the
formation of tough and flexible xerogels, as a consequence of the creation of
bridges linking silica particles.?**>°° During the drying process these PDMS
chains coil up and therefore roughness on the surfaces is developed.

(a) TH(OCH(CHs)zhe

STP-1 Tio,
Si(OC,H hetero-condensation of &ﬁ - .
i(OC2Hs)s 7 ang i alkoxides S (s Si0; « @
L > Sisges | PDMS A
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TH{(OCH(CHs)a}s oy SO0,
o oS! T
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coordination between L A . S
PDMS 7, .jkoxide and oxalic acia .~~~ Si(OC2Hs)s bt
- - { —_—
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Scheme 5.2 Schematic representation of the synthesized nanocomposites: (a) STP-1
and (b) STP-2 and STP-4.
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(a)-(c) 2D and (d)-(f) 3D AFM images of STP-1, STP-2 and STP-4,
respectively. The (g) and (h) images show the corresponding roughness

profiles.

Reprinted from C. Kapridaki, L. Pinho, M. Mosquera and P. Maravelaki-
Kalaitzaki, Producing photoactive, transparent and hydrophobic SiO,-
crystalline TiO, nanocomposites at ambient conditions with application
as self-cleaning coatings, Appl. Catal., B, 156-157, 417-427, Copyright

(2014), with permission from Elsevier.®®

Despite the fact that PDMS concentration is the same in all of the ma-
terials under study, differences related to the roughness can be observed.
The surface morphology of the STP-2 and STP-4 exhibited higher values of
roughness compared to STP-1. We attribute this difference to the presence
of the separate domains of TiO, particles obtained by TEM within the STP-2
and STP-4 silica networks. These findings are in accordance with the re-
sults of previous papers wherein nanoclusters (separate domains) of

titania-silica materials were also observed by AFM analysis.

61,62 However,
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as we have already discussed in the case of STP-1 (Figure 5.6(a) and (d)), the
Si and Ti connectivity at the atomic level without formation of nanoclusters
justified the low values of the roughness (5.1 nm) obtained. Comparing
STP-2 and STP-4, AFM images show that STP-4 containing a higher Ox
concentration (Figure 5.6(c) and (f)) results in a surface of much lower
roughness values (7.2 nm) than STP-2 (23.0 nm) (Figure 5.6(b) and (e)). This
prominent difference is associated with the presence of both the larger size
and higher amount of TiO, nanoparticles in the STP-2 matrix than in the
case of STP-4. The lower pH values, as a consequence of the higher amount
of Ox in STP-4, contribute to the formation of particles with a smaller size
distribution.*®

Figures 5.6(g) and (h) illustrate the particle height distribution (Z) and
the typical roughness profiles for the materials under study, respectively. In
the case of STP-2, the increase of the average roughness along with a
broader Gaussian distribution is associated with the presence of larger
TiO, nanoparticles, contrary to the other two materials. Comparing the
height distribution of STP-1 and STP-4, we observed that STP-4 showed
higher average roughness attributed to the presence of the separate TiO,
domains, which were absent in STP-1. Regarding the findings illustrated in
Figure 5.6(h), these typical roughness profiles are in accordance with pre-
viously published results on the SiO, composites with embedded TiO,
nanoparticles.®

The UV-Vis diffuse reflectance spectra obtained for all the materials under
study are shown in Figure 5.7. The calculated values of the energy gap (E,)
were obtained according to the method proposed by Tandon and Gupta.®
Specifically, this method requires plotting of (F(R)E)"* versus E and the E,
values as indicated in the inset of Figure 5.7. We should note that the ab-
sorption in the region 200-800 nm of the nanocomposites is associated with
the presence of TiO,, as the major SiO, component does not absorb in this
range. However, the dependence of E, values on the preparation method,
impurities, crystalline effects, average crystal size and the method of calcu-
lation is well established.***

As expected, the pure TiO, of P25 presented the lowest value of E,
(3.33 eV). Our nanocomposites exhibited higher E, values in the range of
3.49 up to 3.58 eV, influenced by the presence of the silica matrix from
TEOS, the organosiloxane part from PDMS and the low quantity of TiO,
compared to P25. By comparing the E, values observed for the three na-
nomaterials, the STP-2 showed the lowest band gap. According to the
quantum size effect, the band gap of a semiconductor decreases as the
crystal size increases. Therefore, the presence of the largest TiO, crystals in
STP-2, as obtained by TEM, induced the highest decrease in the band gap.
Despite the absence of separate TiO, domains in the STP-1 material, we
obtained a similar E; value to STP-4. According to the results reported,
amorphous and dispersed TiO, within SiO, matrixes can also absorb UV
irradiation.®®
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Figure 5.7 DR-UV-Vis spectra of the nanocomposites along with the plots of modi-
fied Kubelka-Munk as inset.
Reprinted from C. Kapridaki, L. Pinho, M. Mosquera and P. Maravelaki-
Kalaitzaki, Producing photoactive, transparent and hydrophobic SiO,-
crystalline TiO, nanocomposites at ambient conditions with application
as self-cleaning coatings, Appl. Catal., B, 156-157, 417-427, Copyright
(2014), with permission from Elsevier.®’

5.3.3 Assessment of the STP Photocatalytic Activity

We also investigated the photocatalytic activity of the nanocomposites under
study by monitoring the degradation of MO under UV-vis (see Figure 5.8(a)).
Table 5.3 presents the pseudo-first order rate constants obtained. As
expected, the photochemical degradation of MO is practically negligible
during the evolution of this photocatalytic study. The results indicated that
STP-1 presented a lower rate constant (k=6.2x10 > min ') than STP-2 and
STP-4, which contain high concentrations of Ox. More specifically, STP-2
produced a kinetic rate constant equal to 113x10 > min~ ' while the rate
constant estimated for STP-4 was 60x10 > min~'. The higher photocatalytic
activity of STP-2 and STP-4 is associated with the independent TiO, domains
and the role played by Ox as a hole scavenger.>*” According to the litera-
ture, Ox is characterized as a good bidentate ligand, showing the ability at
low pH values to be strongly absorbed on the TiO, surfaces. In addition, the
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Figure 5.8 Photocatalytic degradation of methyl orange (MO) by: (a) STP nanocom-

posites and (b) TiO, formulations. The curves represent the fitting of the
pseudo-first order equation to the experimental data.
Reprinted from C. Kapridaki, L. Pinho, M. Mosquera and P. Maravelaki-
Kalaitzaki, Producing photoactive, transparent and hydrophobic SiO,-
crystalline TiO, nanocomposites at ambient conditions with application
as self-cleaning coatings, Appl. Catal., B, 156-157, 417-427, Copyright
(2014), with permission from Elsevier.*®

great contribution of Ox to the photocatalytic procedure can be attributed to
CO,*~ binded the already generated h™ according to eqn (5.2).

C,0,>” +h" — CO, + CO,* (5.2)

The CO,*" radicals produced probably have the ability to further enhance
the photocatalytic activity. They might act either as a direct means of the
decomposition of organic compounds or react with O, to produce photo-
catalytic active agents, such as 0,*~ /HO,*.**’

In our photocatalytic study, the action of Ox as a hole scavenger produced
oxidized radicals, which can reductively decompose the MO. In support of the
above, the photocatalytic decomposition of MO was enhanced with the
presence of EDTA, which is another good bidentate ligand.®”

In order to estimate the Ox contribution to the photoactivity of the STP
materials, we assessed a photodegradation study of MO by TiO, formulations,
prepared at room temperature, under UV both in the presence and absence of
Ox (Figure 5.8(b) and Table 5.3). The results clearly indicated that Ox im-
proved the photoactivity of these TiO, formulations. More specifically, the
formulation T4 without Ox exhibited a lower rate constant (k=3x10"
min~ ") than the photocatalyst Tioxq (k=13x10">min '), which contained
Ox. Therefore, these findings suggest that the presence of Ox in the STP-2 and
STP-4 nanocomposites may improve their photocatalytic activity.

5.3.4 Treatment Assessment of the Nanocomposites

An overview of the treated samples (marbles and Alfas limestone) and the
techniques performed for the assessment of the nanocomposites’
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Table 5.3 Pseudo-first order kinetic rate constant (k) and regression

coefficient (*) of methyl orange degradation, under
UV irradiation, by the TiO, formulations and
nanocomposites under study. Reprinted from C.
Kapridaki, L. Pinho, M. Mosquera and P. Maravelaki-
Kalaitzaki, Producing photoactive, transparent and
hydrophobic SiO,-crystalline TiO, nanocomposites at
ambient conditions with application as self-cleaning
coatings, Appl. Catal., B, 156-157, 417-427, Copyright
(2014), with permission from Elsevier.*’
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Nanocomposite/TiO, formulation k(10> min™") r
MO (blank 1) 0.8 0.91
STP-1 6 0.90
STP-2 113 0.92
STP-4 60 0.98
MO (blank_2) 0.4 0.98
Tiox-d 13 0.99
Tiq 3 0.95
Treatment Assessment of nanocomposites
| gﬁ;{: — — — Thassos Marble @y brushing)
| STP-2 : _ Naxos Marble (by brushing)
| STP-4 | Alfas (by capiliary absorption)
Protective coating Strengthening Agent
(Marble and Alfas) (Alfas)
Hydrophobic Properties | . v
WCA, CA Mechanical Properties
AE*, WCA, TWCA, WVP «— o
’ £ y Brazilian DRMS
Test
- = )
Self-Cleaning pm_p_ertles S
MB decomposition Depth

Scheme 5.3 Schematic representation of the assessment of STP treatments.

effectiveness as protective coatings, consolidants and self-cleaning agents

are presented in Scheme 5.3.

5.3.4.1 STP as Hydrophobic and Self-cleaning Coatings

The effectiveness of STP-1, STP-2 and

STP-4 nanocomposites as protective

and self-cleaning coatings was investigated in Greek marble originating
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Table 5.4 Physical properties of Thassos marble treated with STP-1. Reprinted from
C. Kapridaki and P. Maravelaki-Kalaitzaki, TiO,-SiO,-PDMS nano-
composite hydrophobic coating with self-cleaning properties for marble
protection, Prog. Org. Coat., 76, 400-410, Copyright (2012), with
permission from Elsevier.”®

Untreated Treated with STP-1

Dry matter (mgcm ™ ?) — 0.658 (+0.138)
AE* — 3.14 (£0.36)
Contact angle (°) 0s 72.6 (£3.0) 114.8 (£0.4)

20 s 59.9 (+2.7) 111.3 (£0.8)
WCA (mgem ™2 s~ 0.1067 (£ 0.0088) 0.0132 (£ 0.0067)
TWCA (%) 0.22 (£0.05) 0.13 (£0.03)
WVP (gem > h™ ) 0.140 (40.044) 0.093 (£0.017)

Table 5.5 Physical properties of Naxos marble treated with STP-2 and STP-4.
Reprinted from C. Kapridaki, L. Pinho, M. Mosquera and P. Maravelaki-
Kalaitzaki, Producing photoactive, transparent and hydrophobic
SiO,-crystalline TiO, nanocomposites at ambient conditions with
application as self-cleaning coatings, Appl. Catal., B, 156-157, 417-427,
Copyright (2014), with permission from Elsevier.*’

Untreated Treated with STP-2 Treated with STP-4
Dry matter (mgcm ™ ?) — 0.4122 (£0.0115) 0.4237 (£0.0418)
AE* — 0.61 (£0.05) 1.88 (+£0.05)
Contact angle (°) 0s 56.2(£3.0) 104.3 (+2.0) 95.4 (+ 2.2)
20's 50.0 (£2.8) 103.2 (£1.2) 93.6 (+1.6)
WCA (mgem 2 s~ '%) 0.0485 (£ 0.0021) 0.0059 (4 0.0003) 0.0096 (4 0.0002)
TWCA (%) 0.57 (£0.04) 0.30 (£0.04) 0.36 (£0.02)
WVP (gem 2 h™ 1) 0.0040 (4 0.0003) 0.0033 (#0.0004) 0.0031 (+0.0002)

from Thassos and Naxos and the results are provided in Tables 5.4 and 5.5.
Table 5.4 shows the dry matter of STP-1 applied to Thassos marble; Table 5.5
provides the dry matter of STP-2 and STP-4 products. As expected, the dry
matter obtained from STP-1 was higher than that from the two other na-
nocomposites, since this material was applied twice on the surfaces, due to
its limited photoactivity as previously discussed.

The total colour differences (AE*) of the marble surfaces after treatment
are presented in Tables 5.4 and 5.5. For STP-2 and STP-4 nanocomposites,
AE* is very low and below the perceptibility threshold (AE* <5).*" Only the
STP-1 treatment produced a higher AE* (3.1) due to the double application of
the product on the surface. Taking into account that chromatic variations in
the range of 2 to 3 cannot be detected by the naked eye, our findings indicate
that the application of our transparent nanocomposites as coatings does not
induce adverse chromatic modifications on the surfaces.

The effectiveness of the STP nanocomposites as hydrophobic coatings was
assessed by means of contact angle (CA) measurements and water capillary
absorption (WCA).

Regarding the CA, the values of the static CA measured twice in succession
are provided in Tables 5.4 and 5.5. These findings demonstrated that all the
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nanocomposites produced hydrophobic surfaces after treatment. We asso-
ciate this with the presence of PDMS into the sols, allowing the formation of
organic-inorganic hybrid nanocomposites. The organosilane PDMS reduces
the surface energy of the nanocomposites, thus producing hydrophobic
properties to the materials under study.>”*° Although the content of PDMS is
the same in all the composites, differences in CA values were observed.
However, reliable comparisons can only be made between STP-2 and STP-4
treatments, as these materials were applied only once. The surfaces treated
with STP-2 produced higher CA values than those treated with STP-4; these
results correlated with the higher roughness value obtained by AFM
analysis.”®

The coefficients for water absorption along with the total amount of ca-
pillary absorbed water (TWCA) are shown in Table 5.4 for treatment with
STP-1 and in Table 5.5 for treatment with STP-2 and STP-4. More specifically,
reductions of the coefficients of 88, 88 and 80% for STP-1, STP-2 and STP-4,
respectively, indicated the water repellency of each treated surface. In add-
ition, these results were also confirmed by the TWCA values after treatment,
where a remarkable decrease of the total amount of the absorbed water was
recorded (41% for STP-1, 47% for STP-2 and 37% for STP-4).

Finally, we assessed the changes occurring in the water vapour permea-
bility (WVP) of the marbles after treatment with the nanocomposites under
study. The WVP coefficients are presented in Tables 5.4 and 5.5. According to
the results obtained, the coefficients were reduced by approximately 34, 18
and 23% for STP-1, STP-2 and STP-4, respectively. These findings indicated
that the changes of the WVP comply with the acceptable ranges of materials
applied on building surfaces.*

SEM micrographs of marble surfaces treated with the materials under
study are shown in Figure 5.9(a)-(c). For comparative purposes, we also took
images of the xerogels of the nanocomposites by SEM (Figure 5.9(d)-(f)).
As seen, all the applied materials on the surfaces exhibit complete absence
of cracks, thus ensuring the preservation of the cohesive structure of
the nanocomposites even after treatment. As already discussed, the for-
mation of crack-free coatings is attributed to the synergistic effect of the
PDMS and Ox.

In order to assess the chemical compatibility between the nanocompo-
sites and marble surfaces, we carried out an FTIR study as depicted in
Figure 5.10. From the spectra obtained, we confirmed that condensation
and copolymerization reactions took place on the marble surface. More-
over, in the spectra corresponding to the treated surfaces with STP-4
(Figure 5.10, spectrum d), we can observe the presence of peaks (1618 and
1318 cm™ ') associated with the formation of calcium oxalate (CaOx).>?
The noticeable neo-formed CaOx on the treated surfaces produced by
the reaction of excess Ox with calcium carbonate could also play a role as
a preserving agent against weathering. We should note again that CaOx
is the main component found on well-preserved surface layers of
monuments.*"*?
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Figure 5.9 SEM micrographs of: (a)—-(c) treated marble with the three STP nanoma-
terials and (d)-(f) STP xerogels.
Reprinted from C. Kapridaki and P. Maravelaki-Kalaitzaki, TiO,-SiO,~
PDMS nano-composite hydrophobic coating with self-cleaning proper-
ties for marble protection, Prog. Org. Coat., 76, 400-410, Copyright
(2012), with permission from Elsevier.”
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Figure 5.10 FTIR spectra of treated surfaces showing chemical compatibility be-

tween nanomaterials and marble surfaces.

Lastly and most importantly, the self-cleaning properties of the nano-
composites under study were assessed and the results obtained are
illustrated in Figure 5.11. Specifically, the results of the photocatalytic
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Figure 5.11 (a) Evolution of the total colour difference during the degradation of MB on the treated and untreated surfaces and (b) optical
microscopy images of the stained surfaces after UV irradiation for 116 h.
Reprinted from C. Kapridaki, L. Pinho, M. Mosquera and P. Maravelaki-Kalaitzaki, Producing photoactive, transparent and

hydrophobic SiO,-crystalline TiO, nanocomposites at ambient conditions with application as self-cleaning coatings, Appl.
Catal., B, 156-157, 417-427, Copyright (2014), with permission from Elsevier.®*
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evolution on the treated surfaces are depicted in Figure 5.11(a), where the
ratio AE*/AE, under UV irradiation as a function of time is recorded.
Figure 5.11(b) illustrates the optical microscopy images of the marble sur-
faces obtained at the end of the photocatalytic experiment.

The findings in Figure 5.11(a) are in accordance with the results obtained
by the photocatalytic study of the pure nanocomposites (Figure 5.8). As ob-
served, a slight MB degradation was produced on the untreated marble
surface due to a photochemical mechanism.®® The STP-1 treated surface
revealed a slower rate of MB degradation, which was attributed to the ab-
sence of independent TiO, nanoparticles inside the material. However, very
rapid degradation profiles were recorded on the treated marbles with STP-2
and STP-4, due to the presence of separate TiO, domains inside the silica
matrix. By comparing the photocatalytic performance of the surfaces treated
with STP-2 and STP-4, we found that STP-2 showed greater self-cleaning
activity owing to the presence of a higher amount of independent anatase
TiO, nanoparticles, as observed by TEM. Finally, the optical microscopy
images (Figure 5.11(b)) related to treated and untreated surfaces established
the effectiveness of our nanocomposites as self-cleaning agents. By ob-
serving these images, the highest self-cleaning activity of STP-2 is confirmed,
since the most effective colour removal was obtained by this nanocomposite
(Figure 5.11(b), image (iii)).

5.3.4.2 STP as Consolidants and Self-cleaning Agents

The effectiveness of STP-2 and STP-4 as consolidants and hydrophobic
agents was also investigated. The dry matters of the materials are shown in
Table 5.6, indicating similar behaviour for both.

The total chromatic variations (AE*) induced after the consolidation pro-
cedure are presented in Table 5.6. These values confirmed that treatment with
STP-2 and STP-4 resulted in minor colour modifications, ranging within limits
acceptable for materials applied on buildings (AE*<5). As already mentioned,
chromatic alterations with AE*=2-3 are not visible to the naked eye.

Moreover, both the CA and WCA measurements confirmed the hydro-
phobic effectiveness of the two STP nanocomposites. Specifically, the values
of static CA corresponding to increasing time intervals (0, 20, 300, 600 and
1200 s) for both nanocomposites are shown in Table 5.6. According to these
CA values, we concluded that the surfaces treated with STP-2 and STP-4
exhibited hydrophobic properties, as the water CA was increased compared
to the untreated sample. As previously discussed, the water repellency is
attributed to PDMS.

The remarkable decrease of both the water capillary coefficients (up to
95% for STP-2 and 97% for STP-4) and the TWCA demonstrate not only the
water repellency of the treated surfaces, but also a probable occlusion of
the pore size of the substrates (Table 5.6). The Alfas limestone treated with
STP showed limited pore occlusion, due to deeper penetration of the
nanocomposites.
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Table 5.6 Physical properties and tensile strength of STP-2 and STP-4 as consolidant
agents applied to Alfas limestones. Reproduced from C. Kapridaki and
N. Maravelaki, TiO,-SiO,-PDMS nanocomposites with self-cleaning
properties for stone protection and consolidation, in Sustainable Use of
Traditional Geomaterials in Construction Practice, ed. R. Prikryl, A. Torok,
M. Gomez-Heras, K. Miskovsky and M. Theodoridou, Special
Publications, vol. 416, Copyright (2015), with permission from The
Geological Society of London.”*

Sample Untreated Treated with STP-2  Treated with STP-4
Dry matter 0.112 (£ 0.007) 0.097 (£ 0.009)
(mgem?)
AE* — 0.89 (£ 0.05) 0.65 (£0.03)
Contact 0s 21.80 (+1.18) 68.25 (+2.43) 77.00 (+1.23)
angle (°) 20s  — 62.55 (+1.59) 55.55 (+1.62)
300 — 46.82 (+1.20) 42.30 (+1.34)
600s — 35.18 (£ 1.83) 28.03 (£1.22)
1200 s — 14.88 (+1.94) 20.26 (+1.67)
WCA (gem s "?)  0.0134 (£0.0009)  0.00063 (£ 0.00007) 0.00038 (= 0.00003)
TWCA (%) 13.43 (£0.23) 2.99 (40.28) 2.18 (+0.56)
WVP (gem™>h™")  0.0011 (+0.0001)  0.0010 (+0.0001) 0.0010 (+0.0001)
Tensile strength 2.81 (£0.12) 3.43 (£0.58) 3.44 (£0.38)
(MPa)

Regarding the WVP values (see Table 5.6), no significant changes were
observed after treatment of Alfas with STP-2 and STP-4. The reductions of the
WVP undoubtedly conform to the already established ranges.

The effectiveness of STP-2 and STP-4 as strengthening agents was
investigated through the Brazilian indirect tensile strength. According to the
results presented in Table 5.6, the resistance to the tensile stress was
increased by 22% in both nanocomposites. These findings proved that the
consolidation treatment considerably strengthened the limestone.

In addition, by taking into account the results of the microdrilling re-
sistance (DRMS), we estimated not only the robustness of the stone but also
the penetration depth of the nanocomposite. In Figure 5.12(a), the DRMS
profiles of the treated samples and the untreated counterparts are illus-
trated. These plots revealed that the Alfas treated with STP-2 and STP-4
showed increased mechanical resistance up to a depth of 15 mm from the
surface. These results are in accordance with the strengthening improve-
ment exhibited by the Brazilian tensile test.

Figure 5.12(b) depicts the FTIR spectra of the treated and untreated Alfas.
In both treatments we identified CaOx, as observed on the treated marbles
with STP-4 too (Figure 5.10). As mentioned above, the presence of the peaks
located at 1618 and 1318 cm ™' confirms CaOx formation, which is more
stable than the calcium carbonate and can also protect the stones against
further weathering deterioration.*"*?

Figure 5.13 shows the results obtained after the self-cleaning experiments.
As indicated by the plots corresponding to the ratios AE*/AE, under UV
irradiation versus time (Figure 5.13(a)), STP-2 induced higher photocatalytic
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effectiveness than STP-4, due to the greater amount of separate anatase TiO,
nanoparticles. Figure 5.13(b) illustrates the optical microscopy images of the
Alfas surfaces before and after photocatalytic experiments, indicating self-
cleaning capability. These images established the effectiveness of STP-2 and
STP-4 on removing the MB organic compound from the treated surfaces
(Figure 5.13(b) (ii) and (iv)).

5.4 Conclusion

In the present chapter, we have presented the development of a simple,
innovative and low-cost synthesis to produce transparent, photoactive and
hydrophobic nanomaterials for stone conservation. The novel nanocompo-
sites were synthesized mixing titanium and silicon alkoxides in the presence
of oxalic acid. An organosilane additive, PDMS, was also incorporated within
the SiO, matrix, thus reducing the surface energy and promoting hydro-
phobic properties.

We have demonstrated that the sequence of the reagents along with the
concentration of the oxalic acid has a clear effect on the structural formation of
the final xerogels. In the case of the STP-1 nanocomposite, connectivity at
atomic level was achieved. In contrast, in the STP-2 and STP-4 nanocompo-
sites, independent anatase crystalline TiO, particles were incorporated into the
silica network. Moreover, the presence of oxalic acid plays a crucial role in both
the microstructure and the photocatalytic behaviour of the nanocomposites
acting as: (1) a sol-gel catalyst of the alkoxides; (2) a chelating agent delaying
the hydrolysis of titanium alkoxide and facilitating the formation of homo-
geneous gels; (3) an acid medium to promote the production of anatase TiO,
nanoparticles at ambient temperature through the peptization process; (4) a
hole scavenger during the photocatalytic procedure, thus increasing the pho-
toreactivity of the nanocomposites; and (5) a DCCA component, which en-
hances the cohesion of the microstructure and prevents the final xerogels from
cracking. In addition, the formation of independent anatase TiO, nano-
particles with suitable crystalline size and their incorporation within the SiO,
network is related to the high self-cleaning activity of the nanocomposites.

Finally, we have demonstrated that these new nanocomposites are capable
of: (1) promoting hydrophobic properties of the lithic substrates without
altering the colour parameters; (2) imparting self-cleaning properties to the
surfaces; (3) allowing the permeability of the substrates; and (4) improving
the mechanical properties of the calcareous stones.
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6.1 Introduction

For over 30 years, it has been known that titanium dioxide has the ability to
oxidize a wide range of organic compounds upon UV light irradiation. This
phenomenon, which is called the photocatalytic effect of the titanium di-
oxide, is due to the reactions of the photogenerated electron-hole pairs
created upon excitation by UV light with an energy larger or equal to its
band gap energy (E;=3.2 eV in the case of anatase TiO,, corresponding
to 1<380 nm). In addition to the photocatalytic effect, changes of the
wettability of the surface of titanium dioxide by water or organic liquids are
usually observed. Under irradiation by UV light, the contact angle of water on
the titanium dioxide surface decreases and water begins to spread over
the surface. This phenomenon, which is called photo-induced super-
hydrophilicity, is important from a technical point of view for the production
of so-called self-cleaning surfaces. Recently, thin transparent layers con-
taining TiO, have been intensively studied based upon their interesting

RSC Smart Materials No. 21

Self-cleaning Coatings: Structure, Fabrication and Application
Edited by Junhui He

© The Royal Society of Chemistry 2017

Published by the Royal Society of Chemistry, www.rsc.org

142



Published on 01 September 2016 on http://pubs.rsc.org | doi:10.1039/9781782623991-00142

View Online

Self-cleaning Coatings on Polymeric Substrates 143

application potential including the formation of photocatalytically active
and/or self-cleaning surfaces.'™"'

The first self-cleaning window glass was produced in 2001 by the major
glass manufacturing company Pilkington Glass (Pilkington Activ™). The
transparent coating on Pilkington Activ™ comprising a film of nanocrystal-
line titanium dioxide as the active photocatalyst layer is just 40 nm thick,
and is applied to the glass by chemical vapour deposition during the
manufacturing process at temperatures of 600 °C.'* This layer is applied to
clear float glass to produce a hard, thin, transparent, mechanically robust,
photoactive coating of titanium dioxide. This material appears to be the
ideal, readily available titanium dioxide photocatalyst film. Therefore, Pilk-
ington Activ™ has been used as a benchmark for all other photocatalyst films
currently being produced by research groups in academia and industry alike
for light-driven air and water purification and for self-cleaning purposes.*?

In the near future, rigid plastic optical components will replace parts
made from glass whenever improved properties and/or lower costs can be
achieved. The unique properties of a transparent polymer such as poly-
carbonate, including break resistance, weather resistance, non-flammability,
and safety, make it an amazing candidate for a lot of applications. The ap-
plications of polymeric materials range from plastic vessels and machine
parts to optical grades for compact discs and optical fibres. However, the
properties of the polymeric substrates have to be improved by functional
coatings in order to match the enhancement in the materials’ quality to meet
the future demand of industries especially the automotive industry. This can
be achieved by providing the material sheets with a self-cleaning super-
hydrophilic and photocatalytically active surface layer. Demands such as
high transparency, low reflectivity, and high mechanical stability of the
applied layers have to be taken into consideration.

Ideally, a self-cleaning surface must comply with two essential criteria:
(1) high photo-induced superhydrophilic properties, and (2) uninterrupted
performance in the absence of UV light."* The superhydrophilic property of
the surface allows water to spread completely across the surface rather than
to remain in droplet form, which provides the surface with an additional
important property besides the self-cleaning properties.'>"®

This chapter summarizes the concepts of photocatalysis and of the
light-induced changes in wettability. It demonstrates methods of preparing
self-cleaning coatings on polymer surfaces and how to deposit the coatings
onto polymeric substrates by sol-gel techniques. The progress that has been
achieved in the production of transparent, self-cleaning coatings on poly-
carbonate is presented.

6.2 Self-cleaning Coatings

Self-cleaning technology is as old as nature since numerous surfaces in
nature show self-cleaning properties such as the wings of butterflies and
the leaves of plants, e.g., cabbage or lotus."” Providing polymers with
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I) Superhydrophilic surface II) Superhydrophobic surface
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Figure 6.1 Schematic illustrations of self-cleaning processes on (I) a superhydro-
philic surface, and (II) a superhydrophobic surface.
Reproduced from ref. 10 with permission from the Royal Society of
Chemistry.

self-cleaning coatings is one of the research fields which have attracted the
attention of a lot of scientists all over the world due to its industrial
importance. Superhydrophobic surfaces with a water contact angle higher
than 150° and superhydrophilic surfaces with a water contact angle smaller
than 5° have prompted extensive interests for both fundamental research
and practical applications.

In general, self-cleaning coatings are divided into two types: hydrophobic
and hydrophilic. The cleaning of the surface of these two categories is
through the action of water; i.e., in the hydrophobic type by rolling droplets
whereas the hydrophilic one functions by sheeting water that carries away
dirt (Figure 6.1)."

Moreover, the hydrophilic coatings may also have an additional property,
i.e., they can chemically break down adsorbed dirt upon illumination with
suitable light sources such as sunlight (Figure 6.2).>>

6.2.1 Wettability and Photoinduced Hydrophilicity

The wettability, that is how liquids behave on a surface, is one of the fun-
damental properties of every solid and, thus, is important for a wide range of
natural systems as well as in many technical applications. It can be assessed
using contact angle measurements."”"®

The contact angle 0 is defined as the angle between the tangent to the
liquid-air interface and the tangent to the solid-air interface (Figure 6.3). In
the special case of water being the wetting liquid, when the contact angle is
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Figure 6.2 The self-cleaning process on a photocatalytically active surface: con-
ventional photocatalytic oxidation process (left) and spreading of water
droplets on the superhydrophilic surface (right).

Reproduced from ref. 10 with permission from the Royal Society of
Chemistry.

Figure 6.3 Relationship between the interfacial energies per unit area at the point of
the three-phase equilibrium.
Reproduced from ref. 9 with permission from the Royal Society of
Chemistry.

less than 90°, the water droplet spreads over the entire surface and the
surface is called a hydrophilic surface (when 0~0°, the surface is super-
hydrophilic). If the contact angle exceeds 90° and the water forms droplets,
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Figure 6.4 Schematic of the contact angle of a droplet on different surfaces.
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Flat and homogeneous surface Rough surface Rough and porous surface
Young's contact angle Wenzel‘s contact angle Cassie and Baxter‘s

contact angle

Figure 6.5 The contact angle models.
Reproduced from ref. 19 with permission from John Wiley and Sons.
Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

the surface is called a hydrophobic surface; when 0~ 180°, the surface is said
to be superhydrophobic (Figure 6.4)."7'®

The contact angle 0y on an ideal (flat and homogeneous) surface was first
defined by Young’s equation in 1805."

COS 0Y == (Y‘SV — Y‘SL)/ YLV (6.1)

Here, Ysv, Y51, and )iy are the interfacial energy of the solid-vapour
interface, the solid-liquid interface, and the liquid-vapour interface,
respectively (¢f. Figure 6.5A).

However, Young’s equation neglects the effect of gravity and of the
roughness of the surface. In reality, the contact angles are influenced by the
specific kinds of atoms and surface terminations present at the liquid-
solid-vapour interfaces. Nevertheless, surface roughness plays an equally
important role for the wettability.'® This means that Young’s equation is not
accurate.

Wenzel assumed the complete penetration of the water droplet into the
grooves of the rough surface and suggested the following equation:

cos Oy =rcos Oy (6.2)

where O is the predicted Wenzel contact angle and r defines the roughness
of a solid surface. According to Wenzel’s equation, increasing the surface
roughness of a hydrophilic surface enhances the wettability thus enhancing
the hydrophilicity of a hydrophobic surface (cf. Figure 6.5B)."®
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Figure 6.6 The difference between a hydrophilic and a hydrophobic surface.

On the other hand, Cassie and Baxter assumed that when a liquid spreads
over a rough porous surface, the solid-vapour interface is destroyed and two
new interfaces, ie., the solid-liquid and the liquid-vapour interface, are
formed. Thus, the contact angle on this surface is given by:

cos Ocg =fcos Ow + (1 —f) cos Oy (6.3)

where Ocg is the predicted Cassie-Baxter contact angle, and fis defined to be
the fractional projected area of a material with a smooth surface contact
angle, 6, hence, the (1 —f) term reflects the contribution of air remaining
under the drop."® In this case, the vapor pockets are trapped underneath the
liquid; this means the droplet does not wet entirely as a result of the trapped
superhydrophobic vapour pocket (cf. Figure 6.5C)."°

Moreover, the individual water droplets will form a film of water on the
hydrophilic surfaces. The formation of this film provides the surfaces with
new features, e.g., the surfaces will have an anti-fogging effect. Here, the
water forms a film on the surface and no small droplets, thus, it is not
clouded in the field of view (Figure 6.6).

6.2.2 Photocatalysts and Photocatalysis Mechanism

The photocatalysis mechanism has been extensively studied over the past
30 years. Generally, when a semiconductor is irradiated by light of sufficient
energy, electrons are excited from its valence band to the conduction band.
The photogenerated charge carriers (conduction band electron and valence
band hole) may migrate to the surface of the crystallite where they are able to
reduce and oxidize, respectively, adsorbed electron acceptors and donors by
interfacial charge transfer. However, this is not the only fate of these pho-
togenerated charge carriers since they may also recombine and transform
their energy to heat.

In order to be reduced, the relevant potential level of the acceptor species
is thermodynamically required to lie below (i.e., less negatively on the elec-
trochemical scale) the conduction band potential of the semiconductor.
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On the other hand, the potential level of the donor needs to be located above
the valence band position of the semiconductor to be able to donate an
electron to the vacant hole. Actually, the energy level at the bottom of the
conduction band is the reduction potential of the photogenerated electrons,
whereas the energy level at the top of the valence band determines the oxi-
dizing ability of the photogenerated holes, each value reflecting the ability of
the system to promote reductions and oxidations.

When the photocatalyst adsorbs photons, the energy of which exceed the
band gap energy and which can be provided, for example, from the ultra-
violet radiation of sunlight or from a suitable illuminating light source, it
will produce pairs of electrons and holes. This occurs since an electron from
the valance band of the photocatalyst becomes excited upon illumination by
light. The excess light energy thus promotes the electron to the conduction
band of the photocatalyst consequently creating the pair consisting of
the negatively charged electron (e”) and the positively charged hole (h™).
The energy difference between the valance and the conduction band is the
band gap energy. For example, the band gap energy of TiO, is 3.2 eV. Excited-
state electrons and holes can recombine and dissipate the input energy as
heat or light, get trapped in metastable surface states, or react with electron
donors and acceptors adsorbed at the semiconductor surface. For example,
after their reaction with water, the holes can produce hydroxyl radicals with
high oxidation potential. Depending upon the exact conditions, the holes
themselves, *OH radicals, superoxide radicals O,°, H,O, and O, itself can
play important roles in the photocatalytic reaction mechanism (Figure 6.7)."
The photocatalytic activity of a given system is usually tested by measuring
the degradation of model pollutants. Due to the ease of the determination
of the concentration of compounds such as stearic acid, methylene blue, and
chlorophenol quantitatively by chromatography and spectroscopy, they are
popular choices as model pollutants.”

/\ ’
Conduction band g

N N\ A~

Band gap

Valance band
\/
D o+

Photocatayst

Figure 6.7 The mechanism of photocatalysis.


http://dx.doi.org/10.1039/9781782623991-00142

Published on 01 September 2016 on http://pubs.rsc.org | doi:10.1039/9781782623991-00142

View Online

Self-cleaning Coatings on Polymeric Substrates 149

(a) (b)

Figure 6.8 Crystal structures of TiO, (a) anatase, (b) rutile, and (c) brookite.
Reprinted from O. Carp et al., Prog. Solid State Chem., Photoinduced
reactivity of titanium dioxide, 32, 33-177, Copyright (2004) with permis-
sion from Elsevier.

Titanium dioxide is the most famous photocatalyst and it has been used
frequently for self-cleaning windows and hydrophilic self-cleaning surfaces
due to its favourable physical and chemical properties. In addition to its
high photocatalytic activity under UV(A) illumination and its photoinduced
superhydrophilicity, it is also non-toxic, chemically inert in the absence
of light, inexpensive, relatively easy to handle and it can be conveniently
deposited into thin films.”

TiO, is an n-type semiconductor because of its oxygen vacancies. This
material exists in nature in three crystal phases: anatase (tetragonal), rutile
(orthorhombic), and brookite (tetragonal). Each crystal phase exhibits
slightly different physical and chemical properties." Figure 6.8 shows the
crystal structure of the three types of TiO,.

The differences in lattice structure of anatase and rutile TiO, cause dif-
ferent charge densities and electronic band structures, leading to different
band gaps (for bulk materials: anatase 3.20 eV and rutile 3.02 eV)." There-
fore, the absorption thresholds correspond to wavelengths of 384 and
410 nm, respectively, for the two titania forms. The values mentioned have
been determined for single crystals or at least well-crystallized samples.
However, higher values of band gaps are usually obtained for weakly crys-
tallized thin films or nanosized materials.

6.3 Photocatalytically Active Films

Recently, thin transparent layers containing TiO, have been intensively
studied based upon their interesting application potential including pho-
tocatalytic water and air purification.' The self-cleaning properties of TiO,
films derive from two unique light-induced properties: photocatalysis' and
superhydrophilicity.>® That is, organic pollutants adsorbed on the surface of
a TiO, film can be decomposed under illumination with ultraviolet light
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Table 6.1 Applications of self-cleaning TiO,. Reprinted from O. Carp et al,
Photoinduced reactivity of titanium dioxide, Prog. Solid State Chem., 32,
33-177, Copyright (2004) with permission from Elsevier.

Function Material Application
Cleaning easiness  Material for road Tunnel lighting
Tunnel wall
Material for house Kitchen parts, bathroom and
interior furnishing
Materials for electric Computer display, electronic wires
and electronic devices
Daily necessities and Tableware, kitchenware
consumer products
Self-cleaning by Materials for road Traffic sign, lighting, soundproof
rainfall wall, guardrail decorative laminate
panel

Materials for buildings Exterior tiles, siding boards, curtain
wall, painted steel plate,
aluminium panel, building stone,
crystallized glass, glass film,
window, sash, screen door, gate
door, sun parlous, veranda parts

Materials for electric Upper glass of a solar cell, insulator
and electronic devices
Materials for vehicles Painting and coating of vehicles,

outside of windows, headlight

(UV(A)), and dust is easily washed off, for example, by rainwater due to the
spreading of the water on the superhydrophilic surface.>' Table 6.1 sum-
marizes the main self-cleaning applications of TiO,.**

6.3.1 Introducing Porosity in TiO, Film

A mesoporous material, as characterized by IUPAC, is a porous material with
a pore diameter of 2.0 <d <50 nm.>* Usually, mesoporous metal oxides are
prepared by template-based methods using soft templates (surfactants and
block polymers),>* and/or hard templates (porous silica, polystyrene spheres,
porous carbon).>® The importance of these types of materials stems from
their high specific surface areas and pore volumes, as well as from the
usually narrow pore size distributions which offer more active sites for
catalytic reactions to take place.’® Since the adsorption of the molecules
(electron acceptor and donor) on the surface of the photocatalyst is essential
in the photocatalytic systems, enhancing the surface area of the photo-
catalyst is expected to increase its photocatalytic activity. Moreover, meso-
porous TiO, is an interesting material for photocatalytic applications not
only because of its higher surface area but also due to its continuous particle
framework, which may be beneficial compared to separate individual na-
noparticles. The low number of studies that have been reported on ordered
mesoporous TiO, as a photocatalyst is likely related to the difficulties in
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making it as an ordered material.>” Moreover, the mechanical properties of

coatings prepared using mesoporous metal oxides are relatively poor and
need to be improved.

6.3.2 Modifying TiO, with Other Metal Oxides

Mixed oxide composite materials are sometimes more efficient photo-
catalysts than pure semiconductors.?®*° This is due to the generation of new
active sites as a result of interactions between the oxides. Furthermore,
mixing of metal oxides may lead to an increased surface area, and to im-
proved mechanical strength and thermal stability.*°

SiO, exhibits high thermal stability, excellent mechanical strength and
supports the creation of new catalytically active sites due to the interaction
between TiO, and SiO,.>" A mixed metal oxide (TiO,/SiO,) can enhance the
photocatalytic performance improving the ability of surface adsorption and
increasing the amount of hydroxyl surface groups.’” Simultaneously, SiO,
acts as the carrier of TiO, leading to a large surface area as well as to a
suitable porous structure.>>* On the other hand, it is well known that the
coupling of two semiconductors,*® in particular TiO, and ZnO,*” is useful in
achieving a more efficient separation of photo-generated electron-hole
pairs. The electron transfers from the conduction band of ZnO to the con-
duction band of TiO, under illumination and, conversely, the hole transfers
from the valence band of TiO, to that of ZnO, resulting in a decrease of the
rate of electron-hole recombination. This, in turn, leads to an improvement
in the photocatalytic activity.

6.4 Photoinduced Superhydrophilicity

The discovery of the phenomenon of photoinduced superhydrophilicity of
TiO, thin films opens a lot of new aspects for industrial applications such as
self-cleaning and anti-fogging. According to the photoinduced super-
hydrophilicity phenomenon, the TiO, surface becomes superhydrophilic
with a water contact angle <5°.*° To this day, the reasons behind the pho-
toinduced superhydrophilicity are still an open question. But the three most
proposed ones are: (I) generation of surface vacancies, (II) photoinduced
reconstruction of Ti-OH bonds, and (III) photocatalytic decomposition of
organic adsorbents.

6.4.1 Generation of Surface Vacancies

When electron-hole pairs are generated upon irradiation with UV light, the
holes diffuse to the surface and cause oxygen vacancies at the surface. This
results in a reduction of Ti*" to Ti’". These Ti*" sites can cause water dis-
sociation, resulting in adsorbed —OH species, which are hydrophilic.>
Hashimoto and co-authors further show that hydrophilicity closely de-
pends on the crystal surface. The (110) surface shows better hydrophilic
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properties than the (001) surface since it has bridging oxygen atoms which
are not found on the (001) surface.®”

Although a lot of experimental results correspond with the proposed
mechanism, there are also some results that disagree with this mechanism.
White et al. studied the hydrophilic effect on the TiO, (110) surfaces
prepared with or without oxygen vacancies. They pointed out that the
hydrophilic property is not influenced whether or not oxygen vacancies
(up to 14%) are present, which is obviously contradicting the current
mechanism.*®

6.4.2 Photo-induced Reconstruction of Ti-OH Bonds

The reconstruction of hydroxyl groups of the TiO, surface is attributable to
photo generated holes. As is explained in eqn (6.4) and (6.5), the photo
generated holes are trapped at surface lattice oxygen atoms, causing a dis-
sociation of their bonds with titanium atoms, followed by the adsorption
of water molecules, which leads to the appearance of hydroxyl groups on
surface defects.?”

Ti-O-Ti +h™ +H,0—[Ti-0°* - HO-Ti] + H" (6.4)

[Ti-O° HO-Ti] + H,0 —[Ti-OH - HO-Ti] + *OH (6.5)

However, Anpo and co-workers showed that a vacuum can cause an
immediate disappearance of the superhydrophilicity of TiO,. The authors
argued that these results cannot be explained by the newly formed OH
groups during UV-illumination, because those cannot be removed by
evacuation at room temperature.*’ Thus, the proposed reconstruction of the
Ti-OH bond mechanism needs to be modified.

6.4.3 Photocatalytic Decomposition of Organic Adsorbents

The light-induced superhydrophilicity conversion was initially considered to
be directly associated with photocatalytic activity. When a TiO, surface is
contaminated, it turns hydrophobic (strictly, it has a water contact angle
smaller than 90°) due to the adsorption of certain gas (organic) components
contained in the air. After UV irradiation, the organic adsorbents are pho-
tocatalytically oxidized and removed from the TiO, surface.*'

As a matter of fact, it cannot be considered that the removal and ad-
sorption of organic contaminate is the only reason causing the wettability
change of the TiO, surface. Additionally, a preferential adsorption of water
molecules with dissociation on the photo-generated surface defective sites
contributes to the formation of highly hydrophilic TiO, surfaces.*!

Hennessy et al. found that the well-protected clean surface of rutile TiO,
(110) still exhibits a large water contact angle,*” consistent with previously
reported measurements by the Hashimoto group.’” A mechanochemical
treatment such as an ultrasonic treatment or cleaning the surface with
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NaOH should enhance hydrophilicity thus organic contaminants are
decomposed in the same way as by photocatalysis. But the contact angle
only decreases to values about 10-20° and no superhydrophilic state is
reached.*’ This leads to the conclusion that photocatalytic decomposition
of the adsorbed pollutants cannot be the only process to achieve
superhydrophilicity.

6.5 Methods for Preparing Self-cleaning Coatings on
Polymer Surfaces

Several routes to apply self-cleaning coatings onto surfaces are possible,
such as physical or chemical vapour deposition. However, while these
techniques exhibit many advantages, they are expensive and cumbersome.”?
In addition, the range and shape of materials that can be coated by these
techniques is limited.*> An alternative coating method is the sol-gel route
allowing novel materials, such as organic-inorganic hybrids, to be deposited
on various substrates from a solution at or near room temperature.
Consequently, this technique is suitable for coating polymers, which usually
have limited thermal stability.*® It enables the coating of large surfaces and
also the attainment of thin layers with good thermal and mechanical sta-
bilities as well as high optical quality.** Furthermore, the sol-gel method is
relatively simple and inexpensive.

To obtain a mechanically stable layer on a polymeric substrate via a sol-gel
process, a pretreatment of the substrate is usually required. Impurities
which adversely affect the wettability of the substrate by the coating solution
must be removed. Frequently, an additional pretreatment is necessary to
create reactive functional groups on the polymer surface to which the active
inorganic material can be covalently bound.

However, the direct deposition of a photocatalytically active layer onto a
polymer surface may induce photocatalytic degradation of the polymer re-
sulting in an exfoliation of the photocatalytically active layer.*> To avoid
damage of the polymer surface, a photocatalytically inactive intermediate
layer should be deposited to prevent direct contact between the polymer and
the photocatalytically active layer. However, the role of the intermediate layer
is not only to protect the polymer from the photocatalytically active layer but
also to enhance the binding between the organic polymer and the inorganic
photocatalytically active layer.*® Figure 6.9 presents the deposition of dif-
ferent layers on the polymer surface.

6.6 The Sol-Gel Process

The sol-gel process can be defined as follows: the synthesis of an inorganic
or organic network by a chemical reaction in solution at low temperature.*’
This solution, which is called a sol, is a colloidal suspension of solid par-
ticles in a liquid (a colloid is a suspension in which the dispersed phase is so
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Figure 6.9 Schematic presentation of the deposition of different layers on the
polymer surface.

Table 6.2 Applications of sol-gel methods.

Applications of sol-gel method

Mechanical and chemical Protection with hard coats, catalysts, anticorrosion
films.

Optics and photonics Solar cells, laser elements, waveguides, optical
switching, antireflection coatings.

Electronics Capacitors, non-volatile memories, transport
electrodes.

Thermal Refractory ceramics, fibres, low expansion
ceramics.

Biomedical Biocompatible films, entrapment of enzyme and

cells, medical tests.

small (~1-1000 nm) that the gravitational force is negligible and interactions
are dominated by short range forces, such as Van der Waals attraction and
surface charges).*® The continuous solid skeleton made of colloidal particles
is called a gel.

Sol-gel synthesis is realized via various process paths. By employing this
method, it is possible either to generate small (nano) particles to coat parts
or surfaces or even to form three-dimensional structures.

The sol-gel process is used in many different applications. Table 6.2
summarizes the applications of the sol-gel method.*’

In Figure 6.10, different nanostructures produced by sol-gel methods are
shown. The starting point of the production route from the solution of
precursors is always a sol, which evolves towards the formation of a gel
containing both liquid and solid phases whose morphologies range from
discrete particles to continuous polymer networks. Dried gels, either xero-
gels or aerogels (xerogels are dried by evaporation, whereas aerogels are
dried by supercritical extraction of solvent), are distinguished by their
enormous surface area and correspondingly small pore sizes.*’
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Figure 6.10 Sol-gel process for preparation of different materials and devices.

Upon removal of the solvent in the formation of a xerogel, the network is
not completely linked and the resulting product has a porosity of about
50 percent. By a subsequent drying process at high temperatures, it is pos-
sible to obtain a solid ceramic with low porosity. Aerogels can also be pro-
duced directly from the gel stage by removing the solvent at high pressure
and high temperature (supercritical extraction of solvent), thus the gel net-
work formed retains its structure, and the resulting solid comprises up to 95
percent pores. It is also possible to produce fibers obtained from the sol,
which is then sintered at high temperatures.*’

In fact, one of the main sol-gel applications is the coating of surfaces. In
this case, dip and spin coating procedures are used to deposit the sol onto
the substrate to form the thin film. Actually, the following conditions have to
be matched during the film formation:

The solution must wet the substrate;

The solution must remain stable during the aging process;

The solution solidifies as a homogeneous transparent film;

The solution should have some tendency towards crystallization into a
stable high temperature phase;

e For multiple layers, the previous layer must be either insoluble or heat
treated to make layers insoluble before subsequent depositions.
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Table 6.3 Substances used in the preparation of sols and their roles.

Substance Role Example

Basis Alkoxide Ti donor Titanisopropylate
Alcohol Solvent Propan-2-ol
Water Hydrolysis

Additives Chelator Hydrolysis Controlling Acetylacetone, acetic acid

Acid, base —
Additional solvent Drying control

Organic binder —

Acetic acid, HCI, HNO;
NH,OH

Polyethyleneglycol (PEG),
dimethylformamide (DMF)

Hydroxypropylcellulose

Alkoxide solutions and aqueous solutions of different metal salts (chlor-

ide, nitrate,

...) fulfil these conditions. Table 6.3 presents the substances

used in the preparation of various sols and their respective roles in the

coating process.”’

In general, the precursors used for the preparation of the coating sols can
be divided into two groups: metal-organic compounds, e.g., metal alkoxides,

and inorganic salts.*’

With an alkoxide (M(OR),) as the precursor, the sol-gel reactions can be

described as follows:

Hydrolysis: -MOR + H,0 —-MOH + ROH (6.6)
Condensation: -MOH + ROM-—-MOM- + ROH (6.7)
-MOH + HOM-—--MOM-+ H,0 (6.8)

Eqn (6.9)-(6.15) describe the reaction mechanisms for acid (eqn (6.9)-(6.12))
and base (eqn (6.13)-(6.15)) catalyzed hydrolytic condensation of alkoxy silane.

Titanium alkoxides hydrolyse and condensate following the same

mechanisms.
Acid catalyzed
RO RO
.. Fast
RO—§j—OR + H' == po—&i—0'—R (6.9)
OR OR H
RO—8i—O0"—R +HOH ——= po___5i—OH+ROH+H'  (6.10)

|

RO H

RO
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RO RO
RO——Si—OH +H' ———= RO—§i—O'—H (6.11)

RO OR H

oL

RO—gj—O"—H + HO——§j— RO—Si—O0—Si +H,0 + H
RO H ‘ RO ‘ (6.12)
Base catalyzed
RO RO RO
RO—Si—OR + OH_ RO—'Si—OH (6.13)
OR RO
RO
RO RO
RO—S{—OH + HOH RO——Si—OH + ROH +OH  (6.14)
RO RO
RO RO
RO——Si—OH+ —li—o RO—Si—O0 ——si +OH
RO ‘ R‘O (6.15)

These reactions show that a gel is formed because of the condensation of
partially hydrolyzed species into a three-dimensional polymeric network and
any factors affecting these reactions are likely to impact on the properties of
the resulting product. The pH of the sol plays a very important role on the
further formed gel. Under acidic conditions, the hydrolysis reaction occurs
at a faster rate than the condensation reaction and thus the resulting gel is
weak due to the low linking between the long chains formed. However, by
increasing the pH, the condensation reaction is accelerated relative to the
hydrolysis reaction. Thus, the gel formed under basic conditions is highly
branched (Figure 6.11).>°


http://dx.doi.org/10.1039/9781782623991-00142

View Online

158 Chapter 6

A B

Figure 6.11 A cartoon showing linear weakly cross-linked and highly branched
clusters, A: acid catalyzed B: base catalyzed hydrolysis.
Reproduced from ref. 60 with permission from the Royal Society of
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Figure 6.12 Factors that influence film structure.

Various other factors that can influence film structure are presented in
Figure 6.12.*

6.7 The Coating Process

To deposit the materials prepared by the sol-gel technique on the required
substrate (e.g., on a glass or polymer surface), spin, spray, or dip coating
processes are used.
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6.7.1 Spin Coating

In general, spin coating is divided into four stages: deposition, spin up, spin
off, and evaporation (Figure 6.13). The deposition, spin up, and spin off stages
occur sequentially while the evaporation stage occurs throughout the process.

The turntable is accelerated to distribute the applied solution by centri-
fugal force. The remaining layer is thinned as a result of the high spinning
speeds. This stage is followed by the drying of the applied layer. By rapid
rotation, a uniform evaporation of the solvent used is made possible. By the
evaporation stage or simply by “drying”, the solvents are removed from
the surface and the low volatile components of the solution remain on the
surface of the substrate. The speed of rotation and the viscosity of the
coating solution affect the thickness of the layer.*®

The spin coating sol-gel synthesis is used to coat surfaces exhibiting a
rotational symmetry (e.g., lenses and eyeglass lenses). The disadvantages of
spin coating are few, but they are becoming more important as the substrate
size increases. Large substrates cannot be spun at a sufficiently high rate in
order to allow the film to thin. The biggest disadvantage of spin coating is its
lack of material efficiency. Typical spin coating processes utilize only 2-5%
of the material dispensed onto the substrate, while the remaining 95-98% is
flung off into the coating bowl and is disposed of.”"

6.7.2 Spray Coating

Spray coating techniques are widely used in industry fields for coating
complex shapes on various (curved and flat) polymeric substrates. In this
process, very fine droplets are formed from the solution using atomizers or
nebulizers. These fine droplets are then carried into the coating chamber
with a carrier gas and deposited on the substrate by gravity or with an
electrostatic field. The quality of the coating is determined by the size of the
droplet, which can be reduced by decreasing the viscosity of the solution,
increasing the atomizing pressure or using a Venturi nozzle (cf. Figure 6.14).
Although the spray coating is a fast coating process that wastes less of
the coating sols, the spray-coating method offers limited control of the
uniformity of thickness.””

TTTT

Deposition Spin up Spin off Evaporation

Figure 6.13 The steps of film deposition by a spin coating process.
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l —> Nebulizer

Droplets of coatings solution

coating

Substrate

Figure 6.14 Film deposition by a spray coating process.

6.7.3 Dip Coating

In the dip coating process, the substrate is coated by immersing it in a liquid,
i.e., the sol, followed by its withdrawal at a well-defined withdrawal speed
under controlled atmospheric conditions, such as temperature and humidity,
due to their effect on the application or drying of the coating. During this
process, the sol is converted to a film via aggregation, gelation, and drying
(Figure 6.15). The thickness of the layer increases by increasing the pull rate
and by the use of a sol with a higher viscosity or lower surface tension.*® One
of the advantages of this coating technique is its ability to be applied on flat
panels, cylinders or complex geometry with quite a large surface.

6.8 Self-cleaning Coatings on Polycarbonate

TiO, and TiO,-SiO, coatings on polycarbonate (PC) are well known but only
a limited number of publications have focused on photocatalytically active
self-cleaning TiO, and TiO,-SiO, coatings on PC prepared by sol-gel
methods.'®***>>*7>° Langlet et al. have prepared TiO, films on PC (and other
substrates) by depositing acidic TiO, sols, drying them at room temperature
followed by a heat treatment (90-140 °C) in an ethanol-water atmosphere.
The optical transmission of the films in the visible range of the spectrum
was found to be lower than that of bare polycarbonate. The films were
photocatalytically active; the activity increased with increasing film thick-
ness.”>>* Langlet and co-workers also deposited a TiO, sol peptized under
alkaline conditions.** The films prepared on PC were characterized directly
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l

A

Figure 6.15 Steps of film deposition by the dip coating process.

after deposition and after a subsequent heat treatment in air at temperatures
up to 140 °C. However, the transmission in the visible range of the spectrum
was found to be lower than that of uncoated PC. The transmission was
decreasing with increasing film thickness (about 70-370 nm) whereas the
photocatalytic activity increased. The post-deposition heat treatment did not
influence the photocatalytic activity for temperatures up to 110 °C. Kwon
et al. have used different alkoxide precursors to prepare TiO, nano-crystal-
line thin films on polycarbonate, polymethyl methacrylate, glass, and alu-
minium via a sol-gel process. They observed that the films on PC exhibited
poor adhesion and peeled off after a certain period of time. All films were
found to photocatalytically decolorize an aqueous methylene blue solution
under UV(A) irradiation.”® Lam et al. studied the effect of pretreating the
polymer sheets by NaOH etching and UV(C) irradiation on the mechanical
stability of TiO, coatings on PC slides. TiO, nanoparticles were found to
adhere more strongly on UV(C)-treated PC than on NaOH-etched PC whereas
the TiO, films on NaOH-etched PC exhibited a higher photocatalytic activity
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than the films on UV(C)-treated PC in a methylene blue degradation test.”’
Yaghoubi et al. prepared TiO, films on a PC surface chemically pretreated to
create hydrophilic groups on the surface. The films were prepared by
dip-coating using an anatase sol with TiO, nanoparticles 30 nm in size.
A pre-coat by peroxotitanium complexes was employed to improve adhesion
and to inhibit substrate degradation. The TiO, coating reduced the trans-
parency by 10-15%. The photocatalytic activity determined through de-
colorization of a methylene blue solution was found to be linearly dependent
on the film thickness. The TiO, coatings prepared in this study improved the
hardness, scratch resistance, and the mechanical properties as was
demonstrated by nano-indentation and nano-scratch tests.’® Fateh et al.
have prepared transparent photocatalytically active mesoporous TiO, and
Sachtleben Hombikat UV100 thin film coatings on PC precoated with SiO,.
The newly prepared photocatalyst films have been compared with Pilkington
Activ sheet glass by the determination of their photonic efficiencies for the
photocatalytic decolorization of a methylene blue solution and by measuring
the light-induced changes of the surface wettability. The efficiency of the
photocatalytic reactions was found to be about three times higher in the case
of the mesoporous TiO, films compared with films prepared from UV-100 or
pilkington Activ.'® They also published a systematic study concerning the
effect of SiO, addition to TiO, films on the wettability, the photocatalytic
activity, the adhesion strength, and the mechanical stability of the films.*’
Transparent hydrophilic photocatalytic TiO,/SiO, thin films were used to
coat the polycarbonate (PC) substrate which was precoated by an inter-
mediate SiO, layer. The coated surfaces displayed considerable photo-
catalytic activity and superhydrophilicity after exposure to UV light. The
addition of SiO, resulted in an improvement of the photocatalytic activity of
the TiO, film reaching the highest value at a molar ratio of TiO,-SiO, equal
to 1:0.9. The prepared films exhibited a good stability against UV(A)
irradiation. Moreover, transparent TiO,/ZnO thin films on a SiO, interlayer
were successfully deposited on the surface of polycarbonate to provide
polymeric sheets with a self-cleaning, superhydrophilic, and photo-
catalytically active surface layer.'® The experimental results showed that
increasing the molar ratio of ZnO in TiO, coatings up to 5% yields maximum
photonic efficiency values of 0.023%, as assessed by the photocatalytic
degradation of methylene blue. Moreover, the superhydrophilic coating with
a molar TiO,-ZnO ratio of 1:0.05 exhibited the best self-cleaning properties
combined with a good mechanical stability and a very good stability against
UV irradiation. Matsuda et al. have prepared transparent TiO,/SiO, films
with a 1:5 molar ratio on various types of substrates, including PC, by
dip-coating and post-treatment at temperatures <100 °C under ambient
pressure. They observed that TiO, nanocrystals were precipitated mainly at
the surface of the TiO,-SiO, films during posttreatment in hot water,
whereas the addition of poly(ethylene glycol) in the films led to the disper-
sion of TiO, nanocrystals in the whole of the films after the treatment.
The films were found to be photocatalytically active in the methylene blue
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degradation test as well as in other test systems. The authors assumed that
in the case of films where the TiO, are mainly precipitated at the surface,
the residual SiO, under-layer is acting as a protective layer for an organic
polymer substrate against photocatalytic degradation.>® Horiuchi et al. have
prepared Ti-containing mesoporous SiO, thin films on PC by spin-coating a
sol containing metal ethoxides as the TiO, and SiO, source, and polyethylene
stearyl ether as a structure-directing agent. After drying, the organic
structure-directing agent was photocatalytically removed, resulting in
superhydrophilic films after UV(A) irradiation for 4 to 5 days. The super-
hydrophilic state was maintained for several days under dark conditions.>®

6.9 Concluding Remarks

As outlined above, techniques are available with which self-cleaning layers
on polymeric substrates may be prepared. It has been shown that the
products have the characteristics, i.e., photocatalytic activity, long-lasting
superhydrophilicity even in the dark, mechanical stability and sufficient
optical properties, demanded by the users. But basic scientific work is still
necessary to come to a deeper understanding of the mechanisms underlying
the light-induced changes in wettability. Future progress in this area will
result in new products with noticeably improved self-cleaning properties.
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CHAPTER 7

Nanostructured Self-cleaning
Coating with Antireflection
Properties
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7.1 Introduction

Self-cleaning coatings have attracted extensive attention recently in terms of
research and commercial applications, such as building glass, eyeglasses,
and solar cell modules." Generally, self-cleaning coatings can be classified
into two categories: hydrophobic and hydrophilic. On a hydrophilic coating,
water is made to spread out (water sheeting) over the surface, which carries
away dirt and other impurities. Whereas using the hydrophobic technique,
water droplets slide and roll over the surface, thereby cleaning them. In
addition to the sheeting effect, metal oxides have an additional property of
chemically breaking down organic dirt deposits by a sunlight-assisted
cleaning mechanism, i.e. photocatalytic effect. For the fabrication of self-
cleaning surfaces by coating methods, therefore, reflection issues will be
encountered unavoidably. In practical applications, reducing the reflection
and improving the transmission or absorption of light from wide angles
of incidence in a broad wavelength range are crucial for enhancing the
performance of optical, optoelectronic, and electro-optical devices. Inspired
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by the unique multi-scale structures of an insect’s compound eyes, large
quantities of nano-arrays with a sub-wavelength structure have been intro-
duced into surfaces, which exhibit promising broadband antireflective and
self-cleaning properties simultaneously. Among all the kinds of nanostructure
self-cleaning coatings, semiconductor materials with promising band gap
structures have been widely investigated during recent decades, especially in
the arena of energy and environmental applications, due to their advantage of
good photocatalytic activity, easy processing and low cost. This chapter mainly
deals with the basics of antireflection (AR), followed by superhydrophobic/
superhydrophobic, photocatalysis-based self-cleaning materials. Furthermore,
recent advancements in nano-structured self-cleaning coatings with anti-
reflection properties, including inorganic semiconductors and polymer sur-
faces, and multifunctional coating materials, have also been analyzed and
discussed.

7.2 Principle of Nano-structure Antireflection

7.2.1 Basic Concept of Antireflection

Incident light is irradiated on the boundary between two materials with
different refractive indices. According to the Fresnel equation,® a funda-
mental phenomenon occurring is optical reflection;’ a certain fraction of the
incident light is reflected, while the remainder is absorbed or transmitted.

1 . 51
n?(ns — ny)* cos® = x + (n? — nons)* sin® = x
R= - 2 —3 (7.1)
n(ns + no)” cos?~x + (nf + non)” sin® %

where, n; is the refractive index of the thin film, ng is the refractive index of
the substrate, n, is the refractive index of the incident medium, x is the
optical path, x =2nnd/4, and d is the physical thickness of the thin film.

If the optical path x=(2m — 1) /2, m=1, 2, 3... odd multiple of half-
wave, then cosx = — 1, sin*(x/2) =1, cos’*(x/2) =0, the equation can be pre-
sented in the following simplified form:

R= (M) 2 (7.2)

ng + non

Zero reflectance can be obtained when n = /nsn, and x = (2m — 1)4/2, m=1,
2,3...

To achieve the maximal light transmission, it has to fulfill the following
two assumptions:

(a) The reflected waves have the same intensity and one wave is reflected
per interface. Other optical interactions such as scattering, absorption
etc. are negligible.
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(b) The optical path length must be chosen for the reflected wave to
interfere destructively. The thickness of the film d is an odd multiple
of //4.

By assuming one of the two materials is air (n, = 1), R can be presented as
a simplified form of the Fresnel equation:

n: —ng\”
R= <§S) (7.3)
ng + ng
Zero reflectance can be obtained when ng = /i according to eqn (7.3). For a
typical transparent dielectric material, ng of the glass is about 1.5. Therefore,
the desired refractive index of the coating film, n; can be calculated as 1.23.
Nevertheless, it is still impractical to achieve exactly zero reflectance from a
single-layer AR coating. As the thickness of the film d needs to meet the odd
multiple of 4/4, the downside of this method is that:
(a) The wavelength and incident angle of incident light are strictly limited.
(b) It is difficult to achieve broadband antireflective.

7.2.2 The Basis of Multiple Layers on the Substrate

The above analysis was done on the basis of a single layer on the substrate.
As-obtained antireflection properties are also based on a single wavelength
light. For multi-layered AR coating, the basic principle remains the same;
the only difference lies in the mathematical model, which relies on vector
analysis of the individual reflected rays. As shown in Figure 7.1(b), the
reflected light from the interface ij between the adjacent layers i and j meets
the equation:

Ryj= |Rylexp[—2(d; + 9))]

R R.
Phase Iifl g 23 38 Ry

RO! Ru
R R A - & -
y ‘/ / Air, ng, I\/' 7‘,_ '7' "'*—]
| m .

/‘.

Thin Film. n
n3

Substrate.n, = ™

Nyyupy , Substrate

@ ®

Figure 7.1 Propagation of light rays through (a) a single layer film on a substrate
(ns>n) and (b) a multilayer film on a substrate.
Reproduced from ref. 5 with permission from the Royal Society of
Chemistry.
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where, |R;| = |(n; — n))/(n; + n))|, 0;=2nnd;cos0;/. is the phase thickness of
each layer (9, is the angle of refraction, d; is the physical thickness of the layer).®
Hence, the resultant reflection vector of the entire coating is given by:

Ryum =Ro1 +Ria +Roz3+ ...+ Rpg

By choosing a suitable reflective index and thickness of each layer, a
minimum Rg,m, can be achieved, and a wide spectral region AR coating can
be obtained. However, due to strictly selected expensive materials, and the
complexity of technology preparation, multilayer AR coating is still expensive
for some applications, and intrinsically, this technique is unsuitable for
large area coating.

7.2.3 Gradient Refractive Index Coating

Since the application of layered AR coatings is limited, gradient refractive
index AR coatings have been proposed as a desirable choice.®'* As shown in
Figure 7.2, normal homogeneous layers have a step-changed refractive index
varying from the incident medium to the substrate. Alternatively, inhomo-
geneous layers with a refractive index that varies monotonically throughout
the thickness, can also achieve high transmittance over a broadband
range.'” An additional advantage of gradient refractive index antireflection
films is that their optical properties are quite insensitive to film thickness.

Typical expressions for the continuous gradient RI with linear, cubic and
quintic profiles are presented below:"

Linear index profile: n=ny+ (ns —no)t, 0<t<1
Cubic index profile: n = (ng — n,)(3t> — 2t°)
Quintic index profile: n=ng, + (ns — no)t(10¢° — 15¢* + 6¢°)

A F

ng(x)

Nair Nair

Refractive index (n)

1 1
0 d 0 d

kA J
v

—

Distance from the original substrate surface (x)
(a) (b)

Figure 7.2 Representation of a coating exhibiting linear inhomogeneity (b) as
compared to that exhibiting a step change (a) in refractive index; from
ref 15. Copy with permission from John Wiley & Sons Inc.
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where n, and ng are the RIs of the incident and substrate media, and ¢ is
the thickness of the graded interface region. Gradient refractive index
antireflection films are usually produced by incorporating porosity, which is
performed by using chemical etch/leach processes.”'*

7.2.4 The Basis of Antireflection Based on Nanostructure

AR coatings based on micro- and nanostructure arrays inspired by
the evolution of “Biomimetics”, by a “moth’s eye”, or bionic structures have
led to an alternative way of reducing reflectance.'® Highly magnified
SEM images reveal the well-organized nanostructure patterns as shown in
Figure 7.3(b).

Incident light on objects mainly undergoes three processes: reflection,
scattering and partial absorption. However, when light is incident on micro-
and nanostructure arrays, there are two different interactions depending on
the characteristic dimension of the nanostructure patterns and the wave-
length of the incident light:®

(a) When the AR units have dimensions less than the light wavelength,
light interacts with the AR surface wholly. If the AR surface has a
gradient refractive index, light rays tend to bend progressively
(Figure 7.4(a)).

(b) When the wavelength of light is much smaller than the dimensions of
the nanostructure pattern, if the spacing and depth between the
nanostructures in the textured surface are in the same dimensional
constraints of light wavelength, light rays would get trapped in the
crevices resulting in multiple internal reflections (Figure 7.4(b)).

Inspired by nature, people begun to directly prepare antireflective bionic
18-22

structures on the materials’ surfaces. AR coatings based on micro- and

Figure 7.3 (a) A photograph of an insect’s compound eyes.'” (b) SEM images of a
single mosquito eye.
Reproduced from ref. 17 with permission from John Wiley and Sons.
Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.


http://dx.doi.org/10.1039/9781782623991-00166

Published on 01 September 2016 on http://pubs.rsc.org | doi:10.1039/9781782623991-00166

View Online

Nanostructured Self-cleaning Coating with Antireflection Properties 171

A

A
(b)

¥y

Moth Eye Nanostructures, d = i/n Surface Topography, d = b/n

| l

Figure 7.4 (a) Light interacting with the whole rough surface due to comparable
dimensions. (b) Light undergoing multiple internal reflections through a
nanostructure pattern.

Reproduced from ref. 5 with permission from the Royal Society of
Chemistry.

nanostructure arrays overcome several shortcomings of the multiple layers
method:

(1) Lowered mismatches of thermodynamic and adhesion coefficient
between different materials, enhanced stability at the same time.

(2) Reduced loss of reflected light within the wide scope of the spectrum.

(3) Low cost and easy process control for applications, making it suitable
for large area coating.

7.3 Principle of Nano-structure Self-cleaning

7.3.1 Superhydrophobicity

For special wettability,>® a “superhydrophobic” surface should exhibit a
water advancing contact angle larger than 150° and low contact angle
hysteresis.”»*> Such hydrophobic materials can be extensively viewed in
nature.”® Plant leaf surfaces, such as lotus, are representative models for the
unusual wetting characteristics of superhydrophobicity and self-cleaning,
which have been investigated and documented.>””*® Due to the papillose
epidermal cells being covered with epicuticular wax crystalloids,*® particu-
late contamination would be completely removed in the case of rain. When a
water droplet rolls off the rough surface, dirt particles with a small contact
area with the rough surface lead to minimized adhesion, so they are easily
adsorbed to the water droplet, and removed from the surface (Figure 7.5).
This biological cleaning mechanism was described as the “lotus effect” by
Neinhuis et al. in 1997.°° It is well-known that the wettability of a solid
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¢

Figure 7.5 Schematic diagram showing the self-cleaning process on a rough surface.*'
Reproduced with permission from Springer.

Superhydrophilic: 8 ~ 02
Figure 7.6 The contact angle (0) of a hydrophilic and superhydrophilic surface.

Adapted from P. Gould, Smart, clean surfaces, Mater. Today, 6, 44-48,
Copyright 2003, with permission from Elsevier.>”

o

Hydrophilic: 8 < 902

surface is generally governed by both the chemical properties and the
surface microstructures. In addition, hydrophobicity is usually determined
by the roughness factor, which is frequently controlled by the use of surface
nanostructure. Hence, superhydrophobic surfaces tend to attract consider-
able attention from researchers.

7.3.2 Superhydrophilicity

Relative to the potential applications of superhydrophobic surfaces,
researchers also focus on superhydrophilic surfaces, of which the wettability
surface is normally high, and the water contact angle tends to be less than
5° (as shown in Figure 7.6).>® When a water drop falls on the
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Figure 7.7 A schematic diagram of the effect of UV irradiation on the contact angle
of water on photocatalytic surfaces.
Reproduced from Y. Takata et al., Selective oxidation of CO in hydrogen-
rich stream over Cu-Ce catalyst promoted with transition metals, Int. J.
Hydrogen Energy, 30, 209-220, Copyright 2005, with permission from
Elsevier.*

superhydrophilic surface, it could form a continuous or near continuous
water film, which carries away dirt and other impurities. And scattering is
suppressed and optical transmission is enhanced.?”

Although superhydrophilic and superhydrophobic are opposites, revers-
ible switching between superhydrophilicity and superhydrophobicity can
sometimes occur in response to external stimuli (e.g. temperature,®®>°
light,>® and pH"’) as shown in Figure 7.7. These wettability-changed sur-
faces that respond to stimuli instantaneously have received much attention
due to their significant potential foreground in fundamental research and
industry. However, mechanical stability is a crucial problem for the practical
applications of responsive surfaces with a superhydrophobic to super-
hydrophilic wetting transition.*"

7.3.3 Photocatalysis-induced Self-cleaning

Materials used in hydrophilic surfaces are typically photocatalytic semi-
conductor materials (e.g. TiO,, ZnO, V,05 and so on).*>™*° These surfaces
utilized such materials as self-cleaning coatings, by which the mechanism
happens in two different ways: photocatalysis, a process in which the organic
dirt molecules get decomposed using chemical energy generated by
sunlight, and the sheeting of water rather than droplets, which makes the
surface superhydrophilic (contact angle less than 5° or the time for complete
wetting by small droplets of water has been observed to be less than 0.5 s),
thereby chemically carrying away the organic dirt adsorbed onto the
surfaces. Among all of photocatalytic semiconductor materials, TiO, has
become the best choice of potential candidates for self-cleaning coatings,
and hydrophilic self-cleaning surfaces in general, because of its favorable
physical and chemical properties, low cost, stability, non-toxicity (as a bulk
material, the toxicity of nano TiO, is contended*®) and high abundance.*”
The TiO, surface becomes superhydrophilic via UV light irradiation,
because photo-generated h™ oxidizes the lattice oxygen at the surface of the
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Figure 7.8 The mechanism for photoinduced hydrophilicity of TiO, by the
formation of surface hydroxide groups.
Reproduced from J. Chen and C.-s. Poon, Photocatalytic construction and
building material: From fundamentals to applications, Build. Environ., 44,
1899-1906, Copyright 2009, with permission from Elsevier.*’

material resulting in oxygen vacancies so that the bond can be interrupted
by the adsorbed water molecule.”® This causes the formation of surface
hydroxide groups, which dramatically decrease the static contact angle of a
TiO, surface as shown in Figure 7.8. In the dark, the hydroxyl groups
gradually desorb from the surface in the form of H,0, or H,O + O, and the
contact angle gradually reverts to its initial value.

The mechanisms of the photocatalysic self-cleaning processes that occur
on titania surfaces are illustrated in Figure 7.9. Photocatalysis can be gen-
erally categorized into three processes:

(1) A pair of charged carriers (an electron, e, and a hole, h™) excited by
absorbing of light with energy equal to or greater than its band gap
energy;

(2) Recombination of these charge carriers in the bulk or on the surface;

(3) Migration from bulk to the surface.

Therefore, holes produce hydroxyl radicals causing the oxidization of
adsorbed organic molecules, while electrons eventually reduce atmospheric
dioxygen to give the superoxide radicals or hydrogen peroxide, which quickly
attack nearby organic molecules. The process in which the adsorbate
molecule gets photoexcited and interacts with the ground state catalyst
substrate is known as a catalyzed photoreaction. If the initial photoexcita-
tion takes place in the catalyst substrate and transfers an electron or energy
into a ground state molecule, the process is referred to as a sensitized
photoreaction. Moreover, if the initial photoexcitation takes place in the
catalyst substrate and transfers an electron or energy into a ground state
molecule, the process is referred to as a sensitized photoreaction.*

Hydroxyl groups that form on the surfaces not only contribute to super-
hydrophilicity, but also to the formation of hydroxyl radicals that play an
important role in the decomposition of organic compounds. The self-
cleaning performance of photocatalytic surfaces is, therefore, two fold (as
shown in Figure 7.10): many organic molecules are decomposed to CO, and
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Figure 7.9 The semiconductor (TiO,) undergoes photoexcitation upon illumination
with UV light. The electron and the hole that result can follow one of
several pathways.

Reproduced from ref. 51 with permission from the Royal Society of
Chemistry.
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Figure 7.10 Schematic diagram of the decontamination process occurring on the
superhydrophilic self-cleaning surface.
Reproduced from A. Fujishima et al., TiO, photocatalysis and related
surface phenomena, Surf. Sci. Rep., 63, 515-582, Copyright 2008 with
permission from Elsevier.>
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H,O0 when irradiated with UV light, and, when water contacts the surface, it
forms “sheets” and carries away dirt and other contaminants.”?

The advancement in nanotechnology with the use of nanoparticles,*
nanowires,”> nanotubes,”® and nanobelts,”” typically in the range of
1-100 nm, has led to considerable development in the photocatalysis-induced
self-cleaning coating because of its large surface area per unit volume and
enhanced light harvesting, thereby facilitating the diffusion of photo-
generated holes and electrons, respectively. However, there are still a lot of
challenges that require resolving by utilizing nano-structured self-cleaning
coatings, especially robustness that depends on surface morphology and
optical transparency for the glazing industries.

7.4 Progress in Fabrication Strategies for
Nanostructured Antireflective Self-cleaning
Coatings

People have proposed many methods to achieve nano-structured self-
cleaning coatings with antireflection properties.’®®* The different methods
of fabrication strategies can be divided into two distinct categories: bottom-
up and top-down design methods.

7.4.1 Bottom-up Design Method

The chemical synthesis method is a simple and reliable thin film deposition
technique, which can achieve an antireflective nanostructured surface without
utilizing expensive processing equipment or a lithography mask and can be
applied to a large area and scaled up for mass production. Recently, the
availability of chemical nanofabrication technology has enabled the engin-
eering of materials with desired AR characteristics.’®**°* ZnO nanostructures
have brought exciting possibilities for next-generation AR coatings (ARCs) to
suppress the Fresnel reflection effectively, as shown in Figure 7.11. Critical
features related to the ARC, such as broadband, omnidirectional, and
polarization-independent characteristics, have been examined to demonstrate
ZnO nanorods array (NRA) layers as an excellent ARC for unpolarized and
polarized light. The specular and diffuse reflection observed in NRA layers
suggests the importance of the effect of the nanostructured surface. Through
measuring the angular distribution of light scattered at nanostructured
surfaces, it was found that the reduction of total reflectance mainly results
from the significant suppression of specular reflection.

Although ZnO NRA layers with two-dimensional structures meet the
requirements for a very low average refractive index, the chemical stability
of ZnO has impeded its further application as an AR coating that can be
dissolved in both acidic and basic solutions.®® To improve the stability
of the ZnO nanorod arrays, a few groups have reported the preparation of
ZnO@TiO, core/shell nanowires via an extra sol-gel route or hydrothermal
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Figure 7.11 Cross-sectional SEM images of ZnO nanorod arrays with different average standard deviation of length distribution:
(a) 498 £ 14 nm, (b) 973 + 149 nm, (c) 1543 £ 294 nm, and (d) 3948 + 301 nm. (e) The insets indicate the length distribution
of the NRAs. The spectral reflectance as a function of AOI for polished Si and 3948 nm long ZnO NRAs/Si over a range from
385 nm to 850 nm.

Reprinted from ref. 63 with permission from the Royal Society of Chemistry.
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Figure 7.12 Schematic diagram of the preparation procedure for ZnO@TiO, core/
shell nanorod array films based on an FTO glass substrate using a
hydrothermal method.

Reprinted from ref. 65 with permission from the Royal Society of
Chemistry.

methods, as shown in Figure 7.12. In addition, ZnO nanorod arrays provide
relatively lower surface areas compared with mesoporous structures. The
mesoporous TiO, shell layer not only improves the chemical stability of the
coating, but also imparts improved hydrophilicity and photocatalytic activity
upon the ZnO@TiO, coating layer. In addition, the ZnO@TiO, nanorod
array structure results in an excellent antireflective effect, which affords
better transmittance.

The surface free energy and surface geometrical structure are the most
important parameters that affect the wettability of the surface.®® Since the
successful preparation of anatase TiO, crystals with a high percentage of ex-
posed {001} facets by Lu et al. in 2008,° the photocatalytic performance has
undergone a significant improvement when TiO, nanostructures possess this
well-defined crystal facet,®’° the fabrication of such as nanostructured self-
cleaning TiO, thin films with orientated high reactive facets is preferentially
desirable. Recently, TiO, films with 100% exposed {001} facets were syn-
thesized via a hydrothermal route as shown in Figure 7.13.

Besides the high surface free energy of high index facets, different surfaces
of the TiO, also show discriminant photoinduced hydrophilicity.””
Figure 7.14 shows the atom arrangement in the (110), (100), and (001) sur-
faces of TiO, (rutile). Bridging oxygens, which are higher in position and
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Figure 7.13 Electron microscopy and XRD characterization of TiO, nanowire arrays
with nearly 100% exposed {001} facets.
Reprinted from ref. 71 with permission from the Royal Society of
Chemistry.

energetically more reactive than their surrounding atoms, exist on both the
(110) and (100) planes. However, the (001) surface differs from the (110) and
(100) surfaces in that all the surface Ti cations are four-fold coordinated with
two oxygen atoms within the surface plane and two in the plane below. Hence
the (001) surface lacks bridged oxygen atoms and, therefore, it is inert under
UV illumination. XPS measurements showed that there are a few Ti** signals
in the Ti,,, spectrum on surfaces (110) and (100) due to the removal of bridged
oxygen. However, none of the Ti** signals was observed from surface (001) as
no bridged oxygen was attached onto the (001) surface. Therefore, UV illu-
mination could induce some oxygen vacancies on the TiO, surface, which may
be one of the reasons for the photoinduced hydrophilicity.”

Because TiO, has a large refractive index (n~ 2.5-2.7),”* 20% reflectivity at
the air-TiO, interface would make glass lose too much transmittance. For
windows and solar cells applications, high transparency is highly desired. To
obtain low surface reflection, one general method is to lower the refractive
index of the film through a composite of low refractive index material (such
as SiO,, Figure 7.15).

Nanoparticle size and film thickness are of considerable importance not
only for transparency but also for photocatalytic activity. An optimum value
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Figure 7.14 Schematic illustration of the atomic alignments on ideal TiO, (110),

Figure 7.15

(100), and (001) single-crystal faces.

Reproduced with permission from R. Wang, N. Sakai, A. Fujishima,
T. Watanabe and K. Hashimoto, J. Phys. Chem. B, 1999, 103, 2188-2219.”°
Copyright (1999) American Chemical Society.
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Scheme of a double-layered antireflective coating showing the various
parameters.

Reprinted with permission from X. Zhang, A. Fujishima, M. Jin, A. V.
Emeline and T. Murakami, J. Phys. Chem. B, 2006, 110, 25142-25148.7%
Copyright (2006) American Chemical Society.
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balance exists between maximum superhydrophilicity and photocatalytic
activity, as shown in Figure 7.16. The smaller component units have larger
surface areas and optical transparency, and will also have higher rates of
electron-hole recombination. Thicker films (up to a few microns in thick-
ness) have shown improved photocatalytic activity, but optical clarity and
durability are poor.*™”®

Although two-dimensional nanostructured coatings can achieve excellent
antireflective performance, it is still difficult to realize broad spectrum
antireflectance, which requires preparation technology and equipment.
Three-dimensional nanostructured coatings can effectively make up for the
inadequacy of two-dimensional antireflective structures. The lotus leaf’s
surface is a good example of how combining a micro-/nano-hierarchical
structure with a low surface energy wax layer exhibits a high water contact
angle (CA) and low CA hysteresis.”®”® Xiong et al. have fabricated ZnO-based
hierarchical structures with nanorods on microcraters by a two-step method
with a combination of top-down and bottom-up approaches. A layer of a
c-axis aligned, transparent, conductive ZnO thin film was deposited by
pulsed DC sputtering on a Corning glass substrate. The microcraters were
created with anisotropic etching on the as-deposited ZnO thin film. ZnO
nanorods were then synthesized onto the etched film by means of metal
organic chemical vapor deposition. The resulting hierarchical film exhibits a
high water contact angle (>160°) with a low contact angle hysteresis (2°) and
low reflection over a wide spectral range, as shown in Figure 7.17.

Sun’s group has also fabricated the hierarchical nanostructure of a co-
axial ZnO@TiO, nanorod array decorated with a new polymetallic sulfide
solid-solution. This novel nanostructure combines the merits of all com-
ponents and meets the requirements of photocatalysis-induced self-cleaning
applications (shown in Figure 7.18).

7.4.2 Top-down Design Method

Etching techniques can prepare structures of several nanometers with high
accuracy and resolution, which are described as a selective dissolution or
ablation of a surface or substrate. The versatility of etching processing is
demonstrated for the preparation of nanotextured surfaces with excellent
antireflective performance.®?

The rapid and large-scale preparation of antireflective nanostructures is
highly desired in practical applications and production. A templating tech-
nique is widely used for fabricating large-scale nanostructured ARCs. Jiang’s
group reported bioinspired monolayer silica colloidal crystals as a template
for fabricating broadband moth-eye ARCs on single crystalline silicon sub-
strates. The resulting subwavelength-structured ARCs exhibit superior
broadband antireflective performance to commercial SiN, coatings.
A schematic illustration of the templating procedures for making wafer-scale
silicon nipple arrays is shown in Figure 7.19.
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Figure 7.16

(A) The transparency of the glass substrate and thin films of TiO, seeds with different thicknesses of TiO, nanosheets. (B) The
contact angle of the TiO, nanosheet thin films coated with different thicknesses. The insets show the contact angle optical

images.
Reprinted from ref. 77 with permission from the Royal Society of Chemistry.
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Figure 7.17 (a) FESEM image (45 view), inset shows a droplet of water (left) and the cross sectional FESEM image (right). (b) AFM image
with cross sectional profile. (c) Static CA of water after stearic acid modification. (d) Water droplet on surface-modified etched
AZO film with NRs rolls off the surface when tilted by 5. (e) Water droplet on surface-modified etched AZO film without NRs
does not move even when tilted by 90 . (f) Reflection spectra of the various AZO films.
Reprinted from J. Xiong et al., Biomimetic hierarchical ZnO structure with superhydrophobic and antireflective properties,
J. Colloid Interface Sci., 350, 355-347, Copyright 2010 with permission from Elsevier.®°
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Figure 7.18 Hydrothermal fabrication process of the ZnO@TiO, nanorod array film loaded with a polymetallic sulfide solid-solution.
Reprinted from ref. 81 with permission from the Royal Society of Chemistry.
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Figure 7.19 (a) SEM image of a spin-coated monolayer non-close-packed colloidal crystal consisting of 360 nm silica spheres. (b) Tilted 20
SEM image showing templating silica array and underneath silicon nipples etched by SF6 RIE for 9 min. (c) Templated silicon
nipple array after 6 min SF6 etch. (d) Silicon nipples after 9 min SF6 etch. (e) Schematic illustration of the templating
procedures for fabricating moth-eye ARCs on silicon substrates.

Reprinted from C.-H. Sun, P. Jiang and B. Jiang, Appl. Phys. Lett., 2008, 92, 061112 with the permission of AIP Publishing.®’
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Figure 7.20 Schematic illustration of the procedure for creating antireflective sub-
wavelength arrays on Si (a)-(c). Cross-sectional SEM images of Si
nanopillar arrays (d). Specular optical reflection at normal incidence
for a flat polished Si wafer (bold solid line) and Si nanopillar arrays
etched for 260 s (dashed line), 290 s (solid line), and 320 s (dotted line),
respectively (e).

Reprinted from ref. 88 with permission from John Wiley and Sons.
Copyright © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

An etching technique combined with a self-assembly process is more de-
sirable than direct-print lithographic approaches for practical applications
due to its simplicity and low cost. Several techniques based on self-assembly
masks, such as anodic porous aluminium,*"®** spin-coated spheres,*® and
evaporated Ag islands,”” have been demonstrated. Chi’s group demonstrated
how Si nanopillar arrays with antireflective behavior are created based on the
combination of self-assembly of polymer spheres into two-dimensional arrays
and reactive-ion etching (RIE), illustrated in Figure 7.20.

The practical applications of etching methods are highly restricted by the
high cost of the masks or complications with the procedures. A structure
with low reflectivity is the focus of research, otherwise the order of the
structure on the surface has less of an impact on antireflective performance.
Hence, utilizing a chaotic mask can effectively simplify and reduce the cost
of preparation, which provides a possibility for its application. Wang’s group
used metal island films as masks to generate large-area antireflective sub-
wavelength structures SWSs. These island films can be easily formed by
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Figure 7.21 Schematic diagram for the fabrication procedure (a). Top view (left
column) and side view (right column) SEM images for the Si SWSs with
RIE times (b) 15 min, (c¢) 20 min, and (d) 25 min. Hemispherical
reflectivity for the Si SWS surfaces in the wave band of 390-1000 nm.
A measured reflectivity for polished Si is also shown for comparison (e).
Reprinted from S. Wang, X. Z. Yu and H. T. Fan, Appl. Phys. Lett., 2007,
91, 06110587 with the permission of AIP Publishing.

thermal dewetting of continuous films over a large area. As shown in
Figure 7.21, Ag islands with dimensions ranging from 50 to 400 nm were
fabricated by a single step of film deposition under 300 °C. In the process,
nucleation, growth, and combination of small Ag clusters are attributed to
the formation of larger islands. The growth mode is different from that in
thermal dewetting of continuous films. Si SWSs with a low reflectivity of 5%
were achieved by following a RIE process.

Currently, a non-mask technique has been one of the most extensively used
top-down techniques in the fabrication of antireflective and self-cleaning
coatings due to its several advantages, such as uncomplicated technology (the
mask does not need to be removed during the procedure), less material is
required and the processing cost is decreased. Recently, “black silicon” with a
very low reflectance has been produced by plasma immersion ion implantation
(PIII), which is usually used to dope semiconductors (shown in Figure 7.22).
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Figure 7.22 SEM images of unique microstructures of black silicon. (a) Top view, (b) side view (viewed at 30" to the normal), (c) the
formation mechanism of the needle-like structure by the PIII process.
Reprinted from Y. Xia et al., A novel method to produce black silicon for solar cells, Sol. Energy, 85, 1574-1578, Copyright 2011
with permission from Elsevier.*

£ 4a3dpyD


http://dx.doi.org/10.1039/9781782623991-00166

Published on 01 September 2016 on http://pubs.rsc.org | doi:10.1039/9781782623991-00166

View Online

Nanostructured Self-cleaning Coating with Antireflection Properties 189

The black silicon exhibits a unique microstructure with a needle-like structure.
The average reflectance of the black silicon can be reduced to 1.79% over the
wavelength ranging from 300 nm to 1100 nm.

7.5 Conclusion and Outlook

In this chapter, we have presented the principle and fabrication methods of
photocatalytic self-cleaning antireflective nano-coatings and their develop-
ments are also reviewed. These promising self-cleaning nanostructured
coatings can be exploited in a range of applications and advantage can be
taken of the beneficial side effects for mankind and the environment.
However, the stability, operational lifetime and safety of living organisms
have to be highly required and warranted to offer commercial products to
attract the confidence of the marketplace, which could help preserve natural
resources consumed during the washing and cleaning processes eventually.
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CHAPTER 8

Antireflection and Self-cleaning
Coatings: Principle, Fabrication
and Application
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8.1 Introduction

Transparent surface coatings with suitable optical path differences can
suppress the reflection of substrates. Such coatings are usually called “anti-
reflective coatings” (ARCs). There exist many antireflective surfaces in nature.
Taking some diurnal butterflies as an example, they use arrays of non-close-
packed nipples (about 300 nm) as an antireflective structure (ARS) to reduce
reflection from their compound eyes."” The ARS on the cornea can increase
light transmission and suppress reflection losses at the interfaces. Besides
these excellent optical properties, the ARS arrays also exhibit self-cleaning
capability because of the high fraction of air trapped between arrays.**

The antireflection phenomenon provides enormous inspiration for sci-
entists to mimic it for many important applications. Antireflection tech-
nology has been widely used in some high-precision optical components,
solar cells, flat panel displays and light emitting diode lighting to increase
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the transmittance of incident light.”® For solar cells, due to reflection at the
air/glass interface of the packaging glass and scattering by accumulated dust
on outdoor panels, part of the incident energy on solar modules is lost. On
one hand, ARC on the glass can help alleviate reflection in systems; on the
other hand, the self-cleaning property can, to some extent, solve the dust
accumulation problem.” Tseng et al. systematically studied the antireflection
and light trapping effects. Their results showed a 76.9% enhancement of
short-circuit current density compared with that of bare silicon due to
suppression of surface reflection.’

It is common knowledge that smooth surfaces shine more than rough
ones. The very basic idea of antireflection is that roughness is necessary to
reduce reflection of surfaces. The reflection or optical disturbance will be
zero if the medium for light propagation does not change or two media have
the same refractive index (RI).'® Therefore, many materials with a micro/
nano structure have the potential to fabricate ARC, including silicon, silica,
titania, zirconia, zinc oxide, cobalt oxide, tin oxide, carbon, poly(ethylene
terephthalate) (PET), polystyrene (PS) and gallium nitride."*™” To date, two
kinds of approaches are available for fabricating ARCs. One is coating por-
ous or multilayered films on the surface of devices, and the other is fabri-
cating sub-wavelength ARS directly on the substrate.'®*' The corresponding
fabrication routes can be classified into bottom-up and top-down modes.
The bottom-up technique usually uses nanoparticles as building block to
form ARCs. The top-down approach relies on etching or lithography etc.
techniques performed with or without masks. Recently, the two-step method
with a combination of top-down and bottom-up approaches has also at-
tracted much attention.™

When contamination or fogging occurs on ARCs, however, their optical
properties deteriorate dramatically. Contaminants accumulate and water
molecules condense on the surface, leading to scattering and reflection of
light. This problem may be solved by creation of a surface that has special
wettability (superhydrophilicity or superhydrophobicity) and a photo-
catalytic property. ARCs with a self-cleaning property have been developed
rapidly in recent years from window glass to various devices.**

In this chapter, we aim to provide recent developments in antireflective
and self-cleaning surfaces, with particular emphasis on silicon and fused
silica materials, since they are both commonly used in many functional
devices. In the first section, the basic concept and principle of antireflection
and self-cleaning are briefly described. In the next section, the fabrication
pathways and their mechanisms are discussed. Then, we introduce the latest
typical progress in self-cleaning ARCs over the last five years. In the last
section, some applications of the self-cleaning ARCs surfaces are introduced.
A large number of research articles have reported the fabrication of ARCs or
superhydrophobic/superhydrophilic surfaces within the past few years. This
chapter intends to give readers both an integrated tour of antireflective and
self-cleaning coatings fabrication technologies and a basic realization of
their great application prospects.
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8.2 Theoretical Aspects of Antireflection and
Self-cleaning

8.2.1 Principle of Antireflection

ARCs can effectively enhance the transmission of light. The Fresnel equation
offers the basic mathematical model of the reflection of coatings.?® We learn
that RI, which quantifies the speed of light in the current medium with
respect to that in a vacuum, is the major parameter for characterizing the
transmission of light in the medium.

For single-layer coatings, the Fresnel equation, which offers the basic
preliminary mathematical model of reflection and refraction, has the fol-
lowing two assumptions:

(1) The reflected waves have the same intensity and one wave is reflected
per interface;

(2) Other optical interactions such as scattering, absorption, etc. are
negligible.

As illustrated in Figure 8.1(a), there would be no reflection if there was a
destructive interference between light reflected from the coating-substrate
and the air-coating interfaces. Therefore, n. for an ideal homogeneous ARC
has to meet the following two conditions:

(1) n.= (nans)l/ 2 where n, and n, are the refractive indices of the air and
the substrate, respectively.

(2) d=Al4n., where d is the thickness of the coating and 4 is the wave-
length of the incident light.

substrate \ (b)

Figure 8.1 Propagation of light rays through (a) a single-layer coating and (b) multi-
layer coating on a substrate (ns> 1, 1s and n,, are the refractive indices of
the substrate and coatings, respectively).**®
Reprinted from L. Yao and J. He, Recent progress in antireflection and
self-cleaning technology — From surface engineering to fiunctional sur-
faces, Prog. Mater. Sci., 61, 94-143. Copyright 2014 with permission from
Elsevier.
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On the basis of Fresnel’s theory, the antireflection property is also
dependent on the s and p-polarization of the light.”> The s-polarization
and p-polarization have the electric field perpendicular and parallel to the
incidence plane, respectively. Sunlight shows an appreciable degree of po-
larization when light reflects at shallow angles due to the fact that light re-
flecting at shallow angles has the p-polarized light reflecting to the
maximum.

For multi-layer coatings, the mathematical model has some differences.
As shown in Figure 8.1(b), the reflected light from the interface ij between
the adjacent layers i and j is:**

Rij: |Rmn| exp[—2(5i + 51)]

in which, |Ryn|=[(n;—n)/(n;+n;)], é;=2nnd;cos0;/i (0; is the angle of
refraction, d; is the physical thickness of the layer).
For the entire coating:

Rsum =Ro1 + Rio+Rp3 +...+ Rys

By adjusting the reflective index and the thickness of each layer, a minimum
Rsum can be obtained, and an ARC can be achieved.

8.2.2 Principle of Self-cleaning
8.2.2.1 Special Wettability-induced Self-cleaning

Wettability is an important property of a solid surface, and contact angle (6)
has been commonly used to characterize the surface wettability.

For a perfectly smooth and chemically homogeneous solid surface, the
contact angle of liquid is given by Young’s equation®:

cos 0 = (ysv — ys1)/71v

where, ysy, 7s1, and ypy are the interfacial tensions of the solid-vapor, solid-
liquid and liquid-vapor interfaces, respectively (Figure 8.2(a)).

For a realistic solid surface, which is rough and chemically heterogeneous,
the early theoretical works about its contact angle were done by Wenzel and
Cassie-Baxter.

I. Wenzel’s equation®®
In the model developed by Wenzel, the liquid completely penetrates
into the roughness grooves (Figure 8.2(b)). Wenzel’s equation is:

cos 0, =rcos 0

where 0,, is the contact angle on a rough surface, 0 is the Young’s
contact angle on a similar smooth surface, and r is the surface
roughness factor, defined as the ratio of the actual surface area to the
projected surface area (for a perfectly smooth surface: r=1, and for a
rough surface: r >1).
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Cassie’s

Wenzel's
model

Figure 8.2 (a) A liquid droplet on a smooth surface. (b) A liquid droplet in the
Wenzel state. (c) A liquid droplet in the Cassie state.**®
Reprinted from L. Yao and J. He, Recent progress in antireflection and
self-cleaning technology — From surface engineering to functional sur-
faces, Prog. Mater. Sci., 61, 94-143. Copyright 2014 with permission from
Elsevier.

The above equation points out that when 0 is <90°, the wetting

could be enhanced by r; when 0 is >90°, the wetting is lessened by r.
II. Cassie-Baxter equation®’

The Cassie-Baxter state considers that under some roughness con-
ditions, air bubbles may be trapped when 0>90° (Figure 8.2(c)). In
this case, the liquid-surface interface actually consists of two phases,
i.e., the liquid-solid interface and the liquid-vapor interface, respect-
ively. Therefore, the apparent contact angle is the sum of all the
contributions of the different phases:

cos 0. =ficos 01 + focos 0,

where 0. is the apparent contact angle, f; and f, are the surface frac-
tions of phase 1 and phase 2, respectively; and 0, and 0, are the
contact angles on phase 1 and phase 2, respectively.

If one of the surfaces is the air-liquid interface and f is defined as the
fraction of the solid surface that is wetted by the liquid, the air fraction can
be expressed as (1 —f). With 0 =180° for air, the resulting apparent contact
angle can be calculated by the following equation:

cos 0. =fcos 0+ (1 —f)cos180°=fcosO+f—1

In the above equations, the contact angles are all static. However, owing to
chemical heterogeneity, surface roughness and surface reorganization, dif-
ferent contact angles can coexist along the contact line upon contact with a
probe liquid.*® As shown in Figure 8.3(a), the contact angle of the droplet at
the front is greater than that at the back, and they correspond to the ad-
vancing and receding contact angle, respectively. The difference between the
advancing and receding contact angles is defined as the contact angle hys-
teresis, which is a measurement of how well a drop of liquid sticks to the
solid surface (Figure 8.3(b)).

There are two kinds of surface with special wettability: a super-
hydrophobic surface (water contact angle >150° and low contact angle
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Advancing drop Receding drop

Figure 8.3 (a) Schematic illustration of contact angle hysteresis on a tilted surface,
(b) advancing and receding contact angles on a flat surface via increasing
and decreasing the volume of droplet, respectively.>*®
Reprinted from L. Yao and J. He, Recent progress in antireflection and
self-cleaning technology — From surface engineering to fiunctional sur-
faces, Prog. Mater. Sci., 61, 94-143. Copyright 2014 with permission from
Elsevier.

hysteresis) and superhydrophilic surface (water contact angle <5° within
0.5 s or less). A self-cleaning superhydrophobic surface should always have a
low contact angle hysteresis. The leaf of the lotus plant is a representative
model for a superhydrophobic and self-cleaning surface. Due to the papil-
lose epidermal cells being covered with wax crystals (Figure 8.4(a)), the leaf
surface is very rough and water-repelling. Therefore, water droplets on the
surface are in the Cassie-Baxter state, making them highly spherical and
able to roll off easily. Usually, contaminants are larger than the cellular
structure of the leaves, leaving the particles resting on the tips of the surface
structure. When a water droplet rolls over the contaminants, dirt particles
are adsorbed to the water droplet, and moved away from the surface
(Figure 8.4(b)). On such intrinsic hierarchically structured surfaces, both the
contact area and adhesion to the surface are dramatically reduced.

Besides, special wettability also endows the surfaces with an antifogging
function. Fogging occurs when water vapor condenses on the surface owing
to temporary changes in humidity, temperature, or convection.*® If the
surface has a rather low contact angle, it could form a continuous or near-
continuous film, scattering is suppressed and optical transmission is en-
hanced. On the other hand, if the surface has quite a high contact angle and
low contact angle hysteresis, the droplets may slide from the surface rapidly.
Thus it may be difficult for fog to cover the surface. Superhydrophobic or
superhydrophilic coatings are in line with the above requirements and have
shown good prospects for practical applications.*”

8.2.2.2 Photocatalysis-induced Self-cleaning

Since Frank and Bard first discovered that TiO, can decompose cyanide in
water in 1977,%' TiO, has been an ideal photocatalyst in decomposing or-
ganic contamination for environmental applications. TiO, has a strong
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Figure 8.4 (a) SEM image of a lotus leaf showing epidermal cells, and (b) diagram
showing the self-cleaning process on a rough surface.
Reprinted with permission from M. H. Sun, C. X. Luo, L. P. Xu, H. Ji, O.
Y. Qi, D. P. Yu et al., Artificial lotus leaf by nanocasting, Langmuir, 2005,
21, 8978-8981.%° Copyright (2005) American Chemical Society.

oxidation power under UV illumination, and various organics accumulating
on TiO, thin films could be oxidized into CO,, H,O, NO; ™~ or other simple
basic products.’*** Moreover, under UV illumination, the surface of TiO,
becomes superhydrophilic with a water contact angle close to 0°, making the
surface easily cleaned by water. Due to these two characteristics, TiO,-coated
substrates can achieve an outstanding self-cleaning property when they are
exposed outdoors, as shown in Figure 8.5.

I. Mechanism of photocatalysis
The redox potential for TiO, photo-generated holes is +2.53 V, which
can produce hydroxyl radicals (*OH). The redox potential for con-
duction band electrons is —0.52 V, which is enough to reduce dioxy-
gen to superoxide, or to hydrogen peroxide.*>” The basic processes for
an electron-hole pair reducing or oxidizing an adsorbate and forming
a singly oxidized electron donor and singly reduced electron acceptor
can be summarized as Figure 8.6.%°
Previous results have shown that many liquid and solid organic
compounds can be photocatalytically decomposed into nontoxic gas-
phase products. The decomposition of organic compounds (alkanes,
alcohols, ketones, carboxylic acids, etc.) can be summarized as
Scheme 8.1 with alcohols as an example.’’*® As reported by
Schwitzgebel et al.,*® long-chain organic compounds (e.g., C;6 and C;
acids) and even polymers can also be decomposed by chains breaking.
II. Mechanism of photo-induced superhydrophilicity
A TiO, surface becomes superhydrophilic via UV light irradiation;
however, the reduced water contact angle (WCA) gradually reverts to
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Figure 8.5 Schematic diagram of the decontamination process occurring on TiO,-
coated substrates. (a) Photocatalyic degradation of organics, (b) removal
of contaminants by water sheet due to the superhydrophilicity of the
TiO, surface.?*®
Reprinted from L. Yao and J. He, Recent progress in antireflection and self-
cleaning technology — From surface engineering to fiunctional surfaces,
Prog. Mater. Sci., 61, 94-143. Copyright 2014 with permission from Elsevier.

h,* + RH — R* + H*
h,* +H,0 — *OH, + H*
ht +0," = 10,

e + 0, = 0
e, + H,O, = *OH, + OH"
e, +R*+H*—>RH

e = ¢lectron

o = hole

Figure 8.6 The processes occurring on a bare TiO, particle after UV excitation.
Reprinted from Fujishima et al., A., TiO, photocatalysis and related
surface phenomena, Surf. Sci. Rep., 63, 515-582. Copyright 2008 with
permission from Elsevier.*®

RCH,COOH + h* (-OH) — RCH,- + CO, + H' (H,0)
RCH, + 0, — RCH,00
RCH,00- + -00H — RCH,0000H
RCH,0000H — RCHO + O, + H,0

Scheme 8.1 Processes proposed for decomposition of organic compounds, e.g.,
alcohols, on the surface of TiO,.*”
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Figure 8.7 Surface structural models for the TiO, surface. (a) (Before UV irradiation)

the OH group is bound to oxygen vacancy, (b) (at the transition state) the
photogenerated hole is trapped at the lattice oxygen, and (c) (after UV
irradiation) new OH groups are formed.

Reprinted from N. Sakai, A. Fujishima, T. Watanabe and K. Hashimoto,
Quantitative evaluation of the photoinduced hydrophilic conversion
properties of TiO, thin film surfaces by the reciprocal of contact angle,
J. Phys. Chem. B., 2003, 107, 1028-1035. Copyright (2003) American
Chemical Society. 40.

the original WCA in the dark. Fujishima’s group®*®*®*! proposed a
mechanism for a photoinduced wettability conversion of the TiO,
surface, which has been widely accepted by scientists. The mechanism
was proposed on the basis of the reconstruction of surface hydroxyl
groups under UV irradiation in air. The density of surface hydroxyl
groups is strongly correlated with the reciprocal of WCA. As illustrated
in Figures 8.6 and 8.7, molecular oxygen captures the photoexcited
electrons, while the holes diffuse to the TiO, surface, being trapped at
lattice oxygen atoms. Afterwards, the hole weakens the binding energy
between the Ti atom and the lattice oxygen, and the bond is inter-
rupted by one adsorbed water molecule, forming new hydroxyl groups.
In the dark, the hydroxyl groups gradually desorb from the surface in
the form of H,0, or H,0 + O,. Compared to the OH groups bound to
oxygen vacancies, the OH groups produced by UV irradiation are
thermodynamically less stable because of the different desorption
temperature.*’ As a result, the reconstruction between the stable OH
groups and the thermodynamically metastable OH groups changes
the surface energy of the TiO, and switches the surface between
superhydrophilicity and hydrophobicity.

8.3 Fabrication Strategies and Methods

For nearly two centuries, researchers have been seeking novel methods
to increase light transmission in optical systems as well as to eliminate
unwanted reflection. Meanwhile, self-cleaning surfaces in nature have
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increasingly attracted the attention of scientists due to their unique prop-
erties. The technology of fabricating antireflective surfaces with highly effi-
cient and durable self-cleaning properties has an extensive range of
applications from glasses, displays, and solar panels to window optical
lenses. In the following section are discussed different chemical and phys-
ical methods for fabricating ARCs and how to form rough surfaces with
special surface energy.

8.3.1 Fabrication of Antireflective Surfaces

ARCs are a basic way to increase light transmission. Varied methods have
been used to generate ARCs, which can be classified into both bottom-up
and top-down approaches. Accurate control over the morphology of ARCs is
crucial in order to achieve ideal antireflective surfaces. Techniques com-
bining both bottom-up and top-down approaches may pave an effective way
toward making the dream of application in industry come true.

8.3.1.1 Bottom-up Approach

(1) Layer-by-layer assembly

In 1966, Iler*” demonstrated a novel method for creating multilayers
of inorganic colloidal particles, which is now known as layer-by-layer
(LbL) assembly. It was one of the first studies to disclose the successful
assembly of nanoparticle thin films. Unfortunately, Iler’s work did not
attract much attention at the time. After twenty five years, Decher and
co-workers,*® using LbL processing, fabricated multilayer thin films
from oppositely charged polyelectrolytes. Their work has led to a great
many studies about films for various potential applications based on
LbL methods. Now LbL has been proven a simple and effective way to
fabricate various coatings with tailored chemical compositions and
structures. Since then, much more attention has been paid to the LbL
assembly technique, whose building blocks could be linear polyelec-
trolytes,"* nanoparticles*> or nanowires with low RI,*® co-polymer
micelles,”” proteins,*® and so forth. LbL assembly can be driven by
multiple weak interactions, including electrostatic interactions,
hydrogen bonds, halogen bonds, coordination bonds, charge-transfer
interactions, biospecific interactions, guest-host interactions, cation—
dipole interactions, and the combined interaction of the above forces,
etc.® An outline of the LbL assembly technique conducted via elec-
trostatic interaction is illustrated in Figure 8.8.”°

The LbL assembly technique has several advantages in the prepar-
ation of ARCs. First, as mentioned above, varied materials (building
blocks) can be used to fabricate ARCs and the LbL processing is
substrate-independent. Second, it is possible to deposit ARCs of large
areas on non-flat surfaces by the LbL assembly technique. Third, it is
easy for the LbL assembly technique to control the film thickness, and
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Figure 8.8 Outline of LbL assembly through electrostatic interaction.

(2)

Reproduced from ref. 50 with permission from the PCCP Owner
Societies.

therefore, to tailor the wavelength of maximum transmittance simply
by changing the number of film deposition cycles.>**"?

The groundbreaking work of applying the LbL assembly technique
to the fabrication of ARCs was carried out by Rubner and co-workers.**
They described an aqueous-based LbL process controlled at the
molecular level that may coat surfaces of almost any material. High-
efficiency antireflection coatings were created from phase-separated
polyelectrolyte multilayer films that underwent a reversible pH-
induced swelling transition. After that, many LbL-assembled high-
performance ARCs have been fabricated. He’s group has done a large
amount of work to explore simple, economical but efficient ways for
the preparation of ARCs by the LbL technique. They designed and
synthesized silica nanoparticles of varied structures, such as solid
silica nanoparticles,”* monodisperse raspberry-like PS@SiO, com-
posite nanoparticles,” nonspherical mesoporous silica nano-
particles,”® hollow mesoporous silica nanospheres,*’> hierarchically
mesoporous silica nanoparticles’” and so forth, and used these
multifarious silica nanoparticles as building blocks for LbL assembly.
Coatings with ideal antireflectivity and special wettability were
achieved by tailoring their porosity, thickness and surface roughness
based on the Fresnel equation, the quarter-wavelength design and the
requirements for special wettability.

Dip-coating
Dip-coating has advantages such as simplicity, controllability, re-
liability and reproducibility. The process is generally described as that
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the substrate is dipped in and withdrawn from the precursor solution
at a controlled rate (feed velocity). The steps in the process can be
summarized as immersion, start-up, deposition, evaporation and
drainage,”®”® as shown in Figure 8.9. Dip-coating is frequently selected
for the preparation of nano-structured coatings because it is simple
and fast, especially for double-functional or multi-functional films.
Several literature reports'*®*"* are dedicated to the utilization of
the dip-coating technique as a time-saving and low-cost method to
fabricate ARCs. Helsch et al.®® fabricated quarter-wave ARCs on silica
glass by a sol-gel dip coating process to minimize reflective losses of
the receiver cover materials for solar tower power plants. The coated
glass was proved to have excellent transmittance (98.6%) and thermal
resistance. It has been demonstrated®® that dip-coating-derived ARCs
exhibit some excellent properties, such as homogeneity, stoichiometry
control, purity and ability to coat large and complex area substrates,
compared to coatings prepared by other techniques. However, there
are also some inadequacies. For instance, the thickness and uni-
formity of fabricated coatings are sensitive to substrates and flow
conditions such as a liquid bath and gas over-head.>® Meanwhile, it is
still a challenge for scientists to construct roughness-controlled films
by dip-coating due to the flowing of sol-gel liquid during the prepar-
ation process.
(3) Spin-coating
Spin-coating is widely used in the microelectronics industry, where it
is used to deposit uniform coatings of organic materials or to uni-
formly distribute particulate matter on a flat surface.’* In short, in the
procedure, an excess amount of precursor solution is placed on the
substrate, which is then rotated at high speed in order to spread

7

. z
hali b

Immersion Start-up

Deposition  Dyrajnage  Evaporation
& drainage
Figure 8.9 Steps involved in dip-coating.**®
Reprinted from L. Yao and J. He, Recent progress in antireflection and
self-cleaning technology — From surface engineering to fiunctional sur-
faces, Prog. Mater. Sci., 61, 94-143. Copyright 2014 with permission from
Elsevier.


http://dx.doi.org/10.1039/9781782623991-00193

Published on 01 September 2016 on http://pubs.rsc.org | doi:10.1039/9781782623991-00193

View Online

Antireflection and Self-cleaning Coatings: Principle, Fabrication and Application 205

the fluid by centrifugal force. The film continues to thin slowly until
disjoining pressure effects cause the film to reach an equilibrium
thickness or until it turns solid-like due to a dramatic rise in viscosity
resulting from solvent evaporation. The thin film finally forms due
to solvent evaporation.®® The key process and typical operation are
illustrated in Figure 8.10.°
(4) Spray-coating
Spray-coating is quite a facile method, which is not specific to a par-
ticular substrate and can be easily applied to a large surface area.®” As
spray-coating does not typically require other complicated and costly
processes, it is commercially feasible for a wide range of applications.
The general process of spray-coating is shown in Figure 8.11(a). This
method is simple, fast, material efficient, easy to use, carried out in a
non-vacuum system and permits films with properties required for
large area applications to be obtained.’® Among the diversified spray-
ing techniques, thermal spraying has become an excellent solution
to the processing limitations of polymer/ceramic nanocomposites.
Coating materials available for thermal spraying include metals, cer-
amics, alloys, plastics and composites. Usually, they are fed in powder
or wire form, heated to a molten or semimolten state and accelerated
towards substrates in the form of micrometer/nanometer scale par-
ticles. Thermal spray generally is a process in which a material is
heated, accelerated, and propelled by a high-temperature jet through a
confining nozzle toward a surface.®®’® Coating quality is determined
by its porosity, oxide content, hardness, bond strength and surface
roughness. He’s group’' used a spray-coating method to construct
coatings on slide glasses with synthesized silica nanoparticles 20 nm
in size. When the number of spray-coating cycles was three, the
transmittance of coating was greatly improved in the visible range.
Recently, Zhang’s group’” developed a simple technique to fabricate
superhydrophobic coatings by spraying microparticle/polymer suspen-
sions to produce a robust polymer composite coating. Both the surface
microstructures and corresponding superhydrophobicity depend on
calcium stearate formed on the coating surfaces. The method for
preparing a regenerative superhydrophobic coating has the advantage
of simplicity in fabrication, easy availability of the materials, and
applicability to a large area surface. Besides, multilayer coatings with
multiple components can be fabricated by a spray-coating method as
shown in Figure 8.11(b). By continuous spraying of polyanion and
polycation solutions onto a charged surface, a uniform film that grows
consecutively with time can be obtained.””
(5) Chemical vapor deposition (CVD)

CVD is a widely-used technology for the preparation of inorganic thin
films. It can produce single layer, multilayer, composite, nano-
structured, and functionally graded coating materials with well con-
trolled dimension and unique structure at relatively low processing
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Figure 8.10 Schematic illustration of spin-coating (top left) along with a photograph of a typical spin-coating operation in a glovebox
environment (top right) and high-speed images showing application of solution to a rotating substrate and film formation.
The images were recorded at 300 images s~ ' (below). The timing of the images (from left to right) after impact of the first drop
is: t=17, 100, 137 and 180 ms.
Reprinted from F. C. Krebs, Fabrication and processing of polymer solar cells: A review of printing and coating techniques,
Sol. Energy Mater. Sol. Cells, 93, 394-412. Copyright 2009 with permission from Elsevier.®
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Figure 8.11 (a) Schematic diagram of the spray process, (b) continuous simul-

taneous film formation of a multilayer coating by spraying. Reprinted
with permission from C. H. Porcel, A. Izquierdo, V. Ball, G. Decher, J. C.
Voegel and P. Schaaf, Ultrathin coatings and (poly(glutamic acid)/
polyallylamine) films deposited by continuous and simultaneous
spraying. Langmuir, 2005, 21, 800-802.”> Copyright (2005) American
Chemical Society. (c) Schematic diagram of chemical vapor deposition.
Reprinted from K. L. Choy, Chemical Vapour deposition of coatings,
Prog. Mater. Sci., 48, 57-170. Copyright 2003, with permission from
Elsevier.”*

temperatures.”* CVD essentially involves the process of dissociation of
molecules of gaseous reactants, which subsequently react chemically
to form various structures when activated by heat, light, or plasma
discharge. Mostly solid-state, stable products are formed as a result of
the chemical reactions.”® Basically, the process of CVD at a surface to
generate a thin and solid film can be described as Figure 8.11(c).”* In
addition to the conventional CVD method, ie., so-called thermal
activated CVD (TACVD),”®”® many variants of the CVD method are
used to fabricate ARCs, such as plasma enhanced CVD (PECVD),””
photo-assisted CVD (PACVD),*® hot-wire CVD (HWCVD)*"*? and so on.

PECVD has been one of the most industrially preferred technologies
for ARCs. It is a glow discharge CVD, which uses electron energy
(plasma) as the activation method to enable deposition to occur at a
low temperature and at a reasonable rate. By this technique, the
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precursor molecules can be decomposed by pulsed microwave-
induced plasma and finally form an antireflective layer (TiO,/SiO,)
and/or anti-scratch layer (SiO,).** Remache and co-workers®* designed
porous silicon/PECVD SiO, ARCs with nice optical properties. They
first prepared mesoporous silicon layers on the front surface of the n™
emitter of a n* — p mono-crystalline silicon junction. The single layer
ARCs achieved around 9% of effective reflectivity on junction n*™ —p
solar cells at wavelengths of 400 nm to 1000 nm. Then they deposited
silicon oxide layers by PECVD on mesoporous silicon layers, leading to
an effective reflectivity reduction to 3.8%. The multilayer coating
was predicted to give an enhancement of the photogenerated current
exceeding 44%.
(6) Phase-separation

Polymer ARCs also have considerable practical value and wide-
ranging applications because of their ability to adhere to flexible
substrates. The preparation of a suitable polymer porous structure
with tunable maximum transmittance by a simple approach is still,
however, a big challenge.®® In 1999, a method based on the phase
separation of a macromolecular liquid to generate nanoporous poly-
mer films was proposed by Steiner’s group.?® Their technique was
based on the demixing of a binary polymer blend during spin-
coating.®” PS and PMMA were first dissolved in tetrahydrofuran and
spin-cast onto both sides of a microscope slide. During spin-coating,
phase separation set in, and after evaporation of the solvent, lateral
phase morphology was obtained. Then the glass slide was exposed to
cyclohexane, which selectively dissolves PS. Finally, porous films
with high optical transmission were obtained. A major advantage of
the approach is its versatility. By using appropriate combinations of
polymers and solvents, various monolayer and multilayers could be
created, such as a copolymer PS-b-poly (dimethylsiloxane) (PS-b-PDMS)
surface,*® porous PS/poly (vinylpyrrolidone) (PS/PVP) films and so on."

8.3.1.2 Top-down Fabrication

(1) Etching
The etching technique can be described as a selective dissolution or
ablation of a surface or substrate. Basically, etching can be divided
into two categories: wet etching and dry etching.

Wet etching can be described as a process using a chemical solu-
tion for dissolution with advantages such as precise selective attack
and fast etching rate. Usually, the solution is water-based because
water is corrosive to glass to some extent. Though the dissolution
mechanism remains unclear, there are some reactions that are
widely accepted to occur during dissolution: (1) hydration and
hydrolysis; (2) ion-exchange; (3) network reconstruction. In most
glass structures, the voids between oxygen and hydration are not
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Si—0-Si + H,0 «<Si—OH + OH-Si
Si—0-Si(OH); + OH™ — Si—O-Si(OH)s — Si—0 + Si(OH),
Si—OR + H;0" — Si—OH + R' + H,0
Si-OR + H,0 — Si~OH + R™ + OH

Scheme 8.2 Chemical reactions in the etching mechanism.”

large enough to allow water molecules to penetrate into the surface,
so the hydrolysis reaction may be accompanied by a network
dissolution by releasing water soluble species such as Si(OH), into
solution and leaving large voids for further reaction, as shown in
Scheme 8.2. By dehydration, the silanol groups (Si-OH) can condense
into a Si-O-Si network, as shown in the reverse reaction of
Scheme 8.2, which leads to a reconstruction of the glass surface,
and form a porous material.®**°

He’s group’ reported a method that uses water to create a hier-
archical superhydrophobic surface. However, the process temperature
is relatively high (>160 °C). Recently, Qi et al.®> demonstrated a simple
method for creating hierarchical pyramidal structures on a whole
silicon wafer using alkali etching at a low temperature (65 °C).
The fabrication procedure for creating hierarchical structures is
shown in Figure 8.12(a). There were three main steps: (a) fabrication
of pyramidal structures on a silicon surface with KOH etching;
(b) electroless deposition of a thin discontinuous layer of Ag nano-
particles on the pyramidal structures in HF/AgNO; solution; (c) gener-
ation of hierarchical structures by Ag-assisted etching and removal
of Ag nanoparticles in nitric acid. Their research provided a
cost-effective and facile approach for producing superhydrophobic
and antireflective silicon surfaces with a hierarchical structure
(Figure 8.12(b) and (c)).

Dry etching is currently used in the semiconductor industry due to
its unique ability over wet etching to carry out anisotropic and dir-
ectional etching or to create high aspect ratio structures (e.g. deep via
holes or capacitor trenches). Typically, bombardment of ions (plasma
of reactive gas such as fluorocarbons, oxygen, chlorine, boron
trichloride) is used to dislodge portions of the material from the
exposed surface with masked patterns. Other benefits of dry etching
are reduced chemical hazard treatment and contamination, and ease
of process automation and tool clustering.”*

The versatility of plasma processing is demonstrated for the prepar-
ation of nanotextured surfaces with superior wettability properties.
Leem”® reported the fabrication of broadband and wide-angle antire-
flective subwavelength structures on a silicon substrate by inductively
coupled plasma etching using Au nanopatterns as etching masks.
Palumbo et al.”® reported an effective plasma processing for preparing
both superhydrophobic and superhydrophilic surfaces from


http://dx.doi.org/10.1039/9781782623991-00193

Published on 01 September 2016 on http://pubs.rsc.org | doi:10.1039/9781782623991-00193

View Online

Chapter 8

I U Etching silicon in KOH

AAAA

Deposition of Ag nanoparticles in
I-lFlAgNO,

Ag-asslsted etching of silicon
then remove Ag nanoparticle

‘ nitric acid

mass low [ —
controllers | s
| l Prossuro
transducer

mm Silicon
Silver

Glass tube (d)

Rotary pump

Figure 8.12 (a) Fabrication procedure for creating hierarchical structures on a
silicon surface. (b) Cross-sectional SEM photograph of silicon pyramids
created with KOH etching. (c) Cross-sectional SEM photograph of
hierarchical structures generated with Ag-assisted etching. Inset: mag-
nified SEM image. Reprinted with permission from D. Qi, N. Lu, H. Xu,
B. Yang, C. Huang, M. Xu, et al., Simple approach to wafer-scale self-
cleaning antireflective silicon surfaces, Langmuir, 2009, 25, 7769-
7772.%% Copyright (2009) American Chemical Society. (d) Scheme of
the reactor for plasma texturing. Reprinted from ref. 93 with permission
from John Wiley and Sons. Copyright © 2011 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

polycarbonate (PC). The polymer nanostructure size can be controlled by

tuning the experimental plasma parameters during oxygen etching. The

scheme of the reactor for plasma texturing is shown in Figure 8.13(d).
(2) Lithography

The semiconductor industry has been pushing high-precision nano-

scale lithography to a rapid development. The previous fabrication
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Figure 8.13 Different alternative lithographic processes. (a) Injection molding,
(b) solvent-assisted molding, (c) hot embossing, and (d) soft lithog-
raphy.102’103
Reproduced with permission from A. del Campo and E. Arzt, Fabri-
cation approaches for generating complex micro-and nanopatterns on
polymeric surfaces, Chem. Rev., 2008, 108, 911-945. Copyright 2008
American Chemical Society.

97,98

strategy relied on costly e-beam lithography”® and photolithography.
Recently, unconventional nanofabrication techniques such as colloidal
lithography,”>' nanoimprint lithography,'" soft lithography’ based
on molding, embossing and printing were explored. The fundamentals
of some lithography processes are shown in Figure 8.13.'°>'* These
techniques have emerged due to high throughput and cost-effective
process capabilities, and have been applied to the fabrication of ARCs,
microchips and micro-electromechanical devices. These techniques
always resort to expensive tools such as those used in deep-UV projection
lithography and electron-beam lithography.

Currently, photolithography has been one of the most widely
used top-dpwn techniques in the fabrication of antireflective and
self-cleaning coatings'®®'**'** due to its several advantages, such as
full wafer processing and short exposure time. However, drawbacks
still exist such as the limited resolution and the limited possibilities of
working with pre-existing topography or curved substrates, which still
need further study.

8.3.2 Fabrication of Self-cleaning Surfaces

Techniques to produce self-cleaning surfaces can be generally classified into
two categories: (a) making a rough surface; (b) modifying a rough surface
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with a material of low surface energy (for superhydrophobic surfaces) or high
surface energy (for superhydrophilic surfaces).'*®

8.3.2.1 Fabrication of Superhydrophilic Surfaces

Superhydrophilic surfaces can induce “complete spreading” of water, which
would have a broad range of applications, including self-cleaning, antifog-
ging, water harvesting and in the biomedical field.'*”'® On one hand, the
roughness of a surface plays a key role in controlling its wettability. On the
other hand, superhydrophilicity can be achieved through photo-induced
surface reactions by some semiconductors such as TiO,, ZnO, WO; and
V205.109_112

Nano-scale porous structures and some microstructures are known to
exhibit superhydrophilicity. However, film porosity also plays an important
role in obtaining superhydrophilicity. Wetting can be controlled by changing
porosity and/or roughness. There are three types of rough surface: regular
(designed) surface, irregular (random) surface, and hierarchically rough
surface.'”® Films of nanoparticles are often deposited on substrates by
LbL,>*'™ spin-coating,"*® sputtering,''® hydrothermal synthesis'"” and so
on. Microstructures can grow from polymerization,"'® lithographic'®® and
electrochemical techniques."'® Photoinduced surface reactions are import-
ant for achieving super-wetting properties, and a large number of methods
were used to prepare superhydrophilic coatings with light-sensitive
materials, such as drop casting,"'""**° peroxotitanate-complex deposition
and liquid phase deposition,">"'** physical vapor deposition,'** atomic layer
deposition'**'*® and so on. To avoid duplication, we just describe a few
novel preparation methods in this section.

(1) Liquid phase deposition

Liquid phase deposition (LPD) is a process based on controlled hy-
drolysis and has been developed as a low temperature route to obtain
several oxide films, including TiO,."”” LPD processes are environ-
mentally friendly because they use low-cost and low energy-consuming
equipment and water as a solvent.'*® Deposition rate and crystal
orientation can be controlled by an appropriate choice of experimental
parameters such as pH, temperature, surface characteristics and so
on. Organic-polymer-core/TiO,-shell composite particles and TiO,
hollow spheres could be fabricated at a low deposition tempera-
ture."**'% Since the TiO, is successfully patterned at the micro and
nano scale, it is very attractive in superhydrophilic applications.

In recent years, some research groups have successfully prepared
porous TiO, films with a rough surface structure by combining the
LPD method with a LbL self-assembly process,''*'*! and also ex-
tended it to films of other metal oxides such as FeOOH."**> The com-
bination of different technologies enhances its appeal for industrial
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applications due to its scalability and effectiveness in coating surfaces
with complex morphologies.

(2) Physical vapor deposition (PVD)
Deposition of coatings by PVD techniques, in which a material is va-
porized and then condensed onto a substrate to form a thin coating,
has been widely used in many industrial sectors such as integrated
circuits. Common PVD methods include thermal deposition, ion
plating, ion implantation, sputtering, laser vaporization, and laser
surface alloying.'*’ TiO, thin films with a thickness ranging from 300
to 500 nm were prepared by PVD in an electron evaporation system."*?
To control the porosity and the surface roughness, evaporation was
carried out at different glancing angles with respect to the evaporation
source. The top views of TiO, thin films prepared by PVD and the
effect of UV irradiation on the wetting angle on the films are shown in
Figure 8.14. The control of deposition conditions by PVD has given
thin films where not only the crystallographic structure but also the
microstructure and porosity are controlled. Illumination, surface
roughness, surface contamination, type of crystal planes at the sur-
face, etc. play varied roles in the UV-induced wetting behavior of the
films. Superhydrophilic TiO, thin films can also be fabricated by
frequency magnetron sputtering deposition.'**'*> The temporal evo-
lution of the water contact angle was found to depend on the total gas
pressure, which influences the crystalline structure of the films.

(3) Hydrothermal treatment
Hosono et al. reported a fabrication method of TiO, nanosheet films
by heat treatment."*® The resulting anatase TiO, nanosheet films
showed superhydrophilic properties without the need for any UV ir-
radiation treatment. An aqueous solution of urea and the titanium
sheet were placed in a Teflon-lined autoclave, which was heated at
100 °C for 4 days. After the hydrothermal treatment, the sheet was
then transformed to TiO, by heating at 400 or 600 °C for 30 min in
air. Figure 8.15(a) and (b) shows the presence of perpendicular TiO,
nanosheets on the titanium sheet, and the perpendicular nanosheet
thickness is around 2.5 nm. The high concentration of defects or
dangling bonds is a result of the specific morphology and is respon-
sible for the superhydrophilicity without prior UV irradiation
(Figure 8.15(c)). Hydrothermal treatment also applies to silica
glasses. He’s group®’ fabricated a superhydrophilic surface by simple
hydrothermal treatment of slide glass at 180 °C for 24 h. After
reaction, a predominant three-dimensionally interconnected porous
structure (the upper left corner in Figure 8.15(d)) was observed
together with minor network structures (the lower right corner in
Figure 8.15(d)), and the coating thickness was about 4 pm
(Figure 8.15(e)). The rough surface exhibited a WCA of ca. 0° in less
than 40 ms.
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(a)-(e) Top views of TiO, thin films prepared by PVD. (f) Dependence of wetting angle on time. In (f), the filled symbols refer to
the decay in wetting angle during illumination and the empty symbols refer to the recovery of wetting angle when the
illuminated thin films were kept in the dark. The inset in (f) shows an enlarged timescale evolution of wetting angle for the
PVD thin films under illumination."*?

Reprinted from V. Rico et al., Wetting angles and photocatalytic activities of illuminated TiO, thin films, Catal. Today, 143,
347-354. Copyright 2009, with permission from Elsevier.
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Figure 8.15 SEM (a) and TEM (b) images of a perpendicular TiO, nanosheet film
fabricated via hydrothermal synthesis and heating in air at 400 °C for
30 min. (c) Measurement of the contact angle of water on the per-
pendicular TiO, nanosheet film. Reproduced with permission from
E. Hosono, H. Matsuda, I. Honma, M. Ichihara and H. Zhou, Synthesis
of a perpendicular TiO, nanosheet film with the superhydrophilic
property without UV irradiation, Langmuir, 2007, 23, 7447-7450.'%¢
Copyright (2007) American Chemical Society. (d) SEM image of coating
prepared at 180 °C for 24 h. (e) Cross-sectional image of the coating in
(d). Reproduced with permission from X. Liu and J. He. One-step
hydrothermal creation of hierarchical microstructures toward super-
hydrophilic and superhydrophobic surfaces, Langmuir, 2009, 25, 11822—
11826.°" Copyright (2007) American Chemical Society.

8.3.2.2 Fabrication of Superhydrophobic Surfaces

Superhydrophobic surfaces have a water contact angle greater than 150° and
low contact angle hysteresis (lower than 5°). Because of their unique water-
repellent property, these surfaces have attracted significant attention over
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the last two decades, which can essentially influence a lot of cutting-edge
topics, including surface structures and fluid motivation, in engineering and
biotech researches."””"*° Learning from nature, we know that the low sur-
face energy of -CF; groups, silyl compounds, or fluorocarbons is not the only
condition to obtain superhydrophobicity."**'*" Regardless of the material
used and structure (particles, rod arrays, or pores) formed on the surface,
suitable roughness in combination with low surface energy is required. Until
now, procedures of roughening the surface followed by hydrophobization or
transforming low-surface-energy materials into rough surfaces have been
commonly used to produce superhydrophobic surfaces.'** Since Tsujii
et al.'* first both theoretically and experimentally studied biomimetic
superhydrophobic surfaces in 1996, various smart methods for attaining
rough surfaces that exhibit superhydrophobicity have been reported, such
as LbL deposition,"**'*> dip-coating,"*® lithography,”**” chemical vapor
deposition,**®'** electrospinning,"*"** sol-gel processing,"”*'** plasma
treatment,'>>'*® one-pot reaction, electrochemical deposition'>*'%°
and so on. Similarly, we only discuss some of the classic fabrications of
superhydrophobic films in this section.

157,158

(1) Electrospinning

Electrospinning is a simple and versatile technique for continuous
production of micro/nanofibers from polymers.'®""'*> The electro-
spinning process is carried out by a high electric field between a syr-
inge containing viscous polymer solution and a conducting substrate.
To form uniform fibers, the molecular weight of the polymer and the
concentration of the solution should be carefully considered and ad-
justed. By electrospinning a mixture of polymer and hydrophobic
material or introducing secondary structures, uniform super-
hydrophobic fibers can be obtained.'®>'®*'** Figure 8.16 shows a
coaxial electrospinning operation, in which a coaxial nozzle consists
of a central tube surrounded by a concentric annular tube.'®® Steckl’s
group produced core-sheath-structured nano/microfibers that com-
bine different properties from individual core and sheath materials by
coaxial electrospinning. The first Teflon electrospun fibers were
reported using coaxial electrospinning with Teflon AF sheath and
poly (e-caprolactone) core materials. Superhydrophobic and oleopho-
bic membranes were successfully produced by these core/sheath
fibers. In addition, the combination of nanoparticles and electrospin-
ning process is effective to increase surface area and porosity for
superhydrophobic surfaces.

In 2009, the He group™" reported the preparation of large area
superhydrophobic titania membranes by electrospinning, followed
by calcination and surface modification with 1H,1H,2H,2H-
perfluorooctyltriethoxysilane (POTS). Varied surface structures were
fabricated by combination of electrospinning and hydrothermal
treatment. It is important to control precursor aging time (¢aging) and
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Figure 8.16 Coaxial electrospinning operation: (a) diagram of the coaxial nozzle; (b)
core-sheath droplet without bias; and (c) Taylor cone and coaxial jet
formation at 12.5 kV; (d) a coaxially electrospun PCL/Teflon AF mem-
brane and contact angle measurement (2 pL water droplet). Reproduced
with permission from D. Han and A. J. Steckl, Superhydrophobic and
oleophobic fibers by coaxial electrospinning, Langmuir, 2009, 25, 9454—
9462."% Copyright (2009) American Chemical Society. (¢) SEM image of
fibers prepared using a precursor solution aged for a ¢,4ing 0f 24 h and a
telectrospinning Of 90 min, insets are contact angles on the membrane; (f)
SEM image of titania nanomembrane after hydrothermal treatment for
120 min. Insets are corresponding contact angle and sliding angle
(taging=24 h and membrane pore size =0.786 pm). Reproduced with
permission from H. Tang, H. Wang and J. He, Superhydrophobic titania
membranes of different adhesive forces fabricated by electrospinning,
J. Phys. Chem. C, 2009, 113, 14220-14224.""" Copyright (2009) American
Chemical Society.

electrospinning time (Zejectrospinning) Well. Very interesting is that when
the titania membrane was obtained by using a feicctrospinning Of 90 min
followed by treatment with POTS, water droplets on the surface ap-
peared spherical and adsorbed firmly onto the substrate even when
the substrate was turned upside down (Figure 8.16(e)). However, if the
titania membrane was subjected to hydrothermal treatment in a
Ti(OBu), acidic solution for 120 min, the water contact angle became
155° and the sliding angle remarkably changed to 2°. It truly meets the
conditions of superhydrophobic self-cleaning. As shown in
Figure 8.16(f), nanoparticles grew along the perpendicular direction
of fibers and finally became rod-like crystals after 120 min of
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hydrothermal treatment. The formation of the hierarchical microna-
nostructure resulted in a thick air layer and kept the water droplet
from contact with the fibers.

Templating

The template-based method is an imprint-related way to prepare su-
perhydrophobic surfaces.'®® Templating involves the use of a master
with desired features, replication of the features and subsequent lift-
ing off the replica or dissolution of the templates."*® Many materials
can be used as a template such as natural lotus leaves,'®”'®® candle
soot,'®® insect wings,"’® reptile skins,"’® master prepared by litho-
graphic processes'’" or commercial inorganic membranes.'””

Sheng et al.'”®> have demonstrated fabrication of nanostructured
superhydrophobic polymeric surfaces by a simple (one-step) repro-
ductive method of anodic aluminium oxide (AAO) template extrusion.
By tuning the diameter of the AAO template and the pressure to
extrude, high-density polyethylene nanofiber surfaces with different
nanometer roughness were prepared. The water contact angle test
showed that the surface was superhydrophobic and sliding angles were
very important for the dynamic wettability of the superhydrophobic
surfaces. Park’s group'’* also reported a synthetic route for ordering a
set of Au nanoparticles on the vertically aligned conducting polymer
for superhydrophobic surfaces with low water flow friction. By
mimicking the lotus leaves, they combined two scale roughness
composed of nanorods and nanoparticles, which is very favorable for
the preparation of the superhydrophobic structure.
Hydrophobization
After the surface coating has been roughened, most of them still do
not exhibit superhydrophobicity. It is necessary to lower the surface
energy of the roughened surfaces. The commonly used reactive mol-
ecules for low-surface-energy modification can be classified mainly
into four categories: fluorinated molecules, alkyl molecules, non-
fluorinated polymer and silicon/silane compounds.'**

Due to the extremely low surface free energy and simple reaction of
the silane group with the hydroxyl group, fluoroalkylsilanes are
the most commonly used chemicals."”>'”® However, most fluoro-
alkylsilanes are expensive and potentially harmful to human health
and the environment. Therefore, Wang’s group used stearic acid to
modify TiO, or SiO, particles on roughened cotton textiles to make
them superhydrophobic.””"'”® Polymers with low surface energy can
also be used for hydrophobization. Ramaratnam*®® developed a per-
manent nanocoating to create ultrahydrophobic fibers/textiles with
excellent water repellency and self-cleaning ability, which contained
29 wt% styrene and 1.4 wt% reactive maleic anhydride groups on a
PET fabric covered with epoxidized silica nanoparticles. The coating
exhibited excellent water repellency and self-cleaning ability.
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8.3.3 Progress in Antireflective Self-cleaning Coatings

In recent decades, surfaces with either an antireflective or self-cleaning
property have been studied intensively. Scientists have made significant
progress and a few excellent reviews have been published to give an inte-
grated introduction.***'®'"%> Coatings with practical significance that
combine both antireflective and self-cleaning properties still need, however,
vigorous investigation and a consolidated summary. In this section, we
introduce the latest progress in antireflective self-cleaning coatings.

Silicon and glass are the most important materials for solar cells and other
optical devices. Unfortunately, due to their high refractive indices, more
than 30% of incident light is reflected back from the surface of crystalline
silicon and nearly 10% of light is lost from the air/glass interface.'®®
In addition to effective improvement of the transmittance and wettability
of substrates, low cost and simplification of the fabrication method are
also very important for industrial applications. He’s group did lots of work
on antireflective self-cleaning coatings.'®*>**'87719 The building blocks
used for the LbL assembly are from solid SiO, nanoparticles of different
sizes (Figure 8.17(a)),"” nonspherical mesoporous silica nanoparticles
(Figure 8.17(b)),>® hierarchically mesoporous silica nanoparticles
(Figure 8.17(c))'®” to hollow mesoporous silica nanospheres (Figure 8.17(d)).*’

Recently, Jiang’s group developed several simple colloidal templating
approaches for fabricating ARCs on both glass and silicon substrates."**%°
All these approaches are based on a simple and scalable spin-coating tech-
nique to produce colloidal crystals with nonclose-packed structures. In 2008,
they developed a simple and scalable templating technique for making ARCs
on silicon and glass substrates, and investigated the antireflective and
nonwetting properties of templated pillar arrays with high aspect ratio (up to
ca. 10)."®” The outline of the templating procedure for patterning sub-
wavelength pillar arrays on a silicon substrate is shown in Figure 8.18(a).

They first used a spin-coating technique to generate nonclose-
packed colloidal layers on silicon wafers. After coating, the wafer and glass
exhibited much lower reflection, which were below 2.5% and 0.5%,
respectively. Figure 8.18(b) and (c) show water drop profiles on fluorosilane-
modified silicon and glass pillar arrays, respectively. Both coatings were
superhydrophobic and the WCA was ca. 172° for the former and ca. 160° for
the latter. They believe that this technique is promising for developing self-
cleaning ARCs for a large variety of technological applications and for in-
dustrial manufacture.

TiO,-based coatings can be easily applied to transparent substrates such
as plastics to provide a self-cleaning function. However, the coatings always
increase the surface reflection of the transparent substrate because of the
large RI of TiO,, and the reflection of TiO, coated substrates can be as high
as 20%."*° Fujishima et al.>' fabricated PET films with a moth-eye-like sur-
face, which were coated with TiO, particles. The films exhibited a high


http://dx.doi.org/10.1039/9781782623991-00193

Published on 01 September 2016 on http://pubs.rsc.org | doi:10.1039/9781782623991-00193

View Online

220 Chapter 8

Figure 8.17 SEM images of (a) a LbL deposited (PDDA/S-150),/(PDDA/S-30); coating
on slide glass. Reproduced with permission from X. Liu and J. He,
Superhydrophilic and antireflective properties of silica nanoparticle
coatings fabricated via layer-by-layer assembly and postcalcination,
J. Phys. Chem. C, 2009, 113, 148-152, Copyright (2009) American
Chemical Society.'® (b) Coating of nonspherical mesoporous silica
nanoparticles as prepared by deposition of one cycle of PDDA
and nonspherical mesoporous silica nanoparticles (PDDA/MPSNP).
Reproduced with permission from X. Li, X. Du and J. He ], Self-cleaning
antireflective coatings assembled from peculiar mesoporous silica nano-
particles, Langmuir, 2010, 26, 13528-12534, Copyright (2009) American
Chemical Society.>® (c) Coating of hierarchically mesoporous silica
nanoparticles on slide glass by alternate LbL deposition of PDDA/MSNs
of one cycle. Reproduced with permission from X. Du, X. Li X and J. He,
Facile fabrication of hierarchically structured silica coatings from
hierarchically mesoporous silica nanoparticles and their excellent super-
hydrophilicity and superhydrophobicity, ACS Appl. Mater. Interfaces,
2010, 2, 2365-2372. Copyright (2009) American Chemical Society.'®”
(d) Particulate coating of hollow mesoporous silica nanospheres pre-
pared by deposition of one cycle of PDDA/HMSN followed by calcination.
Reprinted from ref 45 with permission from John Wiley and Sons.
Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

transmittance of 76-95% in the range of 400-800nm and good super-
hydrophilicity after irradiation with UV light. They believed that such coated
films will be important for improving the performance of solar cells and flat
panel displays. Lately, SiO,&TiO, double-shell hollow nanospheres (DSHNs)
were designed and synthesized in He’s group (Figure 8.18(d)).'*® They used
the nanoparticles as building block for fabricating multifuncitonal AR thin


http://dx.doi.org/10.1039/9781782623991-00193

Published on 01 September 2016 on http://pubs.rsc.org | doi:10.1039/9781782623991-00193

View Online

Antireflection and Self-cleaning Coatings: Principle, Fabrication and Application 221

a®Poeees s

reooeoaa®
a0 0P

40

- 30
£ 904 zZ
§ _20 8&
5
£ 801 =
d e e cof10 &
= L e e ppier— o~

>, E'_;i-_-_r;:.':;;;#ﬂ‘ﬂ"‘:_ﬁ

400 600 800 1000 1200

Wavelength (nm)

Figure 8.18 (a) Outline of the templating procedure for fabricating antireflective
silicon pillar arrays by using a nonclose-packed colloidal monolayer as
a template. Superhydrophobic coatings achieved on both templated
silicon (b) and sol-gel glass pillar arrays (c) Reprinted from ref. 197 with
permission from John Wiley and Sons. Copyright © 2008 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (d) TEM images of SiO,&TiO,
DSHNS, (e) UV-Vis-Near IR transmission spectra of (I) blank K-9
glass and SiO,&TiO, DSHN thin film-coated K-9 glasses, which were
fabricated by varied withdrawing speeds of (II) 50 mmmin ", (III)
100 mm min %, (IV) 150 mm min~ ' and (V) 200 mm min ', respectively.
Reprinted from ref. 198 with permission from the Royal Society of
Chemistry.

films. Substrates with DSHN thin films attained transmittance as high as
99.4% and average transmittance up to 98.5% in the visible region
(Figure 8.18(e)). The nano-composite SiO,-TiO, films exhibited intrinsic
superhydrophilicity, anti-fogging, high photocatalytic activity, favorable ro-
bustness and function durability, which make them extremely attractive for
applications in lenses, photovoltaic cells and windows of high-rise buildings.

Recently, antireflective and self-cleaning coatings on conductive sub-
strates (such as indium-tin-oxide (ITO) glasses) have gradually attracted the
attention of scientists. White organic light-emitting devices (OLEDs), which
have many desirable characteristics such as being ultrathin, light weight,
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and having good flexibility, have been considered as a new generation of
solid-state lighting sources. For the conventional bottom-emitting OLEDs
fabricated on a flat glass substrate, however, only a small fraction (<20%) of
the light generated in the device can escape and 80% is trapped in the glass
substrate (glass mode) and the high index organic layer (waveguide modes).
Wu et al.>°° came up with two reference bottom-emitting OLEDs without and
with antireflective film, as shown in Figure 8.19(a) and (b). To improve light
out coupling efficiency of conventional OLEDs, they fabricated an antire-
flective nanopillar array film onto the opposite side of the ITO-coated glass
substrate by low-cost imprint lithography. Owing to the nanopillar structures
and the inherent low-surface energy of PDMS, the film exhibited a high WCA
(151°), as shown in Figure 8.19(d). After placing it in dirty water, a lot of dust
resided on the glass surface, while the nanopillar array film remained clean.
The transmittance and SEM characterization are shown in Figure 8.19(c), (d)
and (f). The simple, cost-effective, and reproducible method may find great
applications in illuminations and displays.

As we know, enhanced visible light is beneficial to improving the photo-
electric conversion efficiency of solar cells. Similarly, antireflection near-
infrared optics also has many important applications such as for night
vision, sensors, dichroic mirrors, medical detection, body scans, and hot-spot
detection.”***> Camargo et al.>®® prepared a two-layer film composed of
multi-scale silica nano-particles and a poly-tetrafluoroethylene (PTFE)-like
layer. An additional silica aerogel layer, combined with silica nanoparticle
multi-scale clusters and PTFE-like layer, improves light transmittance further
to 99.5% between 1600-2100 nm and a WCA of 158 £2°.

Recently, Park et al.>** reported the fabrication of a multifunctional sur-
faces composed of tapered conical nanotextures by interference lithography.
They designed an ingenious procedure to precisely geometrically control the
conical shape and slenderness of the features as well as periodicity at the
nanoscale. As a result, the desired aspect ratios and periodicities with few
defects and large pattern area were achieved. The fabricated nanostructures
demonstrated enhanced polarization-independent optical transmission
(>98%) over a broad range of bandwidth and incident angles, and super-
hydrophilicity or robust superhydrophobicity after chemical vapor de-
position treatment. However, in our opinion, though the fabricated structure
shows good performance, the preparation conditions are too complex and
demanding for practical applications. It is meaningful and necessary to
further simplify the preparation process.

The performance of antireflective self-cleaning coatings has made good
progress in the last few years, and is expected to be applied to many fields
including optics, energy conversion and storage, and biomedical appli-
cations. However, very few products have been launched using such surfaces
due to their susceptibility to mechanical contact during normal uses, such as
finger contact, abrasive wear, and washing cycles.'*”**> Poor mechanical
reliability and durability is still one of the major bottlenecks that prevents
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Figure 8.19 External quantum efficiency enhancement of white OLEDs (a) with antireflective film (b). (c) The optical transmittance before
and after being immersed in dirty water. (d) The wetting property of flat glass and pillar arrays. (e) and (f) Comparison of the
flat glass and pillar arrays characterized by the SEM images.**

Copyright 2011 Optical Society of America.
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them from being applied in commercial and industrial domains. Some ef-
forts are apparently needed to overcome these drawbacks.

8.4 Applications

Multi-functional antireflective surfaces have attracted a lot of interest be-
cause the additional functions can improve the performance of optical de-
vices. In the last years, antireflective and self-cleaning coatings have received
tremendous attention. Antireflective self-cleaning coatings can be employed
in a variety of applications: not only optical and electro-optical systems in
telecommunications, glass lenses, eyeglasses, medicine, military products,
but also lasers, mirrors, solar cells, IR diodes, multipurpose broad and
narrow band-pass filters, architectural and automotive glasses and varied
kinds of displays.>°°

8.4.1 Architectural Windows and Glasses

Glass coatings can modify the surface properties and optimize the visual
transmittance (ARCs), thermal transmittance (low-E coatings), solar factor
(solar control filters) and glass maintenance (self-cleaning coatings) of
glasses.”®’

In the building engineering and construction industry, coated glasses act
as an active filter to optimize the interactions between outdoor conditions
(temperature, illumination) and indoor conditions. The main applications of
ARC glasses are external glasses of tall buildings envelopes, transparent
roofs, antiglare glasses, shop windows, museum and archaeological paths,
reflector and projector glasses, etc.””” For instance, the Amiran glass by
Schott is a well-known example with very high light transmittance in the
visible range. Simultaneously, concerning the maintenance cost of glasses,
especially the innovative robot systems for tall buildings, self-cleaning ARCs
glasses have become a commercial product with huge potential. In 2001,
Pilkington Glass announced that they had developed the first self-cleaning
windows. Usually, these kinds of windows are coated with a thin transparent
layer of TiO,, which presents self-cleaning properties through two distinct
ways: photocatalysis and hydrophilicity. Saint-Gobain adopted the same
principle in the Bioclean self-cleaning glass. Another important example of
their application in buildings is the famous architecture of the China Na-
tional Grand Theatre.?*®

However, there are some limits to the technologies available, such as the
durability of treated glasses when exposed to the external environment.

8.4.2 Solar Collectors and Photovoltaic Modules

Solar cells are solid-state electrical devices that convert the energy of sunlight
directly into electricity by the photovoltaic effect. Crystalline silicon is the
most important material for solar cells. However, a common problem is the
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high RI of doped silicon and more than 30% of incident light is reflected
back from the surface of crystalline silicon.’®> The reflection loss at the
surface or interfaces is a disadvantage, which negatively affects the energy
conversion efficiency of solar cells. For these reasons, scientists have devised
a number of strategies for reducing the reflection of sunlight on the surface
of solar cells, such as appending coatings with intermediate RI,**® embed-
ding metallic nanoparticles to induce surface plasmonic scattering,*'°
micro-texturing”’' and absorption nanostructures with photonic crys-
tals.>'? Bernhard discovered the moth cornea, which has uniformly arrayed
conical protuberances in 1967. This structure was deemed to have the po-
tential to prevent surface reflection for the whole solar radiation spec-
trum.>'® After that, various films of inorganic, polymeric, and inorganic/
polymer hybrid materials have been fabricated by using diverse techniques.
Some of them are assembled on solar cells to carry out detailed performance
tests. Simultaneously, several compounds have been used as ARCs on crys-
talline silicon solar cells such as ITO, SnO,, SiO,, MgF,, ZnS and ZnO.>'* The
coatings can raise the efficiency of silicon-based PV devices by reducing the
light energy lost due to reflection.

Nowadays, quarter-wavelength silicon nitride (SiN,) films deposited by
PECVD are the industrial standard for ARCs on crystalline silicon sub-
strates.'®” This method offers high uniformity, high precision and high rates
of deposition, but on the other hand, it is a high-cost chemical process that
needs vacuum chambers. Other methods such as dip-coating, spray-coating,
LbL, etc., offer alternative approaches to low-cost and high-efficiency fabri-
cation of ARCs. The controllability of thickness, RI and uniformity in these
methods is still, however, a challenge and needs more deep research and
development.

Glass is one of the most important optical substrates. Although the re-
flective loss is ca. 4% from each air/glass interface, which is not as serious
as that of silicon, it could still degrade the performance of optical devices
especially when multiple components are involved.**'®” The use of glass
with ARCs as a cover for solar thermal collectors has been proved to in-
crease the efficiency of the system. For example, calculations have shown
that the yearly energy output in a solar heating plant, where the tempera-
ture of the solar collector fluid is 100 °C, can be increased by about 20% by
using ARCs on the solar glass cover. Generally, the material used as ARCs
on glass is silicon dioxide.”'”> However, a drawback limiting the use of ARCs
is the adhesion of grime, which reduces transmittance constantly and
significantly. For staying clean, outdoor packaging glasses usually mimic
the lotus effect where dust and water cannot stick to the nano-structured
surface. In other words, the ARCs are often endowed with superhydrophilic
or superhydrophobic properties to prevent the accumulation of dust on
modules which can reduce net efficiency by 32-40% over the first eight
month period and up to 71.8% over a period of 15 years.>*'®*'” In add-
ition, TiO, coatings are also used on solar cells for their photoinduced
superhydrophilicity and photocatalytic property, which are very suitable in
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humid environments. The self-cleaning properties originate from a com-
bination of the photocatalytic oxidative decomposition of organic con-
taminants and superhydrophilicity, which causes water droplets to spread
on the TiO, surface, aiding the cleaning process. Whereas, it was also
observed that most of the photocatalytic effect was lost within 5.5 years of
outdoor exposure.”'® For dry environments, the glass itself should have a
nano-structured surface so that the dust does not settle on the surface,
and water is allowed to spread. Therefore, the combination of both self-
cleaning and antireflective properties with strong durability is very
desirable for applications in photovoltaic devices.

There are many other materials that can be used to prepare ARCs.
In Chen’s articles, the structures of solar selective surfaces are classified
into seven different categories, i.e., intrinsic selective materials,
semiconductor-metal tandems, multilayer absorbers, textured surface ab-
sorbers, transition metal oxides, carbon nanoparticles embedded in ZnO
and NiO and metal-dielectric composites.>'® Herein, ZnO single crystal
nanorods or nanowires, which are cheap, stable, environmentally-friendly
and nontoxic, have captured the attention of many researchers and
show good prospects for optoelectronic applications because of their large
exciton energy of 60 meV.>*’

8.4.3 Display Devices

Conventional display devices such as a cathode ray tube (CRT), liquid crystal
display (LCD) and plasma display panel (PDP) are output devices for the
presentation of information in visual or tactile form. The CRT creates images
by accelerating and deflecting the electron beam onto the fluorescent screen,
the LCD uses the light modulating properties of liquid crystals and the PDP
utilizes small cells containing electrically charged ionized gases as fluor-
escent lamps. In these applications, reflection losses which affect the effi-
ciency of transmitted energy should be avoided as much as possible.

Olifierczuk et al. once determined the reflection influences on the optical
parameters for color visualization in the negative mode of a twisted nematic
(TN) display.® A numerical program was worked out to obtain the contrast
ratio and luminance in on-state for a reflective TN display working in real
conditions. His results showed that the application of antireflective layers is
necessary for obtaining a high value contrast ratio (CR) and could increase
the value of CR about four times. Consequently, it is extremely important to
eliminate harmful reflections in reflective TN displays.

In the latest displays, such as flat panel displays, the application of
functional surface coatings with an antireflective property is a common
solution. And the self-cleaning function may add new merits to the devices.
Flat panel displays encompass a growing number of electronic visual display
technologies. They are far lighter and thinner than traditional television sets
and video displays that use cathode ray tubes (CRTs). They are widely ap-
plied in modern portable devices such as laptops, mobile phones, digital
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cameras and camcorders. In addition to LCD and PDP, examples of flat
panel displays also include an organic light-emitting diode, electrolumin-
escent display (ELD) and quantum dot display (QLED). In flat panel displays
or detector applications, antireflective surfaces are usually employed to
increase transmission and eliminate ghost images or veil glare caused by
reflection from the optical surfaces, promoting the performance of the
devices. In many applications (cell phones, cameras, etc.), the display must
be magnified, but size and weight of the optical system must be minimized.
Further, light is often polarization sensitive, which means that birefringence
is undesirable. Hence, specialized coatings (including mirrors) are
necessary.>*!

In some cases, wavelength-selective absorption films are attracting inter-
est as a means of increasing the color purity of phosphors and improving
their contrast. Ohishi*** prepared a rhodamine B derivative with an ethoxy-
silano group by reacting rhodamine B sulfonyl chloride with aminopropyl-
triethoxysilane in dry pyridine. Then SiO, sol solution containing the new
derivative was spin-coated onto the surface of a display device, such as CRT
or PDP and then heated to form a thin film. This film exhibits good contrast
enhancing properties because the organic dye can be incorporated into the
film at high concentrations.

Moving further to possible applications, functional composite thin films
with antireflective and self-cleaning properties are expected to be printed on
a flexible substrate, such as a flexible conducting ITO substrate.*** There-
fore, the integration of superhydrophobicity and ARC into a surface is very
desirable for various displays.

8.5 Conclusion and Outlook

In summary, recent developments in typical fabrication routes and appli-
cations of ARCs with a self-cleaning property have been described in
this chapter. These surfaces have attracted significant attention within the
scientific community over the last few decades because of their unique
transparency-enhancing, self-cleaning properties and their potential for
practical applications. The main contents of the chapter are summarized in
Figure 8.20.

Although varied strategies have been developed to fabricate these func-
tional surfaces, most of them are limited to laboratory research and are not
suitable for industrial scale production. Several challenges still remain for
practical applications. First, the ARCs are commonly susceptible to mech-
anical contact during normal use, such as finger contact, abrasive wear,
washing cycles, and sand impact.”** Mechanical wear on the surfaces could
destroy the microscopic roughness features, or even remove the coatings
from the substrates, finally causing a decline or complete loss of their optical
property and wettability. Second, most of the reported preparation techni-
ques involve multistep procedures or harsh conditions, or require special
reagents and equipment. Many of those methods are expensive and only
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Figure 8.20 Main contents of the chapter.**®
Reprinted from L. Yao and ]J. He, Recent progress in antireflection and
self-cleaning technology - From surface engineering to fiunctional
surfaces, Prog. Mater. Sci., 61, 94-143. Copyright 2014 with permission
from Elsevier.

applicable to small flat surfaces or substrates of specific materials.'****° The
limited durability and the high costs of coated surfaces are the two main
barriers to the real applications of ARCs.

Most of the current work is still focused on increasing light transmission
and wettability. In the near future, the following research directions should be
given more consideration. (I) By combining theoretical simulation with
modern analytical technologies and tools, further exploration and explan-
ations should be conducted to reveal the mechanism of fabrication and
the relationship between composition, structure, and property of surfaces.”*°
(IT) Fabricating ARC surfaces of high mechanical strength and abrasion re-
sistance by cost-effective techniques is the key point in future work. It is sig-
nificantly meaningful for large-area industrial production. (III) Environmental
issues should be taken into account when preparing ARC surfaces. Not only fly
ash but also water slurry or oil may fall on surfaces, and become contamin-
ation species.””” Organic contaminants may also be adsorbed on the surfaces
and change their optical and wetting properties. Therefore, multifunction
surfaces with either enhanced durability or self-healing features are preferable
for daily use. (IV) Interdisciplinary cooperation is necessary for researchers
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in the area of science and engineering. The increasing collaboration would be
useful for identifying additional challenges, understanding fabrication
mechanisms, and improving durability and abrasion resistance to adapt to
practical applications. (V) Novel materials and coating techniques should be
researched, which would expand the range of applications.

In conclusion, further fundamental investigations are still necessary
to develop a simple, time- and cost-effective approach to achieve durable
antireflective surfaces possessing sufficient self-cleaning and mechanical
stability in future work. It will be beneficial for practical applications in
large areas.
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9.1 Introduction

As a general consensus, environmental protection has long been a particu-
larly important issue. Unfortunately, oil or organic chemical leaks during
industrial accidents or oil tankers sinking happen frequently." For example,
oil spill accidents have continued to occur, from the 1967 Torrey Canyon oil
spill to the latest 2011 Bohai Bay oil spill.> The explosion of the “Deep water
Horizon” oil rig,’ the most serious pollution incident of the last decade, is
catastrophic for the environment and the effect is long term and lethal,
especially for marine and aquatic ecosystems. It has also produced
an abominable influence on people’s normal life.* To address the oil
spill, artificial separation, rather than burning, of the oily water is a more
satisfactory way. Burning the as-spilled oil would waste energy and create
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more environmental pollution while the separation of as-spilled oil can be
re-collected and reused in various industries. Aside from these, wastewater
from industries such as petrochemicals, food, textiles, leather, and metal
processing, has not been treated completely and discharged, resulting in
lasting detrimental ecological effects. In order to deal with these issues,
researchers have paid more and more attention to investigating separating
oil/water mixtures.’

Until now, methods applied to separating oil/water mixtures have been
gradually put forward.® Previously, some conventional techniques were em-
ployed to deal with oily wastewater, i.e., centrifuges, oil skimmers, coalescers,
settling tanks, gravity separations, ultrasonic separations, coagulation, an
electric field, and flotation technologies.” During these separation processes,
low separation efficiency, high energy consumption, and the secondary pol-
lutants are limited to their wide applications. Thus, it is highly desirable to
look for more efficient and economical methods to solve these problems.”

Essentially speaking, the oil/water separation is the wettability behavior
that occurs at the interface of the solid, air, water and oil phase. Materials
with superhydrophobic surfaces, one of the extreme states of surface wet-
tability, have been inspired, intensively explored and accelerated by the
discovery of a lotus leaf’s self-cleaning phenomenon in nature.® Various
porous or pulverous superhydrophobic materials have been investigated for
the absorption and removal of various kinds of oils and organic solvents from
oily wastewater. If the oil/water mixture is in an emulsified state, materials
usually used for immiscible oil/water separation may be invalid because of
the smaller droplet size. An elaborate membrane filtration technology was
developed and can often be used to separate various emulsions.

In this chapter, we will begin with the understanding and design of the
superhydrophobic surface, its definition, approaches to superhydrophobic
surfaces and endowing some special materials with superhydrophobic
property. Next, we will discuss various oil-water separations based on
various superhydrophobic or superwettable materials. As for the separation
of emulsified oil/water mixtures, the materials for the separation of water-in-
oil, oil-in-water, and both water-in-oil and oil-in-water emulsions will be
sequentially introduced. Followed by these, the principles to optimal design
of materials bearing on separating oil-water mixtures are presented. Finally,
the summary and outlook concerning future development of oil-water
separations will be included.

9.2 Understanding and Design of the
Superhydrophobic Surface
9.2.1 Understanding the Superhydrophobic Surface

It is widely accepted that wettability is the tendency of a liquid to spread on
a solid substrate and is characterized by the water contact angle (WCA).
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Figure 9.1 Schematic illustration of a droplet placed onto a flat substrate (a) and
rough substrates (b) and (c). The droplet on a rough surface is either in a
Wenzel state (b) or a Cassie-Baxter state (c).
Reproduced from ref. 11 with permission from the Royal Society of
Chemistry.

The WCA is defined geometrically as the angle formed by a liquid droplet
at the three phase boundary where a liquid, gas and solid intersect each
other as shown in Figure 9.1(a).” The value of WCA on a surface can be
used to determine the degree of affinity between liquid and solid, denoting
a surface with contact angle (CA) below 90° as hydrophilic. If the CA value
on a surface is larger than 90°, then it can be denoted as a hydrophobic
surface.’® The sliding angle (SA), is a threshold tilting value of the
angle between the surface and horizon line, above which a liquid droplet
starts to roll/slide upon elevating an end of the surface.'' The SA of a water
droplet on a solid surface is also an important parameter for predicting
its wetting behavior in practical applications.'” Generally, a super-
hydrophobic surface is defined as having a WCA greater than 150° but a SA
less than 10° for a 5 pL droplet. Such surfaces commonly exist in the
biological world and many plant leaves (lotus leaf,”” ramee rear surface®®)
and specific surfaces of animals (water striders,'* eyes of mosquito'®) in
nature exhibit their superhydrophobic surface. As for a superhydrophobic
surface, the interplay of surface microstructure and chemical composition
causes water droplets to remain spherical on this kind of surface or slide
away easily.

Next, we will discuss the effect of roughness factor and free surface energy
on the wettability of solid surface. For an ideal smooth solid surface, Young’s
equation can be expressed as follows:

cos Oy = Tsa s (9.1)
V1A

where yg, and yp, are the surface energies (surface tensions) of the solid and
liquid against air, and yg;, is the interface energy (interface tension) between
solid and liquid. In a practical situation, the roughness of a solid surface can
greatly magnify the wetting properties of this solid even without taking into
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account any other potential influence factors. The “roughness factor”” can be
denoted by r and is given as:

actual surface

r=roughness factor = (9.2)

geometric surface

It should be pointed out that the area of the actual surface will be always
greater than that of the geometric surface (the surface measured in the plane
of the interface). Wenzel proposed an equation that gives a relation between
the equilibrium CA and the apparent angle formed on a rough surface, re-
ferred to as the Wenzel equation:

cos Oy =rcos 0, (9.3)

where 0, is the equilibrium CA, 0y is the apparent CA on a rough surface
and the Wenzel state is schematically shown in Figure 9.1(b). This equation
directly tells us that the roughness can amplify the wetting property
of the solid surface. That is to say, if a water droplet is initially wetting
on a smooth surface, the roughness would lead to greater hydrophilicity;
if a water droplet is originally non-wetting on the smooth surface, then
the introduction of the roughness can make the surface of the solid
substrate even more non-wetting, resulting in an enhancement of
hydrophobicity.

The Wenzel equation has revealed the apparent CA on a rough surface, but
it would be invalid while the solid surface is porous or composed of diffident
composition. Cassie and Baxter further amended the equations proposed by
introducing the surface coefficient, referred to as the Cassie-Baxter equation
given below:

cos Ocg =fsr(1 + cosOy) — 1 (9.4)

where fg;, represents the solid-liquid fraction under the contact area and the
Cassie-Baxter state is schematically shown in Figure 9.1(c). When fg;, = 1, the
Cassie-Baxter equation turns into the Wenzel equation.

On the other hand, water droplets initially wetting or non-wetting an ideal
smooth surface depends on its surface properties. Surface atoms or mol-
ecules of liquids or solids have higher energy than similar atoms and mol-
ecules in the interior, which results in surface tension or surface free energy
(surface energy) so as to reach a stable state with a relatively lower energy. So
the surface energy or surface tension can be used to evaluate the surface
properties. In general, increasing the surface roughness was not directly
based on a low-surface-energy substrate and then modifying the as-prepared
rough surface with low-surface-energy materials is obligatory. Special low-
surface-energy materials will be illustrated later in this chapter. This eluci-
dation regarding roughness and surface properties is helpful for us to make
surfaces with a superhydrophobic property.
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9.2.2 Approaches to a Superhydrophobic Surface

Based on the preceding section, we bear in mind that the surface roughness
and surface energy (chemical composition) are both crucial factors for the
formation of superhydrophobic surfaces. Numerous fabrication methods
have been developed for the preparation of rough surfaces, each having their
own strengths and weaknesses.'® They are often divided into two basic ap-
proaches: the top-down method and the bottom-up method."”

As for the top-down method, etching, lithography and anodization are
widely used. Etching—removal of material from original surfaces—is a facile
process to produce a rough structure and can be separated into wet etching
and dry etching. Based on wet etching, Guo et al. have produced rough
surfaces on aluminium and its alloy with binary structures at micro- and
nanometer scales by subtle oxidation'® and Zhang et al. prepared micro-
flowers and nanorod array hierarchical structures on a copper substrate by
immersing it into a mixed solution of NaOH and ammonium persulfate
((NH,4),S,05)."° Laser processing is an example of dry etching to construct a
special surface topography. Yong et al. prepared spike-like structures on a
flat Si surface via femtosecond laser micromachining by a line-by-line and
serial scanning process, as shown in Figure 9.2.>° Utilizing the technique of
lithography, surfaces can be patterned with different shapes and different
sizes. Jo et al. firstly prepared a ZnO nanoparticles dispersion resin and then
patterned a circular cone-shaped micro-pattern with the as-prepared resin by
ultraviolet nanoimprint lithography.*! Anodization, often used as a material
protection technology, is a kind of metal surface treatment in which the
surfaces of a metal and its alloy form an oxide film through an impressed
anodic current in an electrolyte solution. Barthwal et al. fabricated a rough
surface based on a Ti plate via anodization.>* The TiO, nanotube arrays are
tightly formed on the entire surface of the Ti substrate with a satisfactory
appearance.

As for the bottom-up methods, electrodeposition, the hydrothermal
method and the sol-gel process are selected as representatives. Electro-
deposition is aimed at covering the substrate with a layer of metal. The
surface morphology can be controlled by changing monomer structures and
the electrochemical parameters. We have fabricated rough copper mesh
films via a facile and environmentally friendly method by electroplating Cu
nanoparticles on as-cleaned copper mesh films.?> The hydrothermal
method, the products of which are high purity uniformly disperse, is another
useful technique to create roughness. We have prepared a rough surface
based on hierarchical rutile TiO, flowers through a simple one-step hydro-
thermal method.** The flower-like structure was made up of many petals on
the surface obtained and each petal consisted of many ultrathin nano-
needles as shown in Figure 9.3 and these rough coatings show super-
amphiphilicity in air. As for the sol-gel process, chemical solution or sol is
utilized as a precursor. When a large amount of solvent remains in the
network during the network formation process, a gel is formed after a series
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Figure 9.2 Typical SEM images of a structure irradiated by femtosecond laser.
(a) 45° tilted view SEM image. (b) Higher resolution 45° tilted view
SEM image. (c) Top view SEM image. (d) High magnification SEM image
of a single spike decorated with nanoscale protrusions.
Reproduced from ref. 20 with permission from the Royal Society of
Chemistry.

of hydrolyses of the precursor.>® The sol-gel method can be applied to many
kinds of substrates, such as metals, silicon wafers, glass, and textiles, fab-
ricating superhydrophobic coatings.?® We have developed a feasible method
to fabricate a spray of sol-gel nanocoatings which can realize transparent
superhydrophobic coatings on most solid surfaces through a mild process
without any pre-treatment.””

We found that the top-down method achieves a surface topography with
high control, and the bottom-up method usually leads to a random struc-
ture.”® However, the top-down method is difficult to put into effect.

These methods are applied to construct a rough surface. Usually, surface
modification with low surface energy materials is required for fabricating a
superhydrophobic surface.?® Until now, various kinds of low-surface-energy
coatings have been developed as shown in Figure 9.4, such as, alkane-
thiols,>® organic silanes,®" fatty acids,”® aromatic azide,® and fluoro-
carbon.?® Alkanethiols are a kind of low-surface-energy materials bearing
a hydrophobic alkyl chain and a thiol group as a surface anchor. Organic
silane was used to modify surfaces bearing hydroxyl groups (hydrophobicity
of its alkyl chain), such as silicon wafers, glass slides, silicon nanoparticles
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Figure 9.3 FE-SEM images of hierarchical rutile TiO, flowers: (a) top view of flower
clusters, (b) top view of an individual flower, and (c) the close-up of
nanopetals. (d) The close-up of a selected area enclosed by a black
rectangle in inset; the inset shows TEM image of a single nanopetal.

and zeolite, to create low-surface-energy coatings.>! Fatty acid is another
important low-surface-energy material and surface wetting ability with dif-
ferent contact angles can be obtained by modifying rough surfaces with
different lengths of alkyl chain. By use of a surface-reactive molecule of
4-azido-N-dodecylbenzamide with a molecule bearing an alkyl chain as a
hydrophobic tail and an azide group as the reactive surface anchor, Zhang
et al. developed a simple and convenient method to provide stable low-
surface-energy coatings on organic surfaces.>® The chemical composition
determines the low surface free energy, and a lower surface energy leads to
higher hydrophobicity.**> Generally, these low-surface-energy coatings were
usually anchored on the rough substrate by self-assembled or spin-coating
methods. Self-assembled monolayers (SAMs) are molecular assemblies that
are formed spontaneously by the immersion of an appropriate substrate into
a solution of an active surfactant in an organic solvent.*”

9.2.3 Endowing Special Materials with a Superhydrophobic
Property

The special materials here have the potential to be used for oil-water sep-
arations. These functional materials mainly contain sponge and foam-based
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Figure 9.4 Examples of low-surface-energy modifications: long alkyl chain thiols,
long alkyl chain thiols bearing benzoic acid, alkyl or fluorinated organic
silanes, long alkyl chain fatty acids, and alkyl chain modified aromatic
azides (from left to right).

Reproduced from ref. 29 with permission from the Royal Society of
Chemistry.

materials, fabric-based materials, metallic mesh-based materials, particles
and powdered materials.

9.2.3.1 Sponge and Foam-based Materials

Sponges and foams, with their inherently plentiful holes and hydrophilic
properties, are cheaply available materials. Sponges and foams show an
interconnected three-dimensional skeleton supported by chaotic fiber as-
semblies, thus endowing the sponges and foams with a huge space for oil
absorption and storage. Generally, they can absorb various liquids (in-
cluding water and oils or organics) with poor selectivity, which make them
unrealistic for removing oils/organics from the water phase. Importantly,
high selective absorption can be realized on a sponge after a construction of
a befitting surface topography and modification with low surface energy
substances. Pan et al. used a solution-immersion process to prepare super-
hydrophobic polyurethane (PU) sponges bearing a Ag coating.>® They
claimed that the as-prepared sponges quickly and selectively absorbed
various kinds of oils over 13 times the sponges’ weight while completely
repelling water through a combination of porous, superhydrophobic, and
superoleophilic properties. We have used a facile and easily scalable fabri-
cation technique based on commercially available PU foams functionalized
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with polypyrrole (PPy) by in situ polymerization. This sort of PPy-coated
sponge comprising nano-scale rough coatings and micro-structured porous
substrates is shown in Figure 9.5(a).>” Such a superhydrophobic PPy-coated
sponge is quite stable in several harsh conditions, including heating at
200 °C for 1 h, and freezing at —20 °C for 1 h. As shown in Figure 9.5(b),
when the sponge was dropped on a n-hexane/water surface, it floated easily
on the water and set out to absorb the red n-hexane quickly. By simply
moving them around oil-polluted waters using tweezers, they can absorb the
floating oil from the polluted regions, thereby purifying the contaminated
water. In Figure 9.5(c), the underwater dichloroethane (higher density than
water) can also be removed and recycled efficaciously using this super-
hydrophobic sponge. Endowed with a superhydrophobic property, sponge
and foam-based materials are one of the promising routes for developing
oil/water separation materials.

9.2.3.2 Fabric-based Materials

After endowing fabric with a superhydrophobic property, it is also con-
sidered a good candidate for oil/water separation because the ready-made
fibers in the integral fabric provide microscale roughness and their native
porosity ensures the free passage of liquids. It should be noted that the
initial roughness of the fabric is not sufficient and establishing a hier-
archical rough structured surface on the fabric is needed. Many research
groups have utilized a dip coating method, one of the simplest approaches,
to achieve this goal. Xue et al. have reported that by coating fibers with
titania sol to generate a dual-size surface roughness, followed by hydro-
phobization with stearic acid, 1H,1H,2H,2H-perfluorodecyltrichlorosilane
or their combination, hydrophilic cotton fabrics were made super-
hydrophobic.?® We have proposed a general methodology for robust super-
hydrophobic fabrics via the in situ growth of both transition-metal oxides
and metallic nanocrystals, including the simple neutralization reaction and
oxidation-reduction reaction. The porous surfaces coated with Group VIII
and IB nanocrystals (such as Fe, Co, Ni, Cu, and Ag) can not only present
multiscale surface roughness, but also readily coordinate with thiols, lead-
ing to special wettability.>® Frankly, fabric has its weakness, such as a thin,
paper-like two-dimensional structure, which seriously limits its oil capture
ability.

9.2.3.3 Metallic Mesh-based Materials

As important and irreplaceable engineering materials, metals are widely
used in our daily life.** Metallic mesh-based materials possess relative
uniform and different sizes of pores with different meshes (200, 400 or
800 meshes and so on) per square inch. There are many types of metallic
mesh-based materials, such as stainless steel mesh, copper mesh, titanium
mesh, etc. To enhance the superhydrophobic behavior of a porous metallic
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Figure 9.5 (a) SEM images of the superhydrophobic PPy-coated and pristine PU sponge. (b) The absorption and recycling process of
n-hexane. (c) The absorption and recycling process of the underwater dichloroethane.
Reproduced from ref. 37 with permission from the Royal Society of Chemistry.
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mesh film, a filtering mesh with selective permeability to water and oil was
prepared, resulting in oil/water separating properties. A stainless steel mesh
was the first material for fabricating superhydrophobic surfaces via a spray-
and-dry method by Jiang et al. in 2004.*" The pre-mixed aqueous emulsion
containing Teflon, adhesive (polyvinyl acetate), dispersant (polyvinyl alco-
hol), and surfactant (sodium dodecyl benzene sulfonate) was sprayed evenly
on the stainless mesh with compressed air and then it underwent a high-
temperature drying process (350 °C) to decompose the adhesive, dispersant
and surfactant. The prepared mesh was so water-repellent that a water
droplet was unstable on it and rolled off easily We have reported that mixed
modifiers of methyl-terminated thiol and carboxyl-terminated thiol were
successfully assembled on stainless steel meshes utilizing polydopamine as
the adhesion layer and the strong thiol ligand with Ag.*” Importantly,
the surfaces modified by mixed thiol show different responsive behavior to
non-basic and basic water droplets. Plus, the selectiveness of high water-oil
repellence reveals the unique and smart tendencies of the as-prepared
functional stainless steel mesh.

Copper mesh is another frequently used substrate for oil/water separation.
Inspired by a ramee leaf, rod-like unitary structured films were fabricated on
copper meshes via a facile and simple chemical vapor corrosion method by
us.*® Following the surface modification of 1-decanethiol (C;,H,,S), the as-
prepared films exhibiting superhydrophobicity and superoleophilicity can
be applied to separate an oil-water mixture. In a comparative perspective,
these superhydrophobic surfaces with unitary microstructures have better
surface mechanical properties than those with binary micro- and nano-
structures. Furthermore, we have fabricated a superhydrophobic copper
mesh film, which can orderly separate the oil/water mixtures.** During the
separation process, oil selectively permeated from water first, but then the
water also spontaneously passed through later. For all we know, there has
been no report about separating oil/water mixtures sequentially before.
Compared to previous reports, it effectively simplifies the operation with no
need for excluding water after oil separation. Besides, instead of making
efforts to design materials responding to external stimuli (such as pH,
temperature, UV, and magnetic field), it is much more simple to control the
oil and water collection step by step via regulation of the oil/water mixture.
What is more, the raw material used here is cheap, commercially available,
and easily fabricated, which is of great importance to design an ideal
separation material for industrial applications.

9.2.3.4 Particles and Powdered Materials

In the preceding subsections, the superhydrophobic surfaces used in water—
oil separation were mainly fabricated on porous substrates, such as meshes,
fabrics, membranes, and so on. These oil/water separation surfaces allow oil
to penetrate through them whereas they resist water due to negative capillary
effects. Although they can efficiently separate a mixture of oil and water, they
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cannot selectively remove oil in situ from the oil-water interface. Recently,
some novel hydrophobic and oleophilic particles without porous skeletons
like sponges have been developed to achieve selective oil separation in situ
from an oil/water mixture. Mahapatra et al. developed a simple, cost-effective
and ‘“‘green” route for the synthesis of highly hydrophobic and oleophilic
CaCO; particles in the absence of any solvent and at ambient temperature
conditions.*” Oleic acid as an additive promotes polymorph selectivity from
calcite to vaterite with “flaky-floret” like morphology with concomitant
changes in its surface wettability from hydrophilic to hydrophobic. The
materials synthesized have been successfully employed for selectively mop-
ping up a variety of oils such as sunflower oil, engine oil and diesel from the
surface of water. This has been established in its powder form as well as in
the format of a “spill-pouch”. In addition, the material has been used to
fabricate functionalized polyurethane foam, which mops up oil spillages
from water and renders the oil easy to recover. Although these particles and
powders can be used in oil spill clean-ups, they are difficult to transfer and
recycle. Naturally, magnetic particles/powders were developed to overcome
the recycling problem because particles/powders with magnetism can be
easily collected using an external magnetic field. We have reported a facile
method to synthesize Fe;O,@polydopamine (Fe;O,@PDA) composite mi-
crospheres as shown in Figure 9.6." These functional Fe;0,@PDA core-shell
composite microspheres with magnetic response and special wetting
properties were successfully assembled utilizing the modification of
1H,1H,2H,2H-perfluorodecyltrichlorosilane. In this paper, we demonstrated

Polyethylene glycol

Sodium acetate J Dopamine

Fe;0, microspheres J f
,\é_ﬂ: ST T
HCl

) .’—

p— )

- —

FeCl;-6H,0 SULCF;3(CFy),(CH,),SiCl;
+ethylene glycol +20 ml n-hexane
Separation of oil from water Fe;04@PDA-FS

Figure 9.6 Schematic representation of the preparation and application of super-
hydrophobic Fe;O0,@PDA-FS microspheres.
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that the as-obtained product with designed functionality has favorable su-
perhydrophobic and superparamagnetic properties, showing significant
advantages in both magnetic control behavior and oil/water separation.

9.3 Various Oil-Water Separations Call for Various
Superwettable Materials

Even superhydrophobic materials have been widely applied for oil-water
separations, they cannot cover all this research field. As mentioned previ-
ously, we will expand to other extreme states of surface wettability, super-
hydrophilic/underwater superoleophobic surfaces. We should point out that
the surfaces with superhydrophilic property often exhibit underwater su-
peroleophobicity naturally and the difference between superhydrophobicity
and superhydrophilicity is only whether the rough substrate is modified
by low-surface-energy coatings or not. Here, we regard the superwettable
materials with extreme states of surface wettability including super-
hydrophobic/superoleophilic materials and superhydrophilic/underwater
superoleophobic materials.

9.3.1 The Background of Oil-Water Mixture Formation

Mixtures of oil and water can be classified in terms of the diameter (d) of
the dispersed phase: free oil (oil droplet size >150 um), dispersed oil
(20 uym<oil droplet size<150 pum), and emulsified oil (oil droplet size
<20 um).*® Here, we denote the mixtures of oil and water with oil droplet
size >150 pm as layered oil-and-water mixtures (or immiscible oil-water
mixtures), and denote the mixtures of oil and water with oil droplet size
<20 um as emulsions. Utilizing the special wetting behavior of functional
surfaces, two different types of these materials—superhydrophobic/super-
oleophilic surfaces and superhydrophilic/underwater superoleophobic
surfaces—have been successfully designed, fabricated, and employed in the
separation of layered oil-water mixtures, as given in Section 9.3.2.

Emulsions tend to have a cloudy appearance because the multiple phase-
interfaces scatter light as they pass through the emulsion. An oil-water
emulsion is a complex form of oil-water coexistence, especially in the
presence of surfactants (or dispersants). Common emulsions are inherently
unstable and, thus, do not tend to form spontaneously. Even to form a
temporary emulsion, energy input through stirring, homogenizing, shaking,
or exposure to power ultrasound is needed. Over time, emulsions tend to
revert to the stable states of the phases comprising tiny parts of emulsion. To
obtain a stable state of emulsions, an emulsifier (or surfactant), a substance
with both hydrophobic and hydrophilic groups, which stabilizes an emul-
sion by increasing its kinetic stability, are necessary.

Despite this, oily wastewater, whether industrial effluent or sanitary
wastewater, exists in emulsion form. So the separation of oil-water
emulsions has a double significance in ecology and economics, and special
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attention is paid to the latest development in advanced materials for oil-
water emulsion separation below.

9.3.2 Types of Superwettable Surfaces Applied for Immiscible
Oil-Water Separations

9.3.2.1 Superhydrophobic/Superoleophilic Surfaces Applied for
Oil-Water Separations

Due to the lower surface tension of oil, it is usually hard for the
superhydrophobic surfaces to repel oil droplets and in many cases, super-
hydrophobic surfaces exhibit a superoleophilic property. Superhydrophobic-
superoleophilic materials are typical oil-removing materials. The
superhydrophobic and superoleophilic properties will make an oil phase
spread easily while the water phase will be repelled, thus separating oils from
an oil-water mixture. These types of ideal oil removing materials are gener-
ally considered to have a high oil absorption capacity as well as a low water
pick up, low density, they are environmentally friendly, and have good
recyclability for a wide range of oils/organics.

We have presented that stable superhydrophobic and superoleophilic
nanocoatings on textiles and sponges, successfully achieved from thiol-
ligand nanocrystals, can effectively be used for application in oil/water
separation.”” The nanocrystals include VIII and IB metals and oxide nano-
particles, such as Fe, Co, Ni, Cu and Ag. Textiles with superhydrophobic VIII
and IB nanocoatings with n-octadecyl thiol as a modifier have a similar
surface energy to oil droplets, and these modified textiles will favor super-
oleophilicity. The difference between water and oil on these surfaces with
special wettability results in one intrinsic application in oil/water separation.

We have developed a kind of stable superhydrophobic/superoleophilic
soft porous material for oil/water separation via the oxidative chemical
polymerization of aniline on the surface of fabrics as shown in
Figure 9.7(a).*® Interestingly, the as-prepared fabrics showed stable and ro-
bust superhydrophobic properties towards many corrosive solutions (acidic,
basic, salt liquids), hot water, and mechanical abrasion. In addition, it was
proven that this method can also be applied to other porous materials
with different pore diameters and chemical composition, such as stainless
steel meshes with different pore diameters and sponges. As shown in
Figure 9.7(b), when a mixture of water and oil (dyed with Solvent Red 24 for
clear observation) was poured from a separating funnel onto a mesh, the
water flowed to the outside of the bottle into the beaker, while oil quickly
permeated though the mesh and dropped into the bottle. The results
indicated that the oil/water mixture could be effectively separated by the
as-prepared superhydrophobic PANI-coated mesh. Importantly, oil/water
separation has successfully been achieved via the superhydrophobic/
superoleophilic PANI-coated fabric, as illustrated in Figure 9.7(c). When the
hexane and water mixture was poured onto the superhydrophobic fabric,
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Figure 9.7 (a) Schematic drawing of the synthesis procedure of the superhydropho-
bic PANI-coated fabric. (b) Oil/water separation process of the super-
hydrophobic mesh coated with PANI nanofibers; the chloroform was
dyed with Solvent Red 24 for clear observation. (c¢) Oil/water separation
process of hexane and water using the superhydrophobic PANI-based
fabric; the water was dyed by methylene blue for clear observation.
Reproduced from ref. 48 with permission from the Royal Society of
Chemistry.

hexane quickly spread and permeated through the fabric and then rapidly
dropped into the beaker underneath, whereas the water (dyed by methylene
blue for clear observation) resided on the fabric.
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9.3.2.2 Superhydrophilic/Underwater Superoleophobic Surfaces
Applied for Oil-Water Separations

Gradually, researchers have discovered some drawbacks of superhydrophobic/
superoleophilic materials, i.e., they are easily fouled or blocked by oil due to
high viscosity and these materials are usually unsuitable for oils that are less
dense than water. Fish scales, which are known to be well protected from
contamination by oil pollution in the sea, have stimulated particular interest.
Inspired by fish scales, a promising oil-water separation material with
hydrophilic and underwater superoleophobic properties has been developed.
Superhydrophobic/superoleophilic materials are applied to allow the oil phase
to penetrate the surface (or absorb the oil phase) but repelling water while
superhydrophilic and underwater superoleophobic surfaces can let the water
pass through freely, however repelling oil totally. In 2014, our group achieved
some good results regarding this aspect. Dong et al. demonstrated a novel
method to fabricate a hydrophilic graphene oxide (GO) coating onto stainless
steel meshes.” Compared to neat meshes, GO-coated meshes become more
hydrophilic in air and superoleophobic under water. Taking advantage of this
completely opposite wettability, it can separate various oils from water under
gravity. Yu et al reported an outstanding superhydrophilic and underwater
superoleophobic film that can separate water from oil prepared by growing
pure silica zeolite crystals on a stainless steel mesh.”® Based on the excellent
superhydrophilicity and underwater superoleophobicity of their zeolite
surface, high separation efficiency of various oils can be achieved. Flux and
intrusion pressure are tunable by simply changing the pore size, dependent
on the crystallization time of the zeolite crystals. Based on an important type
of zeolite (Silicalite-1: structure type MFI) coating on the stainless steel, we
have prepared special wettable films that are superamphiphilic in air and
superoleophobic underwater as shown in Figure 9.8.°' This prepared film can
effectively collect the oil from an oil/water mixture underwater driven by
gravity several times, showing good durability and high separation efficiency,
which is very helpful in the promising application of energy-efficient mem-
branes for reducing the environmental impact of oil spills.

Figure 9.8 Superhydrophilic and underwater superoleophobic MFI zeolite-coated
film for oil/water separation.
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9.3.3 Superwettable Surface Applied for Emulsified
Oil-Water Separations

In realistic situations, oil-water mixtures are not always well layered and a
large amount of oil-water mixtures needed to be processed exists in the form
of an emulsion. The materials mentioned above are commonly not suitable
for emulsified oil/water separation, especially for surfactant-stabilized emul-
sions. The pore sizes of these materials are usually tens of micrometers.
However, the oil dispersion phase in water or water dispersion phase in oil are
generally considered as automatic layers because oil and water are immiscible
in nature and their densities are different. Generally, an emulsion is defined
as a drop in the diameter of the dispersed phase (oil or water) lower than
20 um. Here, we defined an oil dispersion phase in a water continuous phase
(size of oil droplet less than 20 pm) as an “‘oil-in-water emulsion’” and defined
a water dispersion phase (size of water droplet less than 20 pm) in an oil
continuous phase as ‘‘water-in-oil emulsion”. Whether an emulsion of oil and
water turns into an ‘“oil-in-water emulsion” or a ‘water-in-oil emulsion”
depends on the volume fraction of both and the type of emulsifier (surfactant)
present. Some progress has been made in this field and the emulsion
separation materials can also be divided into the same types as the layered oil/
water separation materials: superhydrophobic/superoleophilic materials and
superhydrophilic/underwater superoleophobic materials.

9.3.3.1 Superwettable Surface Applied for Emulsified
Oil-in-water Separations

Chen et al. report a novel kind of superhydrophilic hybrid membrane,
prepared by depositing a CaCOjz-based mineral coating on PAA-grafted
polypropylene microfiltration membranes, for effective oil-in-water emul-
sion separation.”” In their work, diesel was utilized as the target oil for
preparing oil-in-water emulsions. Experimental results show that the
permeate flux can reach 2000 L m~> h™'. This value is much higher than
conventional ultrafiltration membranes (300 L m~> h™'), while the external
pressure used (0.05 MPa) is lower than that of the latter (>0.1 MPa).

In Wang’s work, they synthesized a hierarchically porous monolith with
macro- and meso-pores via a sol-gel and phase separation process.>” Due to
the surface modification by organic silanes, the wettability of the silica
material was effectively controlled. A series of hydrophobic porous silica
monoliths (HPSM) were obtained. Using a “reverse membrane emulsifi-
cation” process, the HPSM not only cleared oil away from water, but also
broke the micro-emulsion efficiently, even when emulsion stabilizer was in
the system, as shown in Figure 9.9. They speculated that HPSM exhibited
excellent demulsification ability via adsorbing the emulsifier from the
emulsion, leading to the complete breakdown of surfactant stabilized
emulsions (Figure 9.9(c)). The demulsification ratio is as high as 99.95% and
the HPSM were reusable.
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Figure 9.9 (a) Image of the filtrated solutions which were partly, A, and completely,
B demulsified. (b) The diameter distribution of droplets in the micro-
emulsion and (c) the mechanism of the demulsification by HPSM-18.
Reproduced from ref. 53 with permission from the Royal Society of
Chemistry.

9.3.3.2 Superwettable Surface Applied for Emulsified Water-in-
oil Separations

Amar et al. have prepared one kind of fluorosilane-grafted ceramic mem-
branes that can be used to separate waterin-oil emulsions, through a
thermally-driven ~ separation process.”* After grafting 1H,1H,2H,2H-
perfluorodecyltriethoxysilane on the ceramic membrane, their hydrophilic
character (CA=25°) changed into hydrophobic (CA=160°). High salt and
oil retention higher than 99% were obtained using a modified ceramic
membrane. Huang et al. developed a novel fluorinated benzoxazine, namely
3-(3-(trifluoromethyl)phenyl)-2H-benzoxazine-6-carbaldehyde (BAF-CHO) as a
starting monomer, which was synthesized via a one-step Mannich reaction.””
The as-synthesized in situ polymerized superhydrophobic and superoleophilic
nanofibrous membranes can effectively separate water-in-oil microemulsions,
as schematically shown in Figure 9.10, which exhibit an extremely high flux of
892 L m > h™' solely driven by gravity, as well as good antifouling properties,
thermal stability and durability, suggesting their use as promising materials
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Figure 9.10 Schematic of the emulsified water-oil separations from Huang’s work.
Reproduced from ref. 55 with permission from the Royal Society of
Chemistry.

for practical emulsified wastewater treatment. (Even though the phrase “oil/
water emulsion” is used in the picture, the microemulsion is an water-in-oil
emulsion as the partially enlarged drawing in the image indicates.)

Zhang and Chen et al prepared superhydrophobic polymer/carbon
nanotube hybrid membranes via covalent attachment of a hydrophobic
polymer.”® The membrane obtained shows excellent separation properties
for surfactant-stabilized water-in-oil emulsions with separation efficiency as
high as 99.94% and high flux (5000 L m~> h™' bar '). As shown in
Figure 9.11, a dispersed water/toluene emulsion was poured into the fil-
tration cell and was suction filtered under a pressure of 10 kPa. Emulsion
droplets de-emulsified once touching the PS-g-CNTs membrane, toluene
immediately permeated through the membrane and water was retained
above the membrane. In Figure 9.11(b), before separating, there are nu-
merous water droplets with a size of about 70 nm in the feed solution. In
Figure 9.11(c), after separating, there are no droplets that can be observed in
the collected filtrate in the whole view. All this evidence demonstrates
the excellent separating properties of the PS-g-CNTs membrane. It is worth
noting that the membrane exhibited good antifouling properties, out-
standing recyclability, robust stability and durability, showing attractive
potential for practical oil/water separation.

In realistic situations, oily water produced and emitted by human activ-
ities or industries are extremely complex situations regarding the coexist-
ence of oil-in-water emulsions and water-in-oil emulsions. It is hard to judge
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Figure 9.11 (a) Photograph of separating a water/toluene emulsion where toluene selectively permeates through the PS-CNTs membrane.

Photographs and DLS data of water/toluene emulsion before (b) and after (c) filtration.
Reproduced from ref. 56 with permission from the Royal Society of Chemistry.

¥9¢

6 L23dvyD


http://dx.doi.org/10.1039/9781782623991-00245

Published on 01 September 2016 on http://pubs.rsc.org | doi:10.1039/9781782623991-00245

View Online

Advances in Oil/Water Separation of Biomimetic Superhydrophobic Coatings 265

their kind and, in most cases, there is probably a mixture of these two types.
Killing two birds with one stone is interesting and satisfying. Therefore, it is
of great importance to seek better functional materials in response to these
circumstances. Gu et al. achieved Janus (with different properties on the same
object) polymer/CNTs hybrid membranes via self-initiated photo-grafting and
photopolymerization (SIPGP).”” This novel membrane can effectively separate
both surfactant stabilized oil-in-water and water-in-oil emulsions because of
the anisotropic wettability of the membranes. The WCA of the membrane
increases to 153° after modification with hydrophobic poly(styrene) (PS); on
the other hand, grafting hydrophilic poly(N,N-dimethylaminoethyl meth-
acrylate) (PDMAEMA) from the lower surface (opposite side of the PS brushes)
leads to a WCA decreasing to 17°. These remarkable membranes make them
promising candidates for various practical applications such as controllable
oil/water separation and selective oil absorption.

9.4 The Principles to Optimal Design of Oil-Water
Separations Materials

In essence, oil/water separation is the wettability behavior that occurs at the
interface of the solid, air, water and oil phase. When a liquid droplet was
presented on a solid surface in air, we investigated a series of situations.
Theoretically, we have optimally designed superhydrophobic surfaces using
a paraboloid and semicircular protrusion microtexture.”® The effects of all
the geometrical parameters for such a paraboloid microtexture on free en-
ergy (FE) and free energy barrier (FEB) as well as equilibrium contact angle
(ECA) and contact angle hysteresis (CAH) of a superhydrophobic surface
have been systematically investigated in detail. We found that the droplet
position for a metastable state is closely related to the intrinsic CA of the
surface. Furthermore, the paraboloid base steepness plays a significant
important role in ECA and CAH, and a critical steepness is necessary for the
transition from non-composite to composite states. In addition, it has been
revealed experimentally that some superhydrophobic surfaces in nature,
such as the rice leaf, show strong anisotropic wetting behavior. In our
published work, based on a thermodynamic approach, the effects of the
profile shape of a parallel grooved microstructure on FE with its barrier
(FEB) and ECA with its hysteresis (CAH) for various orientations of different
parallel micro texture surfaces have been systematically investigated in de-
tail.>® The results indicated that the anisotropy of wetting properties strongly
depended on the specific topographical features and wetting state.

To easily understand wetting behavior underwater, we firstly and com-
paratively give the multi-situations in air (Figure 9.12(a)—(c)). When wetting
behavior occurs underwater, we take the CA of a smooth surface into account
firstly (Figure 9.12(d)). As suggested by Jung and Bhushan, the wetting
equation at a solid-water-oil interface can be conducted by combining
the Young’s equation (eqn (9.1)) of a solid-air-water interface and a
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Figure 9.12 Comparative illustration of the in-air and underwater wetting mech-
anism of water/oil droplets residing on solid surfaces at different
wetting states. (a) Water droplet on a smooth surface. Water droplet
on rough surfaces with (b) a Wenzel (homogeneous) wetting state and
(c) a Cassie (heterogeneous) wetting state. (d) Underwater oil droplets
on a smooth surface. Underwater oil droplets on rough surfaces with (e)
a Wenzel (homogeneous) wetting state and (f) a Cassie (heterogeneous)
wetting state.
Reproduced from ref. 61 with permission from the Royal Society of
Chemistry.

solid-air-oil interface.®® The apparent OCA (0ow) in an aqueous environ-
ment can be given as:

70a€0S 0o — Pwacos Ow

Tow

cos Oow

(9.5)

where Oy and 0 are the WCA and OCA in air. yo,, Ywa and yow are interface
tensions of oil-air, water-air and oil-water interfaces, respectively. Oy and 0qg
represent the WCA and OCA in air. As predicted by eqn (9.5), for a hydro-
philic surface, the surface is simultaneously oleophilic due to the lower
surface tension of oil (yo4) in air than that of water (ywa) (0o < 0w <90°).
Therefore, the values of cos 0 and cos Oy are all positive. Since the surface
tensions of oil/organic liquids are much lower than that of water (yoa < ywa),
the value of yoa - €0s 0p — Pwa - €0s Oy is commonly negative and thus it can
be concluded that most hydrophilic surfaces in air show an oleophobic
property underwater at the solid-water-oil interface.

Similar to the Wenzel and Cassie equations in air, the underwater Wenzel
equation (Figure 9.12(e)) and Cassie equation (Figure 9.12(f)) can be ob-
tained by introducing the surface roughness and contact phase fractions
(solid-oil and solid-water interfaces).

Wenzel equation: cos Oy = rcos Oow (9.6)

Cassie equation: cos Ocg =7t fso c0S Oow + fso — 1

=1t c0S Oow — fow(7r cos Oow + 1) (9.7)
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where fso is the solid-oil fraction under the contact area. It is obvious that
the underwater wettability of oil is also determined by the surface rough-
ness, solid-oil fraction (solid-water fraction), as well as the Young’s CA of oil
in an aqueous environment.

The above analysis is of great concern to optimally separate layered oil/
water mixtures. As for oil/water emulsion separation, more factors should be
taken into account and a size-sieving mechanism is the foundation model.
Except that the wettability of the membrane must be controlled in a certain
range, the pore sizes of the filtering membrane are the key factors. To make
the continuous phase pass through the membrane quickly, the pore sizes
must be large enough. To avoid droplets of the dispersed phase squeezing
through the pores, the size of the pores must be small enough as shown in
Figure 9.13.

To quantitatively estimate the speed of continuous phase passing through
the membrane, a classical fluid dynamic theory is the Hagen-Poiseuille
equation:*’

enr’Ap
=P 9.8
J= 8 (9-8)

where the filtration rate J is described as a function of the surface porosity ¢,
the membrane’s pore radius rp, the pressure drop Ap, the viscosity of the
liquid u, and the total distance L of the liquid running through the mem-
brane.®® This equation predicts that the flux is directly proportional to the
square of the pore size of the membrane and inversely proportional to the
thickness of the membrane. So, we should work on trying to prepare thinner
membranes with an optimal pore size.

size-sieving mechanism

the continuous phase

S - droplet size —§
the dispersed phase —*

pore size

Figure 9.13 A schematic diagram of the size-sieving mechanism.
Reproduced from ref. 62 with permission from the Royal Society of
Chemistry.
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However, if the filtering membrane is too thin, then the problem of
mechanical strength would stand out. Here, we introduce two important
performance assessments for the filter membrane: trans-membrane pres-
sure (Pr) and breakthrough pressure (Pg). Py is the external pressure on the
separation system and the flux increases linearly with increasing the Pr.
However, the maximum Py that a certain membrane can bear is limited by its
mechanical strength. The Py is the maximum pressure at which the filtering
membranes still possess permselectivity. Also, the external P has the risk of
exceeding the oil Pg. In this case, both the continuous phase and emulsions
are forced to permeate through the membranes, decreasing the separation
efficiency. Theoretically, the relationship between these parameters can be
expressed as follows:**

. 2)wo €OS gadv,ws(o)

Py (9.9)
p
—kAAP
u
PoAVwoT €OS Oagy. r
Qmax = 2 i : sz(o)fp (9.11)

Here Qmax is the maximum flow rate while still rejecting emulsions, p,, is
the number pore density, A is the area of the membrane, )y, is the interfacial
tension between water and oil, and cos 0,qvws(o) 18 the advancing contact
angle of a water droplet on the membrane surface in the presence of oil.
These equations explicitly reveal how flow rate is increasingly limited for
decreasing pore sizes and how the surface wettability, membrane diameter,
permeability and pressure will affect the maximum flow. For the optimal
design of superwettable materials applied to oil/water mixtures, we can
benefit a lot from these principles.

9.5 Summary and Outlook

Nowadays, oil-water separation is a worldwide issue and challenge due to
the increasing amount of industrial oily wastewater and polluted oceanic
waters, as well as frequent oil spill accidents. Oil-contaminated water needs
to be addressed urgently. Traditional techniques such as oil skimmers,
centrifuges, depth filters, coalescers, and flotation technologies often take a
long time and need tedious manual operation. These separation processes of
an oil/water mixture are empirical to a great extent, thus making the sep-
aration incomplete with either oil remaining in water or water remaining in
oil. So more feasible methods should be improved to separate oil/water
mixtures. Also, a higher flow rate, better selectivity, and excellent separation
efficiency are required to meet the rapid demands.
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Superhydrophobic or other special wettability materials show enormous
potential in the treatment of oil spill accidents and industrial oily water due to
their high selective absorbing/filtering features. We begin with the under-
standing and design of superhydrophobic surfaces. In this chapter, we have
introduced their origin and definition, approaches to superhydrophobic sur-
faces and endowing porous materials or particles with superhydrophobic
properties that have potential ability for separating oil/water mixtures. Next,
we reviewed recent progress in superhydrophobic/superoleophilic surfaces
and superhydrophilic/underwater superoleophobic surfaces applied for sep-
arating layered oil/water mixtures. These materials used for the separation of
immiscible oil-water mixtures are usually not effective for emulsified oil-
water mixtures, especially not for surfactant-stabilized micro emulsions with a
dispersed droplet size below 20 pm. Recently reported membrane technolo-
gies based on superwettable materials with potential for efficient separation of
emulsified oil-water mixtures were highlighted by sorting them into two
categories: separation of oil-in-water or water-in-oil emulsions.

Although the investigations in this field have made tremendous strides,
there are still a lot of challenges, and some of the problems still need to be
solved, such as separation efficiency, flow rate and service life. In theory, we
have pointed out the underlying mechanism to improve the performance of
oil/water separation.

To achieve the industrialization of oil/water separation materials at an early
stage, future work will mainly concentrate on aspects as follows from our
viewpoint. First and foremost, the design and synthesis of stable and durable
superhydrophobic materials are the key issues. To obtain an extreme wetting
state, most of the superhydrophobic surfaces are elaborated with micro and
nano-scale fine structures, which can be easily damaged by external influences
including mechanical stress and chemical contamination, restricting the
material’s practical applications. Secondly, the simple and mass-production
techniques of oil/water separation materials for large-area oil spills are still
required. A large portion of the synthesis methods cannot be carried out on a
large scale, such as the hydrothermal method, electrochemical deposition and
the in situ growth method. Thirdly, it is challenging to realize effective and
high-throughput separation of a wide range of oil/water emulsions with small
droplet sizes from the micrometer to the nanometer range, because the sep-
aration speed and the membrane pore sizes are considered to be contradict-
ory. Fourthly, separation of high-viscous oil/water mixtures is glamorous and
should be taken into consideration. Last but not the least, smart interfacial
materials for different oil/water separation purposes are also needed to be put
forward. These smart interfacial materials are external stimulus-responsive,
ranging from single to dual or multiple stimulus-responsive.
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10.1 Introduction

Smart materials are materials that can regulate their properties responding
to external stimuli, and there has been a boom in their development since
the 1990s. Smart materials usually possess three essential elements: sens-
ibility, actuation and controllability. Smart materials are often defined ac-
cording to their corresponding stimulus, such as photo-responsive materials
(responding to light exposure), pH-responsive materials (responding to ex-
ternal pH change), thermo-responsive materials (responding to temperature
change), electro-, stress-, humidity-, chemical- and redox-responsive ma-
terials (responding to electricity, stress, humidity, chemical substances and
redox reactions, respectively) etc." >* Smart materials can sense stimulation
and self-actuate to perform some reaction (Figure 10.1); upon removal of the
stimulation, the materials can recover to their initial status.
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Figure 10.1 Smart materials responding to external stimuli.
Reproduced with permission from M. Yoshida and J. Lahann, ACS
Nano, 2008, 2, 1101. Copyright (2008) American Chemical Society.>®

Research on smart materials has extended the application range of ma-
terials from singular surface modification to multi-disciplinary applications,
such as bionics,”*° the medical field®*®* and nanotechnology.”® As an
important branch, smart materials with a reversible transformation between
superhydrophobicity and superhydrophilicity play a vital role in many re-
search fields, such as oil/water separation, biological field and bionics of
natural entities.>**"

The wetting behaviour of a liquid on a solid surface is a crucial surface
property, which plays important roles in industry, agriculture, and daily life.
Wettability is also a fundamental property in biological systems. Since the
lotus®*™** effect was found in the 1970s, bionics has attracted a large amount
of attention. Besides lotus leaves, a large number of flora and fauna have
demonstrated special wettability, such as rice,’> peanuts®® and Nepen-
thes;*”° flowers of the rose;*® wings of the butterfly,** dragonfly,*>** and
cicada;* legs of the water strider*® and gecko;*” hairs of the dandelion®® and
weasel,*” and so on”® (Figure 10.2). Most of them show superhydrophobicity
or superhydrophilicity, which is a result of their environment and living
habitat. Nature gives us much inspiration to learn. Biomimetic studies on
the aforementioned special surfaces indicate that surfaces with special
wettability are a combined effect of morphology structure and chemical
compositions. For example, papillae are found on the surface of lotus leaves,
and a wax layer with low free energy covers the papilla to give a super-
hydrophobic surface with a self-cleaning property.*’
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Figure 10.2 Multiscale structures in nature: leaves of (a) lotus, (b) rice and (c)
peanut; (d) rose flower; (e) wing of a butterfly; leg of (f) a water spider
and (g) gecko.

(a) W. Barthlott, Purity of the scared lotus, or escape from contamination
in biological surfaces, Planta, 1997, 202, with permission of Springer,*?
(b) Reproduced from ref. 35 with permission from John Wiley and Sons.
Copyright © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c)
Reproduced from ref. 36 with permission from John Wiley and Sons.
Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d)
Reproduced with permission from L. Feng, Y. N. Zhang, J. M. Xi, Y. Zhu,
N. Wang, F. Xia and L. Jiang, Langmuir, 2008, 24, 4114.*° Copyright (2008)
American Chemical Society. (f) Reprinted by permission from Macmillan
Publishers Ltd: Nature (ref. 46), Copyright (2004). (g) From M. Sitti and R.
S. Fearing, J. Adhes. Sci. Technol., 2003, 18, 1055 reprinted by permission
of the publisher (Taylor and Francis Ltd, http://www.tandfonline.com).”

Simulated by the above natural surfaces with special wettability, scientists
have fabricated a large number of new materials.”’° Inspired by the legs of
a water strider, Zhang’s group fabricated a gold thread by combining a layer-
by-layer assembling technique, electrochemical deposition of gold aggre-
gates and modification of a low-surface-energy compound (Figure 10.3A).%°
Inspired by the silk of the Uloborus walckenaerius, Zheng et al. designed
an artificial fibre that exhibited a directional water-collecting ability
(Figure 10.3B).”” Inspired by Nepenthes pitcher plants, Aizenberg and co-
workers developed an approach to create a porous surface with liquid- and
ice-repellence and self-healing abilities (Figure 10.3C).>® Simply mimicking
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bionts living in nature has provided a large amount of inspiration in the
development of material science; however, the simplicity of the surface
limits the applications of the artificial materials. Therefore, controlling the
specific wettability of a solid surface is of great importance in academic
sciences and material technologies. The fact that simple smart surfaces/
materials cannot satisfy humans’ need in real applications can be com-
pensated through functionally cooperative systems.

The concept of a functionally cooperative system originated from the es-
tablishment of the National Nanotechnology Initiative (NNI) by the National
Science and Technology Council in 2003. Since the establishment of the
NNI, scientists have a new understanding of material science. In the ini-
tiative, the development of nanotechnology until the year 2015 was thought
to face several steps (Figure 10.4):>° the first was the development of passive
nanostructures that show no intellectuality, such as coatings, nanoparticles,
nanostructured metals, polymers and ceramics; the second was the devel-
opment of active nanostructures, which are similar to smart nanomaterials,
such as targeted drugs and adaptive structures; the third was the develop-
ment of nanosystems, which may be an assembly of several active nano-
structures. In this way, to achieve a given complicated goal, several smart
materials should be integrated into one system, work in an ordered manner,
and realize a given complex intention. The description above is what a
functionally cooperated smart device means.

Shi et al. first introduced the concept of the functionally cooperative sys-
tem for the construction of smart devices.®® The concept was utilized to
identify the orderly manner in a diving-surfacing process. Shi et al. fabri-
cated a device consisting of a pH-responsive cube and a hydrogen peroxide-
responsive catalyst. When the device was placed in an acidic solution,

15t Passive nanostructures (1% generation products)
Ex: coatings, nanoparticles, nanostructured metals, polymers, ceramics
s
~ 2000 P ;
o 2m:; Active nanostructures  Ex: 3D transistors,
.,'_,.-' amplifiers, targeted drugs, actuators, adaptive structures

n
i ing; 3D ne
hierarchical architectures, robotics, evolutionary

~a 3 Systems of nanosystems
. EX quided assembiing; 3D networking and new

N
Increased Complexity,
Dynamics, Transdisciplinarity

- 2°1°‘ 4»: Molecular nanosystems

2020 Ex: nano-bio-info from nanoscale
cognitive technologies; large
complex systems from nanoscale

~2015- ‘ g™ QQG_!_G{QW technologies

Figure 10.4 Timeline for nanotechnology commercialization (2000-2020).
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it floated on the water surface; when the solution was adjusted to an al-
kaline solution, the surface of the cube became superhydrophilic, and the
solution penetrated into the device and increased the specific gravity of the
device, leading to diving of the device. Subsequently, the hydrogen per-
oxide added under acid conditions was decomposed to oxygen gas, which
accumulated in the device and decreased the specific gravity of the device,
inducing the surfacing process. This controlled locomotion is a combined
result of the reversible superhydrophobic/superhydrophilic property and
the catalyzation of platinum on the decomposition of hydrogen peroxide;
these two functional materials were cooperated to realize the goal of
a controlled diving-surfacing locomotion. Therefore, the functionally
cooperated smart device is an integrated system to perform a series of
behaviors responding to external stimuli, which demands two or more
functional surfaces or materials.

Functionally cooperated smart devices have been developed in many
fields, such as switches for smart motion, oil/water separation, ion channels,
selective permeability and bio-applications. These developments will be
discussed according to different classifications of the functionally cooper-
ated smart devices based on their various applications. The implications of
the functional cooperation between different organizations in the smart
devices will be discussed as well. This chapter is organized into six sections.
The first section gives a brief introduction to smart devices with a switchable
superhydrophobic/superhydrophilic property. The second, third, fourth,
fifth and six sections provide a comprehensive overview of the smart device
in five different research areas: switch for smart motion, oil/water separ-
ation, ion channel, selective permeability and bio-applications. Lastly, an
outlook for the future of these smart materials is revealed.

10.2 Switch for Smart Motion

A self-propelling function is one of the essential features of smart materials,
and smart motion will promote smart materials to smart devices. In recent
years, studies on smart materials have greatly promoted the development of
the smart motion of small devices, which provides a promising route to
the application of micro-robots,®"* energy transformation,®*°® biological
detection® " and cargo transportation.”>”*

10.2.1 Switchable Locomotion in the Horizontal Direction

Since G. M. Whitesides demonstrated that the decomposition of hydrogen
peroxide to oxygen bubbles could be used to efficiently propel the loco-
motion of small objects on the centimetre scale,”> bubble propulsion has
attracted a large amount of attention in the field of smart locomotion. The
most commonly used bubbles are oxygen bubbles decomposed from
hydrogen peroxide, hydrogen bubbles generated from the reaction between
an active metal and an acid and carbon dioxide bubbles from the reaction
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between calcium carbonate and an acid. Moreover, since a reversible
superhydrophobic/superhydrophilic smart surface has been demonstrated
to be able to repel and adsorb water, respectively, it is thought to show po-
tential in controlling the contact between actuators and fuels.

By introducing platinum for the decomposition of hydrogen peroxide onto
one of the ends of a gold thread, Zhang’s group reported a pH-responsive
smart motion. The gold thread was covered by gold nanoparticles through
electrochemical deposition and then modified with a pH-responsive
monolayer of 2-(11-mercaptoundecanamido)benzoic acid. In an acidic so-
lution, the pH-responsive surface of the gold thread was superhydrophobic
and suffered almost no friction, thus performing a linear locomotion in a
water channel (Figure 10.5(a) and (b)); while, in an alkaline solution, the
pH-responsive surface was superhydrophilic and was wetted by water,
the friction suffered prevented the gold thread moving in the horizontal
direction (Figure 10.5(c) and (d)). Therefore, the smart device showed a
pH-responsive smart locomotion.”®

By introducing decomposition of hydrogen peroxide into a moving system,
Shi et al. realized a smart ON-OFF-ON locomotion of a device. The device
consisted of three parts: a superhydrophobic boat with drag-reducing
property; a smart nickel mesh that could reversibly be transformed between
a superhydrophobic and superhydrophilic property; and an actuator that
was covered by platinum aggregates for the amplified catalysis. When the
device was placed in a hydrogen peroxide solution under acid conditions,
the device floated and remained still on the water surface (Figure 10.6(a));
after the addition of basic solution, the smart nickel mesh transformed from
superhydrophobic to superhydrophilic, the water level rose and the plat-
inum right above the mesh touched the solution and began to catalyze the
decomposition of hydrogen peroxide into oxygen bubbles, propelling the
device forward (Figure 10.6(b) and (c)). Then, an acidic solution was added to
transform the nickel mesh from superhydrophilic to hydrophobic, pre-
venting the catalyzation of platinum on hydrogen peroxide, thus the device
stopped in the middle of the channel (Figure 10.6(d)). When a basic solution
was added for a second time, the platinum catalyzed the decomposition of
hydrogen peroxide for a second time and propelled the device forward
(Figure 10.6(e) and (f)). The smart motion could be repeated for a long
time.””

Besides bubble propulsion, the Marangoni effect is also one of the most
commonly used driving forces. When locomotion of small objects is per-
formed on a water/air interface in the horizontal direction, the Marangoni
effect,”®”® which often occurs on the interface, is an important driving force.
In nature, beetles of the genus Stenus were found to propel themselves for-
ward by releasing a kind of low-surface-energy compound onto the surface of
water in the 1900s. By mimicking the insects, Shi’s group integrated a su-
perhydrophobic boat to replace the insect’s body, a reservoir to act as the
pygidial gland and a reversible superhydrophobic-superhydrophilic smart
material to mimic its gland end into one device (Figure 10.7). When the
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device was placed on the surface of an acidic solution, it floated and re-
mained still. After the addition of a basic solution, the smart surface
transformed from superhydrophobic to superhydrophilic, leading to a rise in
the water level; the hanging ethanol droplet below the reservoir touched the
water and diffused on the water’s surface, which induced the surface tension
gradient and consequent locomotion of the device.*°

The photoresist has been demonstrated to be a UV-responsive material.
Under UV illumination, the photoresist decomposes and dissolves in a basic
solution. Integrating such a smart material with a superhydrophobic object
into one device, Shi’s group realized a smart light-induced ON-OFF-ON
motion. The device consisted of a superhydrophobic boat with drag-
reducing property and an actuator made up of a photoresist and a surfactant
mixture through spinning on a silicon wafer (Figure 10.8A). In the dark,
the device floated on the basic solution’s surface and stayed still. When
the actuator was exposed to UV light, the photoresist decomposed and
dissolved in the basic solution, and the mixed surfactant was released and
diffused on the water’s surface, inducing a surface tension gradient, thus
propelling the device forward (Figure 10.8B). After the device stopped
because of the disappearance of the surface tension gradient, a second
illumination of UV light was operated on the actuator, and the device
re-started to move forward for a second time. Moreover, the direction of the
moving object could be tuned by introducing another actuator to the system
(Figure 10.8C).*

10.2.2 Switchable Locomotion in the Vertical Direction

Owing to the lower density of gas compared to that of water, bubbles are
usually used to realize diving-surfacing locomotion. The key to realize ver-
tical locomotion is to control the buoyancy of the device to balance with its
gravity. Generation of bubbles in the device is the most important element to
enhance the buoyancy to realize the surfacing process; while on the water’s
surface, the internal gas is released to the atmosphere, decreasing buoyancy
for a diving process.

It has been demonstrated that poly(N-isopropylacrylamide) (PNIPAAm) is
a thermo-responsive polymer with a lower critical solution temperature
(LCST) of 32-33 °C in water. By modifying PNIPAAm onto the rough surface
of a device, the device obtained presented a thermo-responsive property.
When the device was placed into a beaker with water at a temperature of
41 °C, the device floated on the water’s surface (Figure 10.9B(a)); when the
temperature was adjusted to 28 °C and hydrogen peroxide solution was
added, the device dived to the solution’s bottom (Figure 10.9B(b)-(d)). By
regulating the temperature between 41 and 28 °C, a diving-surfacing cycled
motion could be performed. This thermo-responsive smart motion could be
integrated as follows (Figure 10.9A): when the temperature is fixed at 41 °C,
the PNIPAAm chains are in a shrinking state and intramolecular hydrogen
bonds are formed, exhibiting superhydrophobicity with the amplification of
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Figure 10.9

Thermo-responsive diving-surfacing cycled locomotion propelled by bubble propulsion generated from hydrogen peroxide
and its application in smart transportation.

Reproduced from ref. 82 with permission from John Wiley and Sons. Copyright © 2013 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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a rough surface; when at 28 °C, the PNIPAAm chains swell and form inter-
molecular hydrogen bonds with water molecules, performing a super-
hydrophilic property. Moreover, the as-prepared device could be used to
transport small molecules directionally (Figure 10.9C).**

Besides thermo-responsive materials, pH-responsive materials with a
superhydrophobic-superhydrophilic transformation provide another valid
switch for smart locomotion. Combining decomposition of hydrogen per-
oxide under the catalysis of platinum and a smart surface with a reversible
superhydrophobic-superhydrophilic property, Shi’s group realized smart
diving-surfacing cycled motion through regulating the pH of the solution.
A cube-shaped device made up of nickel foam was covered by a pH-
responsive coating with a micro-/nano-hierarchical structure, resulting in a
superhydrophobic property with pH-responsiveness. Placed in an acidic
solution, the device floated because of its superhydrophobic property
under acid conditions; when the pH value of the solution was adjusted to
an alkaline one, the device’s surface gradually became superhydrophilic
and the solution penetrated into the device, resulting in an increase of the
specific gravity of the device and consequent diving process. After the
addition of an acidic solution and hydrogen peroxide, the internal plat-
inum segment catalyzed the decomposition of hydrogen peroxide into
oxygen bubbles, which accumulated in the upper space of the device,
repelling the internal solution out of the device and thus leading to the
reduction of the specific gravity of the device; meanwhile, the surface of the
device gradually transformed from superhydrophilic to hydrophobic.
After the device floated on the water’s surface for a while, the internal gas
was released to the external atmosphere and resulted in the re-diving
process of the device. Then, repeating the addition of basic solution and
acidic solution/hydrogen peroxide, the authors could realize a cycled
diving-surfacing motion (Figure 10.10A).°° Connecting the device with an
electrochemical workstation through a flexible copper wire, they realized
an energy conversion process from the mechanical form, which was gen-
erated from the chemical energy of hydrogen peroxide, to electricity
(Figure 10.10B) through Faraday’s law of electromagnetic induction.
Moreover, the electromotive force obtained could be adjusted through
regulating the concentration of fuel, i.e. hydrogen peroxide, and the shape
of the device.®

During the decomposition of hydrogen peroxide, reactive oxygen that
seriously damaged the stimuli-responsive surface and thus reduced the
sustainability of the electricity generating process was generated. To solve
this problem, Shi’s group introduced hydrogen gas, during the generation of
which there were no harmful intermediate products, into the smart diving-
surfacing locomotion. The smart device consisted of three parts: two pH-
responsive uncovered boxes, one quartz two-end uncovered cell acting as a
window and a magnesium segment to react with acid and produce hydrogen
gas. When the device was placed into an acidic solution, it floated on the
water’s surface because of the superhydrophobicity of the pH-responsive
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Figure 10.10 pH-Responsive diving-surfacing cycled locomotion propelled by bub-

ble propulsion generated from hydrogen peroxide and its application
in the electricity generation process.

(A) Reproduced from ref. 60 with permission from John Wiley and
Sons. Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim and (B) reprinted from M. Song et al., Generating induced
current through diving-surface motion of a stimulus-responsive smart
device, Nano Energy, 20, 233-243, Copyright 2016 with permission
from Elsevier.*
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parts (Figure 10.11A(a)); after the solution was adjusted to basic, the pH-
responsive parts transformed from superhydrophobic to superhydrophilic,
increasing the specific gravity of the device, thus the device dived to the
solution’s bottom (Figure 10.11A(b) and (c)). Then acidic solution was added
to adjust the solution back to acidic, the acid added reacted with the internal
magnesium segment and produced hydrogen bubbles, which accumulated
in the upper part of the device; when the specific gravity of the device was
lower than that of water when approximately two-thirds of the inner space
were occupied by hydrogen gas, the device re-floated to the water surface
(Figure 10.11A(d)-(f)). Connecting the smart device with an electrochemical
workstation through a flexible copper wire and putting the locomotion
system between a pair of magnets, the diving-surfacing induced the
conducting copper wire to cut the magnetic induction line and generated an
electromotive force (Figure 10.11B(a)). However, because the upper surface
of the device was wetted by water, the inner gas could not easily be released
to the external atmosphere, resulting in the failure of a rapid re-diving
locomotion. To solve this problem, the authors replaced one of the two
pH-responsive parts with a hydrophobic part. Therefore, when the device
re-floated after the addition of acidic solution, once the hydrophobic surface
touched the water’s surface, the internal gas easily penetrated the hydro-
phobic wall and was released to the external atmosphere, leading to a rapid
re-diving locomotion and consequently, rapid positive-negative current
peaks (Figure 10.11B(b)). Moreover, hydrogen gas showed little damage to
the pH-responsive surface.®*

Apart from hydrogen gas, carbon dioxide has been demonstrated to be
an inert gas that does not destroy the stimuli-responsive surface. Shi’s group
introduced the reaction between calcium carbonate and hydrochloric acid
into an energy conversion system, and realized the electricity generation
process with little impact on the surface of device. As shown in Figure 10.12,
the pH-responsiveness of the device originated from the modification
of mixed thiol molecules (HS(CH,)oCH; and HS(CH,);,COOH). With
the amplification of the rough surface, the device could perform a
superhydrophobic-superhydrophilic reversible property under different
pHs. When the device was placed into a beaker filled with an acidic solution,
the device floated on the water’s surface because of its superhydrophobic
property. When the solution was adjusted to basic, the superhydrophobic
surface transformed to a superhydrophilic one, and the solution penetrated
through the surface. Then the solution was adjusted back to acidic after
the addition of hydrochloric acid, the internal acid solution reacted with
calcium carbonate to produce carbon dioxide, resulting in the reduction of
the specific gravity of the device and consequent surfacing process. Upon
touching the water’s surface, the device immediately re-dived to the solu-
tion’s bottom because the internal gas was released to the external atmos-
phere. When the device was connected with an electrochemical workstation
through a flexible copper wire, the mechanical energy obtained was con-
verted into electricity with a high conversion efficiency.®
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Figure 10.11 pH-Responsive diving-surfacing cycled locomotion propelled by bubble propulsion generated from hydrogen peroxide and
its application in the electricity generation process.
Reproduced from ref. 84 with permission from John Wiley and Sons. Copyright © 2014 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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Figure 10.12 Diving-surfacing cycled locomotion with a pH-responsive initiation pro-
pelled by bubble propulsion generated from the reaction between cal-
cium carbonate and an acid, and its application in energy conversion.
Reproduced from ref. 85 with permission from John Wiley and Sons.
Copyright © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

10.3 Oil/Water Separation

Because of the similar surface energy between the compound modified
on the rough surface and oil, and the surface roughness enhancing
the property, superhydrophobic/superhydrophilic surfaces (Figure 10.13(a)
and (b), respectively) usually display superoleophilicity/superoleophobicity
(Figure 10.13(c) and (d), respectively). One essential application for such a
surface integrating both watery super-wettability and the opposite oily super-
wettability is to separate oil/water mixtures. The key element for an oil/water
separating material is either hydrophilic or oleophilic so that it allows one
phase of liquid to penetrate through while repelling the other one; moreover,
the introduction of high roughness enhances such an effect.
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Figure 10.13 Contact angles of a water drop on (a) a superhydrophobic and (b) a
superhydrophilic surface and an oil drop on (c) a superoleophilic and
(d) a superoleophobic surface.

Based on the cooperation of surface morphology and chemical com-
position, super-wettability has shown tremendous potential in oil/water
separation. Until now, two strategies have been developed to separate oil/
water mixtures: the first is to directly utilize superhydrophobic materials to
make the oil phase spread easily, adsorb and penetrate on the material while
repelling the water phase; the second is to utilize a smart material that can
reversibly switch between superhydrophobicity (superoleophilicity) and su-
perhydrophilicity (superoleophobicity) to intelligently separate the oil/water
mixture. The introduction of smart materials effectively magnifies the ap-
plication range of oil/water separating materials, which are discussed in
detail in the following section.

10.3.1 pH-Responsive Oil/Water Separation

Smart materials that have the ability to control oily wettability in an aqueous
media have shown great potential for underwater applications in oil/water
separation. The most commonly adjusted element is the pH value of the
solution, which is attributed to the protonation of functional groups in a low
pH and deprotonation in a high pH, such as carboxylic acid and pyridyl.
Therefore, through adjusting the pH of the solution, we can obtain surfaces
with the hydrophobic property of carboxylic acid groups (or hydrophilic
property of pyridyl groups) under acidic conditions and the hydrophilic
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Scheme 10.1 Mechanism illustration of a pH-responsive surface based on the
cooperation of carboxylic acid groups and methyl groups.

property of carboxylic acid groups (or hydrophobic property of pyridyl
groups) under basic conditions; meanwhile, oil will penetrate through the
material with a hydrophobic/oleophilic property, and be repelled by the
hydrophilic/oleophobic surface. As a result, the oil/water mixture will be
separated successfully.

The carboxylic acid groups are often used along with methyl groups with a
certain ratio. Under basic conditions, carboxylic acid groups are deproto-
nated to carboxylate radicals (Scheme 10.1(a)); on the contrary, the carb-
oxylic acid groups are protonated to carboxyl (Scheme 10.1(b)). Because the
deprotonated groups show higher surface energy than the protonated
groups, the combined effect of carboxylic acid groups and methyl groups
results in a relatively hydrophilic property under acidic conditions and
hydrophobic property under basic conditions, and a controlled wettability
under a controlled pH.

Shi’s group introduced such a pH-responsive material with a reversible
superhydrophobic/superhydrophilic property, which was attributed to the
cooperation of carbonate acid groups and methyl groups, to realize the
separation of a heavy oil/water/light oil ternary system. When the mixture
was poured into a separation funnel, a three-layer structure with heavy oil/
water/light oil from the bottom formed (Figure 10.14(a)). After the valve was
opened, the mixture flowed downward, and the heavy oil directly penetrated
through the material and was collected by a beaker (Figure 10.14(b)), but the
middle water (with a low pH) was left in the smart device (Figure 10.14(c)).
When the water was transformed to alkaline, it penetrated through the
device and was collected by a second beaker (Figure 10.14(d)), leaving the
light oil in the smart device (Figure 10.14(e)), thus realizing separation of a
ternary oil/water/oil system.®® This work was also a cooperated result of
super-wettability and pH-responsiveness: super-wettability resulted in the
penetration of oil or water, and pH-responsiveness led to the controllability
of the separation progress.
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Figure 10.14 pH-Responsiveness-based continuous separation of heavy oil/water/light oil.
Reprinted by permission from Macmillan Publishers Ltd: NPG Asia Mater. (ref. 86), Copyright 2014.
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Using a similar mechanism, Sun and co-workers fabricated a pH-
responsive material through the corrosion of a copper mesh and a sub-
sequent modification of mixed thiol molecules (HS(CH,)oCH; and
HS(CH,);,COOH). With the magnification of the rough surfaces, the ma-
terial obtained showed a superhydrophobic property under acidic and
neutral conditions and a superhydrophilic property under alkaline con-
ditions. Therefore, when heavy oil/water was poured into the separation
device under acidic conditions, the heavy oil wetted the material easily and
penetrated through for collection while the upper water layer was left above
the material; on the contrary, when the material was treated by a basic so-
lution and a light oil/water solution was poured into the system, water
penetrated the materials directly, leaving the light oil above the material
(Figure 10.15A).” Furthermore, the separation process could be intelligently
initiated by regulating the pH of the water. When light oil/water solution was
poured into the smart separation device, it stayed above the integrated
working film. After the pH of the water was adjusted to a basic value, the
material changed from superhydrophobic to superhydrophilic, and water
penetrated through the materials easily and was collected by a beaker. When
all the water was collected, oil was left above the smart material because of
its superoleophobic property, thus realizing oil/water separation with a high
efficiency (Figure 10.15B).*® To sum up, the cooperation of two functions, i.e.
super-wettability and pH-responsiveness, succeeded in oil/water separation
with a smart initiation: the super-wettability of materials resulted in oil/
water separation, and the pH-responsiveness enabled the separation process
with an intelligent initiation.

Pyridyl is another group that is commonly used to realize pH-
responsiveness. In relative work, 2-vinylpyridine was block copolymerized into
a polymer brush (PVP) with another kind of monomer on a rough surface. As
is shown in the mechanism in Scheme 10.2, under non-acidic conditions, the
pyridyl groups were deprotonated and the PVP chains exhibited shrinkage
conformation, leaving another block of the polymers with a hydrophobic
property in the exterior of the copolymer layer, thus the surface presented a
hydrophobic property and was wetted with oil. Under acidic conditions, the
pyridyl groups were protonated and the PVP chains exhibited extended
conformation, which was induced by the electrostatic repulsion between
protonated pyridyl groups, and stretched to the exterior of the copolymer layer,
resulting in wetting with an acidic solution. The integrated rough surface
magnifies the wettability to a superhydrophilic or superhydrophobic property.

Lu and co-workers modified a graphene foam with an amphiphilic co-
polymer containing a poly(2-vinylpyridine) block and a polyhexadecyl acry-
late block (PVP-b-PHA). Due to the hydrophobic/oleophilic property of the
PHA block caused by its long hydrophobic chain of alkyl groups, the as-
prepared material presented a smart wettability with superhydrophilicity
under acidic conditions and superhydrophobicity under basic conditions.
Under non-acidic conditions, the PVP chains extended, and the material
presented a superhydrophobic/superoleophilic property, thus it selectively
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Figure 10.15 Oil/water separation based on the super-wettability originating from mixed thiols. (A) Selective separation of heavy oil or
water. Reproduced with permission from Z. J. Cheng, H. Lai, Y. Du, K. W. Fu, R. Hou, C. Li, N. Q. Zhang and K. N. Sun, ACS
Appl. Mater. Interfaces, 2014, 6, 636.%” Copyright (2014) American Chemical Society. (B) Smart separation of light oil/water
mixture with a pH-responsive initiation. Reproduced with 8permission from Z. J. Cheng, J. W. Wang, H. Lai, Y. Du, R. Hou, C.
Li, N. Q. Zzhang and K. N. Sun, Langmuir, 2015, 31, 1393.%® Copyright (2015) American Chemical Society.
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Scheme 10.2 pH-Responsiveness mechanism of PVP copolymers.
Reprinted by permission of Macmillan Publishers Ltd: NPG Asia
Mater. (ref. 90), Copyright (2014).

adsorbed oil under water rapidly (Figure 10.16A(a)). Furthermore, when the
pH value of the water was adjusted to an acidic one, the adsorbed oil was
released (Figure 10.16A(b)).*

Similarly, Wang et al. grafted a pH-responsive poly(2-vinylpyridine) block
and an oleophilic/hydrophobic polydimethylsiloxane block (PVP-b-PDMS)
onto a polyurethane sponge. The PVP chain could alter its chain conform-
ation because of the protonation and deprotonation of pyridine groups
responding to the external pH environment and could vary their oily wet-
tability. The results obtained demonstrated that under non-acidic conditions,
oil penetrated through the material easily, while leaving the water above;
however, when the water was acidic and mixed with heavy oil, the water easily
wetted and penetrated through the material, and was collected with a bottom
container, leaving the oil above the material, realizing selective adsorption of
oil or water and smart oil/water separation (Figure 10.16B).”

Besides PVP, poly(dimethylamino)ethyl methacrylate (PDMAEMA) is
also used in controlled oil/water separation, not only because of its pH-
responsive property induced by the tertiary amine group, but also its thermo-
responsiveness (the LCST ranges from 30 to 50 °C with different pH). As a
result, a thermo- and pH- dual-responsive property was obtained and re-
spectively used to realize oil/water separation. Feng et al. fabricated a mesh
coated with a PDMAEMA hydrogel with dual responsiveness and realized
smart oil/water separation (Figure 10.17A). In the matter of thermo-
responsiveness, when the temperature was below the LCST of the polymer,
the polymer chains extended with intermolecular hydrogen bonds with
water molecules, resulting in a hydrophilic property and selectively adsorbed
water (Figure 10.17B(a)-(c)); when the temperature was adjusted above
the LCST, the chains shrank with formation of intramolecular hydrogen
bonds, leading to a hydrophobic property and oil penetrated through
(Figure 10.17B(d) and (e)). The pH-responsiveness is attributed to the
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Oil/water separation based on the superhydrophobic/superhydrophilic switch that originates from PVP polymers.
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polymers.
Reproduced with permission from Y. Z. Cao, N. Liu, C. K. Fu, K. Li, L. Tao, L. Feng and Y. Wei, ACS Appl. Mater. Interfaces,

2014, 6, 2026.°* Copyright (2014) American Chemical Society.
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protonated or deprotonated state of the tertiary amine group under different
pH. When the pH was below 8.0, the tertiary amine groups were fully pro-
tonated, resulting in a hydrophilic property and water could easily wet the
material and flow downward (Figure 10.17C(a) and (b)); when the pH was
above 8.0, the tertiary amine groups were deprotonated and the material
presented a hydrophobic property, thus leading to the penetration of oil
through the material (Figure 10.17C(c)).”*

10.3.2 Carbon Dioxide-responsive Oil/Water Separation

pH-Responsive materials is the largest subfield in smart oil/water separ-
ation; however, the addition of acidic or alkaline solution usually results in
inevitable salt accumulation and dilution of solution, which may have an
impact on the repeatability of the materials. To solve this problem, Yuan
from Tsinghua University fabricated a material with gas responsiveness. The
material was made up of a nanostructured block copolymer of poly(N,N-
diethylaminoethyl methacrylate) (PDEAEMA) and a polymethylmethacrylate
(PMMA) membrane through electrospinning. When exposed to CO, in
aqueous media, tertiary amine groups in PDEAEMA were protonated, ex-
hibiting a hydrophilic property, and the material allowed water to penetrate
through and be collected by a beaker under the material. After exposure to
N, to remove CO,, the material recovered its hydrophobic property because
of the deprotonation of the tertiary amine groups. To summarize, using CO,
as the trigger, the authors realized a novel on-off oil/water separation, and
oil easily penetrated through it and was collected. The separation process
could be completely reversed without drying the materials (Figure 10.18).%>

10.3.3 Photoswitchable Oil/Water Separation

Since Fujishima''® found the water contact angle of polycrystalline anatase
TiO, was 72 +1° and the wetting behaviour could be switched reversibly by
regulating UV irradiation, efforts have been devoted to research into the
wetting behaviour of inorganic crystals responding to light illumination,
among which inorganic oxides such as anatase TiO, and ZnO nanorod arrays
are the most commonly studied. Through combining photo-responsive
wettability conversion with the photocatalytic property of TiO,, Feng realized
oil/water separation and degradation of water-soluble pollutants in one
system. They firstly fabricated TiO,-based mesh films with a micro- and
nano-scale hierarchical structure through a hydrothermal method, and then
a similar TiO,-based mesh film modified with octadecylphosphonic acid
(ODP) was integrated into one system, resulting in a complex material with a
superhydrophobic property. The micro- and nano-scale hierarchical struc-
ture amplified the hydrophobic property of ODP and photosensitivity of
TiO,. In the dark, the surface remained stable with a superhydrophobic/
superoleophilic property, and it could be used to selectively adsorb oil
from an oil/water mixture (Figure 10.19(a) and (b)). Moreover, due to the
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Figure 10.18 Carbon dioxide-responsive oil/water separation based on PDEAEMA nanowires.
Reproduced from ref. 92 with permission from John Wiley and Sons. Copyright © 2015 WILEY-VCH Verlag GmbH & Co.
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photocatalysis of TiO,, water polluted by organic compounds could be
purified when flowing through the TiO, film. As can be seen in
Figure 10.19(c) and (d), before UV illumination, the material was super-
hydrophobic and water containing a pollutant was repelled above the smart
film; under UV illumination, the ODP gradually degraded and was released,
leaving naked substrate and consequently, a superhydrophilic surface, thus
water penetrated through the material easily. During the downward flow, the
pollutant in the water was photodegraded by TiO,, thus realizing purifi-
cation of polluted water. This is an example of the functional cooperation of
smart super-wettability and photocatalysis of inorganic oxides, i.e. smart
super-wettability to control the smart separation of an oil/water mixture, and
photocatalysis of inorganic oxides to purify the polluted water.”?

The working mechanism of ZnO in the oil/water separation process is not
exactly the same as that of TiO,. The wetting conversion of ZnO is based on
the variation of intrinsic wettability of the as-prepared materials instead of
the degradation of a low-surface-energy compound modified on the surface
of inorganic oxides. The intrinsic wettability of ZnO is hydrophobic with a
contact angle (CA) of approximately 109°; with the construction of a micro-/
nano-scale hierarchical structure, the wettability in the dark is amplified to
superhydrophobicity. Under UV illumination, electron-hole pairs will be
generated on the ZnO surface, and water and oxygen in the air may compete
to incorporate with the holes.”"®> As a result, the surface hydrophilicity
is improved, and is changed to superhydrophilicity with the amplification
of the rough surface. Furthermore, the superhydrophobic and super-
hydrophilic property could be reversibly switched by regulating the UV
illumination.

Jiang’s group constructed an aligned ZnO nanorod array on a stainless
steel mesh through a two-step solution approach. The as-prepared material
showed strong control ability on the penetration of water through the ma-
terial. In the dark, the material showed superhydrophobicity and water was
repelled above the material in the separation device; after UV illumination,
the material changed to superhydrophilic and water easily wetted the surface
and flowed downward (Figure 10.20A).%° Furthermore, the material was used
to separate a crude oil/water mixture. A little water was added to form a water
film on the as-prepared material before the oil/water mixture was poured
into the separation device. After UV illumination, the material became su-
perhydrophilic and water easily penetrated through to the lower bottle, while
the oil was repelled above the material, thus realizing oil/water separation
(Figure 10.20B).%”

10.3.4 Magnetically-driven Oil/Water Separation

Although the oil-collecting ability of superhydrophobic materials has been
demonstrated through a large number of reports, realizing oil collection in
an enclosed area, which cannot be easily reached, is still a big challenge.
A magnetic field was often used to realize long-range control, which is
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Figure 10.20 Photo-responsive oil/water separation based on ZnO nanorod arrays.
(A) Reproduced with permission from D. L. Tian, X. F. Zhang, J. Zhai
and L. Jiang, Langmuir, 2011, 27, 4265.°° Copyright (2011) American
Chemical Society; (B) reproduced from ref. 97 with permission from
the Royal Society of Chemistry.
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thought to show potential in an enclosed area. To realize magnetically driven
oil/water separation, the most important elements are the introduction of a
paramagnetic property and superhydrophobic character.

Zhang et al. constructed a Fe;O,@hexadecyltriethoxysilane (HD)-silica/
HD-polymer nanocomposite on a piece of polyester film. The material ob-
tained showed superhydrophobicity with a magnetic field-responsive prop-
erty. Using the as-prepared material in the oil/water system, the magnetic
superhydrophobic material was directly guided to the oil and adsorbed it
with a high efficiency (Figure 10.21A).°® Similarly, Calcagnile et al. modified
polytetrafluoroethylene (PTFE) particles with a hydrophobic property and
Fe;0, nanoparticles with a superparamagnetic property on a polyurethane
(PU) foam to form a magnetic field-responsive device. Placed on a water/oil
system, the device stayed still on the water’s surface. When a magnet was
placed close to the device, the device was guided to the oil’s location by the
magnet crossing the air; then the superhydrophobic property empowered
the device with the ability to directly adsorb the oil (Figure 10.21B).”°

Instead of directly introducing magnetic nanoparticles, Shi’s group fab-
ricated a magnetic superhydrophobic device through covering nickel foam
with superhydrophobic coatings. As a substance, the nickel foam was folded
to a seamless box and modified with superhydrophobic coatings. The as-
prepared device could adsorb not only floating oil (Figure 10.22A), but also
underwater oil with the guidance of a magnet at the bottom (Figure 10.22B).
The device showed high separating efficiency at approximately 90%. Fur-
thermore, the functional cooperation of the magnetic field-responsive
property and superhydrophobicity provided a bright future for oil/water
separation in an enclosed system (Figure 10.22C)."%°

10.4 Smart Ion Channels

Ion channels play an important role in the metabolism process in living
organisms. Artificial ion channels in which ions can intelligently pass
through have been demonstrated to be of great significance in under-
standing the working mechanism of natural ion channels, the development
of nanofluidics and biosensors etc. To achieve these goals, scientists often
develop biomimetic asymmetric single or binary responsive nanochannels,
and the point of synthesizing such a stimuli-gated nano-device is to select-
ively introduce stimuli-responsive groups onto the narrow channel surface.

Jiang’s group developed a pH-gating ion channel through plasma asym-
metric chemical modification of distilled acrylic acid, thus resulting in one
side of the hourglass-shaped nanochannel obtained being covered by poly-
acrylic acid (PAA) (Figure 10.23A). Because of the protonation of the carb-
oxylic groups in PAA below its pK, of 4.7, the PAA chains shrunk and formed
intramolecular hydrogen bonds, resulting in a hydrophobic surface, which
repelled flowing water; on the contrary, the PAA chains extended because of
the deprotonation of the carboxylic groups and formed intermolecular
hydrogen bonds when the pH was above its pK, of 4.7, and the surface, as a
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Figure 10.21 Magnetically driven oil/water separation based on ferroferric oxide nanoparticles.
(A) Reproduced from ref. 98 with permission from the Royal Society of Chemistry; (B) reproduced with permission from P.
Calcagnile, D. Fragouli, I. S. Bayer, G. C. Anyfantis, L. Martiradonna, P. D. Cozzoli, R. Cingolani and A. Athanassiou, ACS
Nano, 2012, 6, 5413.°° Copyright (2012) American Chemical Society.
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Figure 10.22 Magnetically driven oil/water separation based on nickel foam.
Reproduced from ref. 100 with permission from the Royal Society of Chemistry.
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Reproduced from ref. 101 with permission from John Wiley and Sons. Copyright © 2010 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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result, presented hydrophilicity, thus water easily wetted the channel surface
and passed through (Figure 10.23B).***

When the surface of the other side of the hourglass-shaped nanochannel
was modified with PNIPAAm, the exchange of ions through the channels
could be regulated through pH and temperature (Figure 10.24A). In this
system, the ion transport property was a cooperating result of effective pore
size of the nanochannel and the wettability of the inner surface of the
nanochannel. Under the best conditions, i.e. the environmental temperature
was above the LCST of PNIPAAm and the pH was above the pK, of PAA of 4.7,
ions could transport through the channels easily, and through regulating
the external temperature and pH, transportation of ions through the
nanochannel could be adjusted (Figure 10.24B)."*>

To simulate natural ion channels, the authors developed a nano-capsule
with two gates. The two gates of the device were separately modified with
polyvinylpyridine (PVP) (pK, 5.2) and PAA (pK, 4.7), and these two polymers
showed almost opposite wettability under different pH values. As shown in
Figure 10.25, below pH 4.7, both polymers were protonated and PVP pre-
sented hydrophilicity while PAA was hydrophobic; on the contrary, above
pH 5.2, both were deprotonated and PVP showed hydrophobicity while PAA
was hydrophilic. When the pH of the PVP side was fixed above 5.2 and that of
the PAA side was below 4.7, the two gates were closed, which enabled the
nano-capsules to enclose ions inside; on the contrary, if the pH of the PVP
side remained below 5.2 and that of the PAA side was above 4.7, the two
gates were open for complete penetration of ions.'®

10.5 Smart Permeability

Since materials with superhydrophobic or superhydrophilic properties have
extreme wettability with water, smart materials have potential applications
in the selective permeability of water, which may be of significance in solvent
separation.

Bergbreiter and co-workers fabricated a solute-responsive film through a
layer-by-layer technique. It has been demonstrated that a sulfate radical has
a salting-out effect for the internal ingredient, PNIPAAm. Therefore, the
cooperation of the salting-out effect of anions on PNIPAAm and its thermo-
responsiveness made selective permeability happen. As can be seen in
Figure 10.26, under room temperature, water easily wetted the as-prepared
material, while 1.2 M Na,SO, solution was repelled with a resulting high
contact angle. This was a result of the change of the LCST of PNIPAAm,
which was caused by the salt solution; the LCST of PNIPAAm in 1.2 M
Na,S0, solution is below room temperature. Because of this effect, the flow
rate of water was higher than that of 1.2 M Na,SO, solution at room tem-
perature, which could be used to realize selective permeability.'**

Soh’s group fabricated three kinds of hydrogels: a stretchable (stress-
responsive) hydrogel, a pH-responsive hydrogel that expanded in a basic
solution, and a thermo-responsive hydrogel that expanded under a high
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temperature (Figure 10.27A). They integrated these three smart materials
into one system with four chambers, three of which were for storing
solutions and one for mixing solutions (Figure 10.27B(a)). By selectively
regulating the conditions, through operating stress, rising temperature
or increasing pH, three kinds of hydrogels with different responses
could be expanded to allow selective permeation of stored solutions
(Figure 10.27B(b)-(e))."”

10.6 Bio-applications

Hydrophobic/hydrophilic properties are part of the universal weak inter-
actions in nature, which play a significant role in living organisms, such as
the formation of lipid bilayers, protein folding, enzyme-substrate inter-
actions, and endocytosis. However, smart systems are still far from the re-
quirement of controlled reversible capture and release of targeted cells,
which is in demand for cell-based cancer diagnostics.

To obtain a thermo-responsive surface for smart capture and release of
cells, Wang et al. grafted PNIPAAm onto a silicon wafer with nanostructures,
followed by the modification of biotinylated epithelial-cell adhesion-
molecule antibody (biotin-anti-EpCAM) via biotin-streptavidin/hydrophobic
anchor interactions. When the temperature was fixed above the LCST of
PNIPAAm, targeted cancer cells were captured by biotin-anti-EpCAM modi-
fied on the polymer chains through the hydrophobic interaction between
biotin-anti-EpCAM and an antigen on the cancer cells’ surface. When the
temperature was reduced below the LCST, PNIPAAm chains stretched
and turned hydrophilic, releasing the adsorbed cancer cells because of
the repulsion between the hydrophobic anchor and hydrophilic polymer
(Figure 10.28A).'%°

Similarly, Yu et al. imported covalently-linking biotin groups into PNI-
PAAm chains through polymerization, and then strategically introduced
streptavidin and biotin-anti-EpCAM onto the biotin groups in the PNIPAAm
polymers. Above the LCST of PNIPAAm, the polymer chains shrunk with
biotin/avidin/biotin-anti-EpCAM groups in the external layer, which showed
a high adhesion with cancer cells. When the temperature was adjusted below
LCST, the polymer chains extended and the consequent chain conformation
resulted in the concealment of the biotin/avidin/biotin-anti-EpCAM groups;
the cancer cells were released from the surface (Figure 10.28B)."%”

Gallium nitride (GaN) is well-known as a photosensitive semiconductor
material and performs different wettabilities under different illumination
conditions: hydrophobic in the dark and hydrophilic under UV illumination.
Based on the photo-responsiveness of the GaN substrate with nanowire
structures, Wang and co-workers fabricated a smart surface with reversible
superhydrophobic/superhydrophilic properties (Figure 10.29A). In their
protein adsorption experiment, in the dark, bovine serum albumin (BSA)
was selectively adsorbed onto the superhydrophobic surface because
of the hydrophobic interaction between BSA and the surface; while after
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Figure 10.29 Photo-responsive capture/release of cancer cells.
Reproduced with permission from J. Y. Li, Q. S. Han, Y. Zhang, W. Zhang, M. D. Dong, F. Besenbacher, R. Yang and C. Wang,
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UV illumination, BSA was released (Figure 10.29B). Because of the hydro-
philic property of the cell surfaces, the as-prepared superhydrophobic sur-
face in the dark showed repulsion towards cells; after UV illumination for
60 min, the surface turned superhydrophilic and cells could be adhered onto
it, thus realizing a smart capture/release of targeted cells on the materials
(Figure 10.29C)."°®

A large amount of attention has been focused on chirality and relevant
studies since the concept of chirality was proposed in 1848. In material
science, smart surfaces with chirality have shown great potential in medi-
cines, sensors and biotechnology. Sun’s group reported a few smart surfaces
that could switch their own wettability in response to chiral molecules. With
a chirality-responsive ingredient that could form intermolecular hydrogen
bonds with 1- or p-molecules integrated into polymer chains, solutions
containing r- or -molecules flowing by the smart surface would be adsorbed
onto the surface, which would induce a visual transformation of the surface
from hydrophobic to hydrophilic; while solutions containing the other kinds
of chiral molecules flowing by the smart surface would stay hydrophobic.
This theory showed a potential application of chiral molecule separation
(Figure 10.30).*°

10.7 Outlook

Smart materials have shown great potential in the fields of nanotechnology,
biomimetic materials, electronics and fluid mechanics. A reversible super-
hydrophobic/superhydrophilic switchable property is an important branch
in smart materials, which has been demonstrated in the fields of drug de-
livery, controlled locomotion of small objects, bio-sensors and detectors, etc.
Integrating smart materials that could switch between superhydrophobic
and superhydrophilic with one or more functional material(s) into one sys-
tem, the given intention could be realized when the integrated functional
components work in a designed order. This concept of a functionally co-
operated smart device is originally from nature. In this chapter, many suc-
cessful examples of functionally cooperative smart devices have been
discussed; however, research on the devices is just at the beginning, and
more attention should be focused on relevant studies, which may bring
about a revolution in the development of materials science, biomaterials and
nanotechnology.
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oil/water mixture formation,
257-258
oil/water separation, 290-304
carbon dioxide-responsive, 299
magnetically-driven, 302-304,
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optimal design, principles,
265-268
photoswitchable, 299-302
pH-responsive, 291-299
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260
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258-259
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papillae, myriad of, 5
peptization process, 123
phase-separation, 208
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photocatalysis, 1
photocatalysis-induced
self-cleaning, 173-176
photocatalysis mechanism, 147-149
photocatalysts, 147-149
photocatalytically active films,
149-151
porosity, in TiO, film, 150-151
TiO,, modifying, 151
photocatalytic self-cleaning
property, 96-100
photoinduced hydrophilicity,
144-147
photoinduced superhydrophilicity,
142, 151-153
organic adsorbents,
photocatalytic
decomposition, 152-153
surface vacancies, generation
of, 151-152
Ti—OH bonds, photo-induced
reconstruction, 152
photolithography, 211
photoswitchable oil/water
separation, 299-302
photovoltaic modules, 224-226
pH-responsive oil/water separation,
291-299
physical vapor deposition (PVD), 213
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skin, 19
pitcher plants (Nepenthes), 13-14
plasma nanotexturing, 57-60
polycarbonate (PC), 160-163
poly(dimethylamino)ethyl
methacrylate (PDMAEMA), 296
poly(dimethylsiloxane) (PDMS), 9
polymeric substrates
coating process, 158-160
self-cleaning coatings on,
142-163
sol-gel process, 153-158
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(PNIPAAm), 9, 283, 286, 308
Prodryas persephone (Nymphalidae),
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quantum size effect, 126

reactive-ion etching (RIE), 186, 187
rolling angle (RA), 6
roughness factor, 248

Sb,0; arrays, 48, 49
self-assembled monolayers (SAMs),
251
self-cleaning
photocatalysis-induced
self-cleaning, 198-201
principle of, 196-201
special wettability-induced
self-cleaning, 196-198
theoretical aspects of, 196-201
self-cleaning surfaces, fabrication of,
211-218
self-propelling function, 278
shark skins, 17-18
silica-titania distribution, 120
size-sieving mechanism, 267
slippery liquid infused porous
surfaces (SLIPS), 76-79
smart ion channels, 304-308
smart motion, switch for, 278-290
horizontal direction,
switchable locomotion,
278-283
vertical direction, switchable
locomotion, 283-290
smart permeability, 308-312
snail shells, 17
sol, 153
solar collectors, 224-226
sol-gel process, 153-158
sol-gel transition, 114
special wettability-induced
self-cleaning, 196-198
spin-coating, 71-72, 159, 204-205
spray coating techniques, 65-69,
159-160, 205
STP nanocomposites
application and
characterization of, 113-114
characterization of, 110-112
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synthesis of, 108-110
synthesis routes of, 109
textural characterization,
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layer-by-layer assembly,
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plasma nanotexturing, 57-60
re-entrant and overhang
surface structures, 54-57
slippery liquid infused porous
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spin-coating, 71-72
spray-coating, 65-66, 66-69
template-based method,
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superhydrophilic coatings
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particles and powdered
materials, 255-257
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with, 251-257
sponge and foam-based
materials, 252-253
understanding, 246-248
superhydrophobic surfaces
fabrication, 215-216
electrospinning, 216-218
hydrophobization, 218
template-based method, 218
superoleophobicity, 35, 36
surface hydrophilicity, 94
surface morphology, 69, 125
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surface tension force, 42
switchable locomotion
horizontal direction, 278-283
vertical direction, 283-290

template-based method, 69-71
tetraethyl orthosilicate (TEOS), 72,
74, 76
Ti-containing porous silica thin film
(TiMSF), 91, 92, 93, 94
tomenta, 12-13
top-down fabrication, ARCs,
208-211
etching technique, 208-210
lithography, 210-211
transparent superamphiphobic
coatings, 53-82. See also
superamphiphobic coatings,
transmittance

water condensation process, 32

water contact angle (WCA), 6, 9, 10,
30, 87, 99, 246-247

water-in-oil separations, 262-265

water vapour permeability (WVP),
131, 135

Wenzel equation, 146, 196-197, 248

wettability, 144-147

xerogels, 115, 116

Young’s equation, 196, 247
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