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Received ooth January 2012, This review allows to give an overview of recent advances in the potential applications of

Accepted ooth January 2012 superhydrophobic materials. Such properties are characterized by extremely high water contact

DO 10.2039/X0Xx00000X angle and various adhesion properties. The conception of superhydrophobic materials has been

possible by studying and mimicking natural surfaces. Now, extremely various applications
www.rsc.org/ have emerged such as anti-icing, anti-corrosion and anti-bacteria coatings, microfluidic
devices, textiles, oil/water separation, water desalination/purification, optical devices, sensors,
batteries and catalysts. At least two parameters were found to be very important for many
applications: the presence of air on superhydrophobic materials with self-cleaning properties
(Cassie-Baxter state) and the robustness of the superhydrophobic properties (stability of the

Cassie-Baxter state). This review will allow to researchers to envisage new ideas and to

industrialists to advance in the commercialization of these materials.

1. Introduction

Superhydrophobicity is characterized by the repellency of water
on a surface with an apparent contact angles of water (0,,)
above 150° and various adhesive properties characterized by
dynamic contact angle The potential
applications of superhydrophobic materials are extremely wide
and include anti-icing coatings, anti-corrosion coatings, anti-
corrosion coatings, anti-bacteria coatings, textiles, oil/water
separation, water purification and desalinization, microfluidic
devices, optical devices, batteries, sensors, drug delivery or
heterogeneous catalysis. Recent advances in the potential
applications of superhydrophobic materials will be carefully
described in this review.

Biomimetic and bioinspired approaches have been necessary to
well understand and reproduce non-adhesion phenomena.'™
Indeed, the nature have produced since millennia several plants,
insects and animals with superhydrophobic surface properties.
The possession of superhydrophobic properties is a major
trump for these species to survive in very aggressive
environments. The most famous example is the lotus leaf
associated with self-cleaning properties and robustness due to
the presence of micro- and nanostructures of hydrophobic
waxes (Fig. la and Fig 1b).'” Very recently, it has been
reported that soil-dwelling wingless arthropods such as
pringtails (Orthonychiurus stachianus and Tetrodontophora
bilanensis) are able to resist to the wetting of low surface
tension liquids (Fig. 1f), such as oils, due to the presence of
surface structures with positive re-entrant structures (serif T

measurements.
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structures).*® We can also cite the antireflective’ and anti-
fogging'® properties of moth and mosquito eyes to have a large
and clear view of the surroundings, the structural color of
butterfly wings to warn the predators (Fig. 1d),'"'* and the
bactericidal properties of cicada wings.'® Other species are also
able to collect water in very dry and hot media (Fig. 1c),'*"
collect air underwater (Fig. 1b),'® while others are able to slip
on water (Fig. 1e)'”'® or to walk on vertical surfaces (Fig. 1g).
These various ability are especially due to differences of
surface adhesion. "’

The superhydrophobicity is governed by two main parameters
as described by the Wenzel® and Cassie-Baxter*' equations: the
intrinsic hydrophobicity of the materials present at the extreme
surface and a roughness parameter, which combines surface
roughness and topography, as described by Marmur.?>*
Various strategies could be used to reproduce these properties
such as lithographic processes, templating, electrospinning,
electrodeposition, sol-gel processes
deposition.*?’

Because the scientific community have worked very intensively

and layer-by-layer

since about 10 years, it is now appropriated to give a very
the importance of the
superhydrophobicity for various potential applications. After

exhaustive  overview  of
the description of the wetting theories as well as self-cleaning
properties and robustness, which are extremely important for
applying superhydrophobic materials, we will summarize each
application such as a “mini-review”.

J. Name., 2013, 00, 1-3 | 1
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Fig. 1. (a) Picture of superhydrophobic peanut leaves; (b) Superhydrophobic Salvinia leaves with hydrophilic pins for air retention; (c) Picture of a
superhydrophobic lupin with superhydrophilic channels to guide water droplets; (d) Picture of a blue Morpho Aega with directional adhesion; (e) Picture of a
water strider capable of walking on water; (f) Picture of superoleophobic Folsomia candida; (g) Picture of a gecko capable of walking on vertical surfaces;'”
(h) Picture of cicada with superhydrophobic and self-cleaning wings.
Panel a reprinted with permission from ref. 4, copyright 2014, Wiley-VCH; Panel b reprinted with permission from ref. 16, copyright 2010, Wiley-VCH; Panel
¢ reprinted with permission from ref. 16, copyright 2009, American Chemical Society; Panel d reprinted with permission from ref. 12, copyright 2013,

American Chemical Society; Panel e reprinted with permission from ref. 17, copyright 2010, Elsevier B.V.; Panel f reprinted with permission from ref. 6,
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copyright 2014, Wiley-VCH; Panel h reprinted with permission from ref. 5, copyright 2013, PNAS.

2. Wetting theories, self-cleaning properties and
robustness

When a droplet is deposited on a substrate, it wets more or less
the substrate. The apparent contact angle 0,, is taken at the
triple point solid-liquid-vapor. For a smooth, homogeneous,
rigid, insoluble and non-reactive solid surface,”® 0,, depends on
the solid-vapor tension ysy (surface free energy), the solid-
liquid surface tension yg; and the liquid-vapor surface tension
YLv, as given by the Yound-Dupre equation (Fig. 2a): cos 0¥ =
(vsv — Ysv)/ yLV.29 Hence, for a “smooth”, 8Y increases when Ysv
decreases or y_y increases. However, for a smooth surface, 6,

2| J. Name., 2012, 00, 1-3

do not exceed 125-130°C, which is the maximum value
obtained for some fluorinated materials.

Indeed, it is necessary to increase the surface roughness by
creating surface structures, as described by the Wenzel®® and
Cassie-Baxter’' equations. A liquid droplet in the Wenzel
state®® fully wets the surface by entering in all surface
anfractuosities (Fig. 2b). The solid-liquid interface is increased
by a roughness parameter r corresponding to the
specific/projected area. The Wenzel equation is: cos® =r cos0".
As a consequence, both superhydrophobic and superhydrophilic
properties can be predicted. The surface roughness increases
the hydrophobicity of intrinsically hydrophobic materials (0¥ >
90°) and decreases the hydrophobicity of intrinsically

This journal is © The Royal Society of Chemistry 2012
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hydrophilic materials (6¥ < 90°). In the Cassie-Baxter state,'
the liquid droplet is suspended on top of rugosities and on air
trapped inside surface anfractuosities (Fig. 2c). The Cassie-
Baxter equation is: cos® = @4 (cos®” + 1) — 1, where o, is the
solid fraction in contact with the droplet and (1 — @) is the air
fraction.

(a)

Smooth Surface

Young-Dupre Theory

(c)

(b)

Rough Intrinsically Hydrophohic Surface
Wenzel State

Rough Intrinsically Hydrophobic Surface
Cassic-Baxter State

Fig. 2 Schematic representation of a water droplet on a (a) smooth
surface, following the Young-Dupre equation, and on a rough surface,
following (b) the Wenzel equation and (c) the Cassie-Baxter equation

To determine the superhydrophobic properties of materials, it is
necessary to determine not only the water apparent contact
angle 0, but also the dynamic contact angles: the advanced
contact angle 0,4, the receding contact angle 0, ., and as a
O.dvw — Orecw. H gives an
indication on the necessary force to remove a droplet on a
substrate. Usually, for superhydrophobic surfaces, the most
employed method to determine H is the tilted-drop method.
This method consists in the deposition of a water droplet on a
substrate. After inclination until a maximum angle, called
sliding angle or tilting angle (o), the water droplet rolls off the
substrate. H has to be determined just before the droplet rolls
off the substrate. Indeed, the gravity inducing a deformation of
the droplet allowing to determine 0,4y, and O.. When a
liquid droplet follows the Wenzel equation, H and o are very
high because of the increase in the solid-liquid interface. By
contrast, when a liquid droplet follows the Wenzel equation, H
and o are very low (usually < 10°) due to the increase in the
liquid-vapor interface. The low H and a are also responsible of
the self-cleaning properties observed on natural species such as
the lotus leaves.'™ Indeed, if dusts or particles are present on a
superhydrophobic surface, there are more attracted by water
droplets than by the surface (Fig. 3).*°?' As a consequence,
during rainfall, a simple surface inclination allows to remove

consequence the hysteresis H,, =

dusts and particles on superhydrophobic surfaces.

Moreover, the Wenzel and Cassie-Baxter states are two
extreme states but many other states between these two states
can also exist (with a composite interface).’”>* Indeed, the
Cassie-Baxter state is a metastable state and the applying of an
extern pressure can induce a Cassie-Baxter—to—Wenzel
transition (Fig. 5). A surface supporting a very high pressure is

called “robust”. The term “robust” is different from the term

This journal is © The Royal Society of Chemistry 2012
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“mechanical durable”, which is also important for many
applications.®

(b)

(a)

Fig. 3 Schematic representation of (a) a smooth surface without self-
cleaning properties and (b) a superhydrophobic surfaces with self-
cleaning properties (Cassie-Baxter state).>

COS, 00 2 atr

Wenzel state

(=]

Lo p

Metastable Cassie state

Fig. 4 Relationship of cos® with cos@”: the black, blue, correspond to
the Wenzel state, the Cassie-Baxter state while the red dotted and red
dashed lines to the metastable Cassie-Baxter state when 8¥ > 90° and
the metastable Cassie-Baxter state when 8% < 90°.

Reprinted with permission from ref. 32, copyright 2007, American

Chemical Society.

The robustness is highly depending on the surface topography.
For example, the presence on both micro- and nanostructures
was found to be an important parameter to obtain robust
superhydrophobic properties.®® It was even demonstrated the
possibility to stabilize the Cassie-Baxter state using intrinsically
hydrophilic materials (8%, < 90°) as well as superoleophobic
properties with using intrinsically oleophilic materials (0¥, <
90°).*” The main parameter was found to be the presence of re-
entrant surface structures, as observed in springtails (Fig. 1f)
and in leathopper (Fig. 5), such as overhangs, T-like structures
or mushroom-like structures. Indeed, their presence often
affects the interface meniscus and induces a negative capillary
effect helping to support the liquid.>>*°

3. Potential applications of superhydrophobic
surfaces

3.1 Anti-icing coatings

J. Name., 2012, 00, 1-3 | 3
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- % : ¥ L = L.
Fig. 5 Superoleophobic bronchosomes observed at the surface of
leathoppers (Insecta, Hemiptera, Cicadellidae). Scale bars: 50 nm (a,b),
100 nm (c,e) and 1 um (d).

Reprinted with permission from ref. 38, copyright 2013, The Royal

Society.

The development of anti-icing coatings can increase the energy
efficiency as well as the safety of materials and systems such as
aircrafts or turbines.*” The surface topography/roughness
necessary to obtain superhydrophobic surfaces can lead also in
certain conditions to anti-icing properties. However, if water
and ice are composed of the same molecules, their adhesion on
a substrate is clearly different. First of all, it was demonstrated
that superhydrophobic properties can delay the formation of
freeze.*'”  Indeed, the presence of air trapped on
superhydrophobic surfaces favoring the Cassie-Baxter can
induce the formation of a thermal barrier between the solid and
the liquid. This characteristic was demonstrated by depositing
water on cold solids.*! Hence, if the substrate is tilted, water
droplets can be removed without freezing. The group of Song
showed, using superhydrophobic surfaces made of ZnO
nanorods, that condensed micro-droplets below the freezing
points were always spherical indicating that the surfaces were
superhydrophobic to these droplets.*> Moreover, they observed
a dependence of the delay of the freeze formation with the
dimension of the ZnO nanorods. Other groups worked on the
ice nucleation on superhydrophobic surfaces using supercooled
water droplets.*>*® They observed a delay for superhydrophobic
surfaces but also a nucleation mechanism highly depending on
the temperature. As a consequence, it is extremely difficult to
obtain anti-icing properties for all temperature ranges. Gao et
al. also studied anti-icing properties of superhydrophobic
surfaces made of nanoparticle/polymer composites using
supercooled water droplets.*” They observed that their anti-
icing capacity was highly depending on the size of the particles.
Second, the adhesion of ice can be higher or lower on
superhydrophobic surfaces than on smooth surfaces. It was
demonstrated that there is a relationship between the water
wettability and the ice adhesion with the quantity [1 + cos
0r00]- 284 More precisely a surface should exhibit a 0., > 118.2°
to induce a significant decrease of the ice adhesion. As a

4| J. Name., 2012, 00, 1-3
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consequence, superhydrophobic textured surfaces favoring the
Cassie-Baxter state are preferable to reduce the ice adhesion
and more precisely a water droplet should freeze in the Cassie-
Baxter state.*®>® Such surfaces should also resist to freezing
rain and condensation of moisture within the surface structures.
Indeed, it was shown that the anti-icing efficiency is lower in a
humid atmosphere because the water condensation can enter
inside the surface roughness leading to higher values of ice
adhesion strength.’> The surfaces should be also mechanically
resistant to the icing and deicing phenomena.>*

Moreover, the mechanism of water and ice adhesion are clearly
different,>*® as showed by the group of Nosonovsky. When a
piece of ice is present on a surface, it can be removed by
dewetting or can fracture (Fig. 6).>> When a superhydrophobic
in the Cassie-Baxter state is used, the freezing of water changes
the air pockets into air voids, which can act as stress
concentrators (microcracks). It was showed that the forces
necessary to remove a piece of ice are depending on the
receding contact angle and the initial size of the interfacial
cracks. Hence, a superhydrophobic surface can lead to high ice
adhesion if there are not sufficiently large voids at the interface.
The hardness of the materials is also important for the process.
For example, flexible and rigid materials were tested against
icing and deicing cycles.’®® The results showed that the rigid
materials were more efficient against icing and deicing cycles.
Indeed, the icing and deicing can deteriorate the surface
structures and also the chemical compounds present on the
surface. However, Zheng et al. also reported than flexible
materials containing PDVF microspheres and coated by ZnO

nanocones have excellent anti-icing and deicing properties.>*®

(b) (c) .
Txy 15

'

Mode It
IF

-

Tex

Tax IF

Crack

/8

Fig. 6 Normal and shear forces during shear the loading of (a) a water
droplet and (b) an ice frozen droplet on a flat and (c) textured (Cassie-
Baxter state) surface.

Reprinted with permission from ref. 57, copyright 2012, American
Chemical Society.

Hence, many strategies were used to reduce the ice adhesion
using superhydrophobic surfaces. The group of Aizenberg also
reported the elaboration of a predictive model for the formation
of ice on superhydrophobic surfaces with the possibility to vary
the surface morphology and the surface chemistry.*

In the last section, we will report examples of ice-phobic
materials reported in the literature.

Robust anti-icing coatings were reported on stainless steel. To
obtain such properties, the substrates were etched, modified
with silica nanoparticles and treated with a fluorinated silane.®'
Anti-icing coating were reported in freezing rain at -6°C and

This journal is © The Royal Society of Chemistry 2012
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humidity 97% with robustness even after 100 icing/deicing
cycles. Superhydrophobic aluminum alloy substrates obtained
by chemical etching or anodization (0,, = 159.1° and H = 4° for
the etched substrates) were tested from room temperature
(16°). In comparison to smooth aluminum, the authors
observed a delay in the ice formation at -2.2° of 270 s while the
icing temperature could be decreased from -2.2° to -6.1°.
Moreover, the tilting of the surface could highly reduce the
utilization temperature of these materials. The resistance to ice
of superhydrophobic anodized aluminum substrates were also
confirmed by other works.®

Copper foils were treated by immersion in KOH and K,S,05 to
form superhydrophobic (0,, = 156.2°) flower-like structures
after surface modification with a fluorinated silane.** The
authors showed that the water droplet was smaller and more
dispersive on these surfaces, in comparison with smooth copper
foils, reducing both the icing and deicing time. Glass substrates
were also modified in the literature to form anti-icing
properties.®% The strategies involved the use of silica
nanoparticles and calcium carbonate/polymer composites.
Another strategy to form robust ice-repellent coatings was to
infuse a water-immiscible liquid inside the structures of a
porous superhydrophobic materials.®” The group of Aizenberg
worked on aluminum substrates coated by a porous layer of
polypyrrole and reported that when this materials is infused in a
perfluorinated lubricant (perfluoroalkylether), the resulting
materials can reduce the ice adhesion with 1-2 orders of

magnitude in comparison to conventional materials (Fig. 7).57*

Immiscible
Liquid
/

Functionalized
Porous/Textured Solid

Lubricating Film
\

Fig. 7 Schematic representation of a slippery, liquid-infused porous
surface (SLIPS) for anti-icing coatings.

Reprinted with permission from ref. 67b, copyright 2012, American
Chemical Society.

3.2 Anti-corrosion coatings

The corrosion of metals is one of the more major concern in the
worlds and represents about 3% of the world GDP. Today, most
of the coatings used contain chromium (VI) ions for anti-
corrosion properties and due to its toxicity all the strategies to
replace it have to be tested. It was shown in the literature that
superhydrophobic materials can also act as anti-corrosion

chemicals.®

barrier without adding Superhydrophobic
surfaces with different adhesions but with the same surface
reported in especially
superhydrophobic surfaces with self-cleaning properties
(Cassie-Baxter state) and with high adhesion (Wenzel state).®®

The authors observed that the surfaces with the self-cleaning

chemistry were literature and

properties have the more promising anti-corrosion properties
with a very high impedance value of 10'° Q cm? (at 107 Hz).
They proposed that the air layer between the surface and water,

This journal is © The Royal Society of Chemistry 2012
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when the superhydrophobic surface possess self-cleaning
properties, may inhibit ion transport from the electrolyte to the
substrate (Fig. 8). As
superhydrophobic surface keeping their properties in seawater

metal a consequence a robust

has to be used for anti-corrosion properties.

N
Corroded area

Fig. 8 Mechanism of corrosion of (a) superhydrophobic and (b)

Comnected sub-channls

hydrophobic metals; (c) experiments on inclined superhydrophobic
films with self-cleaning properties.

Reprinted with permission from ref. 69, copyright 2014, Elsevier B.V.

Superhydrophobic metals were used in the literature to reach
anti-corrosive materials. A metal (M) can be oxidized to form
M"™ jons. In acidic media, the substrate can be etched while in
neutral or basic media, the M™ ions can react to form metal
oxide, hydroxide, or complex nanostructures. The group of
Wang etched Mg, Al, and Ti alloys in HNO;, HCI, HF as well
as oxidized Mg and Al alloys in hot water and Ti alloys in H,O,
or H,0O,/HF.” The surfaces were superhydrophobic after
modification with a perfluorinated silane. The authors showed
that the surfaces treated in hot water or H,O, are much more
efficient against corrosion than the surfaces etched in acidic
media. This is probably due to the presence of the oxide layer
which adds a barrier effect and also strengthens the interfacial
bindings between the surfaces and the perfluorinated silane.
Similar results were also reported by other research groups.”'”7*
To induce a more controlled oxide layer, aluminum and
titanium surfaces with excellent ant-corrosion properties were
also obtained by anodization.””® Zhang et al. elaborated
Cu[CH;(CH,)1,)COO0],
electrochemical oxidation of Cu plates in the presence of

flower-like structures by
tetradecanoic acid (Fig. 9).”” The films presented excellent anti-
corrosion properties and it was observed a decrease of more
than four orders of magnitude of the anodic and cathodic
polarization current densities. The films were stable after more
than 20 days immersion in 3.5 wt.% NaCl even if a decrease of
0,, to around 140° was observed. The authors could also play on
the surface morphology replacing tetradecanoic acid by
laurylamine or 3-undecyl-4-amino-5-mercapto-1,2,4-triazole as
well as the copper substrate by a zinc one.”®®® Carambola-like
CuO structures were also reported by immersing Cu plates in
hot copper
hexamethylenetetramine.?!' It was also possible to deposit metal

water containing acetate and
nanostructures on a substrate composed of another metal by
When
between the metal and the metal ion is sufficiently important,

the

galvanostatic deposition. the potential difference

growth is spontaneous at room temperature.

J. Name., 2012, 00, 1-3 | 5



Journal of Materials Chemistry A

ARTICLE

Fig. 9 Cu[

Journal Name

CH;(CHz);1N],C nanostructures by electrochemical oxidation of Cu in the presenceof laurylamine at a voltage of (a) 5 V and (b) 50 V. (c) Picture

of a superhydrophobic film immersed into 3.5% NaCl solution. Scale bars: 100 um (a) and 20 pum (b).

Reprinted with permission from ref. 78, copyright 2014, Elsevier B.V.

For example, Fe[CH;(CH,);;)COO]; were reported at the
surface of Mg alloy substrates as well as Pt nanostructures at
the surface of Zn substrates.®® Otherwise, the deposition can be
performed by electrodeposition.

To increase the surface roughness and to improve the anti-
corrosion properties, SiO, and TiO, nanoparticles were used in
the literature.’*® For example, the group of Rao reported the
elaboration of large SiO, particles at the surface of Cu
substrates with superhydrophobic properties (0,, = 158°) and
low sliding angles (o = 7°).** The coating was able to resist to
an immersion for 100 h in 50% HCI solution even if a decrease
of 0,, from 158° to 146° was observed after 120 h. To increase
the surface properties, a fluorinated silane could also be grafted
to the nanoparticles.®*®® Fibrous szaibelyite structures and leaf-
like boehmite structures were also applied on Mg alloy and Al
substrates, respectively.’**° After surface modification, the
substrates displayed anti-corrosion properties with a decrease in
the corrosion current density of three orders of magnitudes in
comparison to smooth substrates.

Polymer materials were also found to be suitable for anti-
corrosion properties. Rough polysiloxane materials deposited
on Mg alloys by plasma-enhanced chemical vapor deposition
highly improved their corrosion resistance.”’ However, the
films were stable in acidic and neutral media but not in alkaline
media. To improve the adhesion between a polymer layer and a
metal substrate, the polymer should be grafted on the surface.
An electrospun diblock copolymer was used to improve the
corrosion of Al and also the adhesion to Al.°* The first block
(poly(heptadecafluorodecylacrylate-co-acrylic acid)) was used
to increase the surface hydrophobicity and to graft onto Al
thanks to carboxylic acids while the second block
(polyacrylonitrile) was used to insure the stability during
annealing. The best adhesion and corrosion resistances were
obtained for 20 um thickness. The group of Yuan also reported
the graft polymerization of a fluorinated polymer after
introduction of vinyl groups on copper substrates.”
Superhydrophobic polymer surfaces with regular patterns were
also obtained by lithographic process. Yeh et al. used of soft
lithographic process using natural Xanthosoma sagittifolium
leaves as molds and used polyaniline, electroactive polyimide,
or an electroactive epoxy for the replication (Fig. 10).*°¢ Here,

6 | J. Name., 2012, 00, 1-3

the electroactivity of the polymer enhanced the protection of
the polymer against the corrosion. The same group also used an
UV-curable epoxy-acrylate to induce a very fast curing and
without any solvent.”” Here, the corrosion potential and the
corrosion current were found to shift from -730 mV and 5.44
pA cm for the smooth surfaces to -394 mV and 2.30 pA cm™
for the structured superhydrophobic ones. Colloidal lithography
was also used in the literature. To induce microstructures, the
group of Advincula formed ordered PS nanoparticles on steel
substrates before electrodeposition of a polythiophene-derived
polymer.”® They observed an increase of the anti-corrosive
efficiency of 96.2% and 81.3% for the superhydrophobic films
and the corresponding smooth surface, in comparison with the
steel substrate. Wang et al. also used the deposition of PS
nanoparticles by colloidal lithography but as removable
template.”® After deposition of SiO, nanoparticles, the PS
template was removed by heating at 550°C. The as-prepared
materials possessed good anti-corrosive properties.

Hence, several kinds of materials (metal, inorganic, polymer...)
were used in the literature to enhance the anti-corrosion
properties of metals by formation of superhydrophobic films.
Composites films were also reported in the literature for this
application.'%-1%!

]
Fig. 10 Superhydrophobic surfaces with anticorrosive properties
soft
sagittifolium leaves as molds. The inset represents Tafel plots for

obtained by lithography and using natural Xanthosoma

different materials measured in 3.5 wt % NaCl aqueous solution.

This journal is © The Royal Society of Chemistry 2012
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Reprinted with permission from ref. 94, copyright 2011, American
Chemical Society.

3.3 Anti-bacteria surfaces

The biocontamination of materials and devices is a major
problem in various industrial sectors including in medicine and
environment fields. In these fields the growth of biofilms can
be problematic as observed by nosocomial infections in
hospitals. The formation of biofilm is a natural and spontaneous
process taking place in four steps: transport, adhesion,
strengthening and colonization. Two strategies are often

employed: to kill them or to reduce their adhesion.
3.3.1 Bactericidal surfaces

The first strategy to reduce the presence of bacteria on surfaces
is to kill them. It was shown that the superhydrophobic and
nanopatterned wings of cicada Psaltoda claripennis possess
this ability.'>'"? The wings are able to consistently kill Gram-
negative bacteria (Branhamella catarrhalis, Escherichia coli,
Pseudomonas aeruginosa, Pseudomonas fluorescens) but do
not kill Gram-positive bacteria (Bacillus subtilis, Planococcus
maritimus, independently of the

Staphylococcus aureus),

bacteria shape (Fig. 11).

peripheral
membrane

r

‘ e
Fig. 11 (a) Picture of cicada Psaltoda claripennis with nanopatterned

superhydrophobic wings; (b), (¢) and (d) SEM images of the wings with
dead bacteria.
Reprinted with permission from ref. 13, copyright 2012, Wiley-VCH.

Otherwise, biocides can be used such as Ag", or highly reactive
species such as hydroxyl radical, hydrogen peroxide and
superoxide produced by the photocatalysis of TiO,. Ag
nanoparticles immobilized in polyelectrolytes were used to
prevent bacterial adhesion.'®"'% The authors reported that the
presence of superhydrophobic properties can reduce the release
of Ag" ions due to the presence of air between the substrate and
seawater, which reduces the contact between the substrate and
seawater (Fig. 12). Hence, superhydrophobic properties
enhanced the stability of the Ag-based coating and prolonged

This journal is © The Royal Society of Chemistry 2012
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the duration of release of antibacterial Ag" ions. To control the
release of Ag' ions, superhydrophobic mesoporous silica
Ag
elaborated.'’ In this strategy, the release of Ag" was controlled

microcapsule-supported nanoparticles  were  also

by mesopore channels.

Superhydrophobic
surface

Polyelectrolyte
multilayers

Substrate

Fig. 12 Mechanism of Ag’ ions released on a polyelectrolyte
superhydrophobic film.

Reprinted with permission from ref. 103, copyright 2012, American
Chemical Society.

Other research groups elaborated superhydrophobic surfaces
using Ag nanoparticles for antibacterial properties. For
example, fibrous Ag-perfluorodecanethiolate complexes were
elaborated by reaction between AgNO; and
perfluoroodecanethiol.'” After UV irradiation to form Ag
nanoparticles, the film showed antibacterial properties. To use
the antibacterial photocatalytic effect of TiO, but under-visible
light, N-doped TiO, nanoparticles were used as well as
Cu/WO; ones.'® % Composites obtained with these materials
and PTFE showed a bacterial activity against Escherichia coli.
Cotton textiles with antibacterial properties were also reported
by incorporation of Ag nanoparticles, Cu nanoparticles or

ammonium moieties.' %113

3.3.2 Anti-bioadhesion surfaces

Hence, if the use of bactericidal materials allows to kill bacteria
with high efficiency, the increase in bacterial resistance allowed
to envisage another way without killing the bacteria. This
strategy is based on the reduction of the bacteria adhesion on
surfaces.

3.3.2.1 Protein and Cell Adhesion

The control of the cell and protein adhesion has a potential
application in bio-sensors and the implanting of biomaterials.
This control is also important to control and reduce the
adhesion of pathogenic bacteria, germs and cancel cells.

It is admitted in the literature that the adhesion of proteins and
cells is depending on the surface chemistry. The question is
how the presence of a surface topography in superhydrophobic
surfaces can affect the interactions between the surface and
proteins or cells.''¢!'"”
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Fig. 13 Cell adhesion on micropatterned superhydrophobic/superhydrophilic surfaces.
Reprinted with permission from ref. 119, copyright 2010, American Chemical Society.

The group of Salmeron-Sanchez studied the influence of the
superhydrophobicity on the fibronectin adsorption and MC3T3-
El cell adhesion.''® They used superhydrophobic PS substrates
and compared their results to smooth PS ones. They observed
that the superhydrophobic surfaces reduce the density of
adsorbed fibronectin and alter their conformation, leading to
cell adhesion without formation of mature focal adhesion
plaque and scarce phosphorylation of FAKs. However, cells
were able to proliferate on superhydrophobic surfaces and
maintain a stable population up to 21 days even if their density
was lower than on smooth surfaces. On the one hand, Ishizaki
et al studied the impact of the surface chemistry and physics by

investigated the cell adhesion on superhydrophobic,
superhydrophilic ~ (with the similar roughness) and
micropatterned superhydrophobic/superhydrophilic  surfaces

(Fig. 13)."" On micropatterned surfaces, the cells attached to
the superhydrophilic regions in a highly selective manner.
When the distances between superhydrophilic regions were
lower than 400 pm, the cells partially extended to the
neighboring cells. Moreover, the cells adhered and proliferated
much easier on superhydrophilic surfaces than on
superhydrophobic ones. The authors also observed that the
amount of adsorbed proteins was greater on smooth hydrophilic
surfaces than on smooth hydrophobic ones.

On the other hand, the group of Moon studied the impact of the
topography on the adhesion of mouse liver cancer cells on
nanostructured  superhydrophobic  and  superhydrophilic
surfaces.'” They observed that the growth of the cancer cells is
suppressed on superhydrophilic surfaces with high aspect ratio
nanostructures (hair shaped) due to the limited sites for focal
adhesion. The adhesion and the growth was further restricted on
superhydrophobic  surfaces  with  high aspect ratio
nanostructures. More precisely, they observed that their cell

8 | J. Name., 2012, 00, 1-3

activity was extremely low and that their spherical shape was
maintained.

Other groups were interested in the evaluation of the role of air
trapped on superhydrophobic surfaces on the protein and cell
adhesion. Indeed, it is thought that the air trapped can act as a
resistance to protein and cells.'”?’'? The group of Lin
investigated the influence of air trapped within the interstices of
TiO, nanotubes by the -elaboration of micropatterned
superhydrophobic/superhydrophilic surfaces.'”®> The effect of
air was investigated by displacing the air by sonication. The
authors observed that the proteins bind much more on
superhydrophobic surfaces when the air is displaced. However,
they also showed that the air trapped in superhydrophobic
surfaces does not block short or long-term cell attachment.
Finally, the adhesion of proteins and cells was also investigated
on switchable superhydrophobic surfaces. To study this effect,
superhydrophobic GaN nanowires were deposited by CVD
while their wettability could be switched to superhydrophilic by
UV irradiation with an increase in the protein adsorption and
cell adhesion (Fig. 14).'"” Chen et al.
nanostructured Teflon AF with superhydrophobic properties

also fabricated

and resistance to protein adsorption.'** After electrowetting, the
surfaces changed into superhydrophilic with a promotion of the
protein adhesion. The group of Advincula was also interested in
such materials.'” They developed superhydrophobic surfaces
combining colloidal lithography with an electrodeposited
polythiophene derivatives. In its undoped state, the film was
superhydrophobic and inhibited the adhesion of fibrinogen
protein and Escherichia coli. By changing the voltage, the
doped polythiophene film was hydrophilic and increased the
adhesion of protein and Escherichia coli.

This journal is © The Royal Society of Chemistry 2012
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Superhydrophobic

Superhydrophilic

Fig. 14 Effect of irradiation on protein adsorption and cell adhesion of

GaN nanowires.
Reprinted with permission from ref. 123, copyright 2013, American
Chemical Society.

3.3.2.2. Bacteria Adhesion

In this last sub-section, we will discuss on the surface able to
limit the adhesion bacteria also called anti-bioadhesive
surfaces. If protein and cell adhesions can give information and
strategies to reduce the bacteria adhesion, it should be noticed
that bacteria are extremely complex microorganisms having
various surface chemistry, hydrophobicity, cell membrane,
surface charges, shape, and hardness and can also have pili and
flagella to modify their adhesion.'**'* Hence, the elaboration
of surfaces repelling all kinds of bacteria is to date not possible.
The group of Dowling studies the adsorption of proteins of
siloxane and  fluorinated  materials ranging from
superhydrophilicity to superhydrophobicity.'*! A reduction of
the protein adsorption was observed on superhydrophilic
surfaces in comparison to hydrophobic one, but the highest
reduction was measured on superhydrophobic surfaces. The
authors also observed a reduction of Staphylococcus aureus on
their surfaces. Superhydrophobic xerogels made of fluorinated
silica nanoparticles were reported in the literature."** Such
surfaces were able to reduce the bacterial adhesion (tests
realized with a parallel plate flow cell) of Staphylococcus
aureus and Pseudomonas aeruginosa by 2.08 + 0.25 log and
1.76 + 0.12 log in comparison with a “smooth” similar surface.
Superhydrophobic surfaces containing nanoparticles of an
elastomer silicone (Sylgard 184) obtained by aerosol assisted
CVD were also studied. The surfaces were able to reduce the
bacterial adhesion of Escherichia Coli and methicillin-resistant
Staphylococcus aureus.'

Khine et al the

superhydrophobic plastics (PS, PC and PE) with wrinkles as

reported antibacterial properties of
surface structures.'*® They reported that these surfaces were
able to prevent the growth of Escherichia Coli. Moreover, they
authors suggested that the self-cleaning of superhydrophobic
surfaces with low hysteresis and sliding angles is the key factor
to control the anti-bioadhesion properties.

On another hand, the group of Ivanova observed that the
bacteria adhesion is highly depending on the nature of the
135 166°)

titanium surfaces by femtolaser ablation with low hysteresis (H

bacteria. They created superhydrophobic (0, =

= 10°) and with a possibility of water droplets to bounce on
these surfaces. The authors revealed that Staphylococcus aureus

This journal is © The Royal Society of Chemistry 2012

Journal of Materials Chemistry A

was able to colonize these superhydrophobic surfaces with an
increase in the number of attached cells in comparison with
smooth substrates. However, Pseudomonas aeruginosa was not
They
suggests that one of the main factor may be the shape of the

able to colonize these superhydrophobic surfaces.
bacteria. Indeed, the spherical shape of Staphylococcus aureus
may need less contact with the surface to be attached than
Pseudomonas aeruginosa, which have a rod-like shape.

The surface topography is another parameter studied in the
literature. The group of Lin revealed that natural plants of the
genus Nelumbo nucifera and Colocasia esculenta possess both
self-cleaning and biofouling properties under submerged
conditions.'*® They showed that this resistance is due to the
presence of dense nanostructures, which reduce the adhesion
force of the plant. Other works on superhydrophobic PP and PS
obtained by plasma treatments also showed the importance to
have surface structures at the bacteria dimension in order to

avoid their trapping.'*”'3®

3.4 Textiles

The development of fabrics which repel water but also all kind
of organic contaminants is highly in demand. However, for this
application, the coating should be mechanical resistant to
stresses, such as scratching, abrasion or tensile, as well as
support many cycles of laundry. Hence, it is absolutely
necessary that the superhydrophobic textiles are robust. The
robustness of such materials can be controlled with several
parameters.'**'*! For example, the Cassie-Baxter state can be
highly stabilized by playing with the spacing ratio (D*), defined
as the ratio of the distance between the fibers and the region
covered by the fibers, the pressure difference across the liquid—
the 15).
Theoretically, nanometric fibers can lead to extremely stable

vapor interface or surface chemistry (Fig.
superhydrophobic properties and can even resist to the impact
of rainfall. The formation of nanostructures around the textile

fibers often also allows to increase its robustness.

- by, -

Fig. 15 Schematic representation of the sagging of the liquid—air
composite interface on fiber surface in an electrospun nonwoven mat.
Reprinted with permission from ref. 139, copyright 2012, American
Chemical Society.

To obtain durable and robust superhydrophobic textiles, it is
extremely important to have a resistant interface between the

J. Name., 2012, 00, 1-3 | 9
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textile and the coating. To form robust superhydrophobic
polyester fabrics, the group of Im reported the possibility to
stack polymer film composed of poly(1,3,5,7-tetravinyl-1,3,5,7-

tetramethylcyclotetrasiloxane) and poly(1H,1H,2H,2H-
perfluorodecylacrylate) by initiated chemical vapor deposition
(iCVD), a solventless process allowing to form

nanostructures.'*> Here, the two polymer layers most likely
formed a covalent bonding at their interface. These fabrics were
chemically and mechanically stable and also stable after 75
cycles of laundry test. Lin et al. reported the obtaining of robust
and durable superhydrophobic fabrics by dip-coating with a
solution of perfluorinated SiO, nanoparticles and a PDMS
elastomer (Sylgard186) to form a composite layer.'***

The best strategy to highly enhance the binding of the interface
is to graft the coating on the surface of the textile. In the case of
cotton textile, hydroxyl groups are already present on the
surface. One of most employed strategies is to use silanes to
graft hydrophobic materials. Highly durable and robust cotton
textiles were reported by grafting diblock copolymers of
poly(glycidyl
methacrylate).'**® While the fluorinated segment was necessary
the epoxy groups
allowed the grafting of the polymer on the cotton textile.

methacrylate) and poly(2,2,2-trifluoroethyl

to reach superhydrophobic properties,

Moreover, the polymer grafting allowed the formation of
nanostructures on the textile surface, which is an important
these textiles

parameter to obtain robust textiles. Here,

withstood mechanical abrasion, laundering with strong
conditions, UV-light irradiation, ultrasonication in THF and
trifluorotoluene and immersions in organic solvents, acid and
basic solutions. Nanostructures could also be performed using
nanoparticles. SiO, nanoparticles were grafted onto cotton
fabrics by functionalizing them with azido groups (Fig. 16).'***
Then, covalent cross-linking was performed under UV-light

irradiation.

Fig. 16 Grafting of SiO, nanoparticles onto cotton fabrics by
functionalizing them with azido groups.

Reprinted with permission from ref. 144a, copyright 2012, American
Chemical Society.

A fluorinated polyacrylate polymer was also grafted onto the
cotton fabric under y-rays irradiations.'*** The fabrics were
stable against acid and basic solutions and durable for more
than 250 launderings. Wool and polyester fabrics were
modified with hydrophobic SiO, nanoparticles (containing

alkyl groups) with the help of triethylamine and ultrasonication

10 | J. Name., 2012, 00, 1-3

to form highly durable and robust textiles.'***!4** Robust, self-
healing and superoleophobic polyester fabrics were also

obtained using SiO, nanoparticles functionalized with
fluorinated chains following by the reaction with
poly(vinylidene fluoride-co-hexafluoropropylene) and a

fluorinated silane.'*’ The as-prepared fabrics were extremely
chemically and mechanically resistant and withstand more than
600 cycles of laundry.

Other properties are often required for applications in textile
industry. First of all, for anti-soil textiles, it is necessary to
induce the repellency of other liquids such as oils. However,
due to the much lower surface tension of oils (< 35 mN m™
following the oil used), it is much more difficult to impede their
spreading on surfaces.””'**'* Indeed, if it was demonstrated
that, for example, the formation of micro and nanostructures
can allow the obtaining of robust superhydrophobic surfaces,
other necessary
superoleophobicity. Because all materials are intrinsically

surface  structures are for robust
oleophilic, the surface structures should induce a change from
oleophilic to superoleophobic. Surface structures with re-
entrant curvatures such as overhang structures, mushroom-like
structures or T-like structures were found to be ideal to induce
such effect.’’ Indeed, an extremely high pinning effect of the
liquid interface on these structures can induce the stabilization
of the Cassie-Baxter state even using low surface tension
liquids. Fortunately, fibrous structures such as fabric textures
can induce such effect but the presence of nanostructures on the
fabrics and the surface modification with fluorinated materials
is one of the best way to produce stable superoleophobic
properties. The stability of the superoleophobic properties is
also extremely depending on the geometric parameters on the
fabrics such as the fiber diameter the distance between the
fibers or the fibers weaving. As shown by the group of
McKinley, the maximum pressure that the fabrics can support is
highly depending on the surface tension of the liquid and these
30 They obtained

fabrics even against octane and methanol by coating polyester

geometric parameters. superoleophobic
fabrics with fluorodecyl polyhedral oligomeric silsesquioxane
(F-POSS) forming nanostructured coating. Similar results were

also reported by the group of Lin.'!

They reported the
possibility to reach superoleophobic fabrics with UV, acid,
mechanical and laundry resistance, in the presence of F-POSS
and a fluorinated silane.

Superoleophobic cotton textiles were reported by the group of
Ming via a multi-step of grafting process.'*? First, they induced
the formation of relatively large SiO, nanoparticles (= 800 nm)
directly grafting on the cotton textile with the Stober method.
Then, the SiO, layer was modified to introduce amino groups,
which were then protonated into ammonium. In the last step,
negatively charged SiO, nanoparticles were introduced by
layer-by-layer assembly and the surface was modified with a
perfluorinated silane resulting in superoleophobic properties.
The group of Seeger developed a technique allowing the
growing of silicone nanofilaments on the surface of polyester
fabrics.'”® A subsequent plasma fluorination led to robust
superoleophobic surfaces with resistance to impacts of alkane

This journal is © The Royal Society of Chemistry 2012
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drops. Another strategy to obtain superoleophobic properties

was to infuse the nanostructures with a lubricant (a
perfluoropolyether, for example).'>*'>> Here, Aizenberg et al.
reported the possibility to reach robust superoleophobic
properties to polar and non-polar liquids.

Mesoporous SiO, nanoparticles were also used in the literature.
The group of Freire showed the possibility to use mesoporous
SiO, nanoparticles modified with a perfluorinated silane (Fig.
17)."°® Their synthesis by co-condensation in the presence of
the (CTAC)

triethanolamine led to their formation on the surface of the

textile, hexadecyltrimethylammonium and

textile. Various morphologies were obtained with different
surface area, pore volume with the possibility to obtain
superoleophobic surfaces. Finally, Lovingood et al. also
reported the possibility to repel chemicals in vapor phase such
as chemical weapons

(sarin, for example) using SiO,

nanoparticles and perfluorinated silanes. Such properties are
157

highly important for military applications.

rosé wine

orange juice

Fig. 17 Superoleophobic textiles modified by mesoporous SiO,
nanoparticles and a perfluorinated silane.

Reprinted with permission from ref. 156, copyright 2011, American
Chemical Society.

The use of metal oxide white pigments such as TiO,, ZnO,
CeO, can be introduced for UV blocking. However, the
absorption of UV by these materials often also changes their
wettability due to the formation of hydroxyl groups on their
surface. As a consequence, these pigments should be inserted in
nanocomposites or core-shell structures to avoid this effect.
ZnO nanorods were used in the literature to coat textiles and
obtain superhydrophobic properties."*®!>® Then, a SiO, shell
was formed around ZnO nanorods. The textiles displayed UV-
property UV-durability of the
superhydrophobic properties. CeO, nanoparticles were also

shielding and also
used for UV proportion.'® The surfaces were functionalized
with a fluorinated silane to reach also superhydrophobic
properties. Benzophenone-type UV organic absorbers were also
reported in the literature. The group of Lin intercalated 4-
methoxybenzophenone-5-sulfonic acid inside the structure of a
layered double hydroxide and structured the surface of cotton
textile with nanoplatelets.'®' The textiles exhibited both
superhydrophobicity and high increase of UV protection.

Another properties reported in the literature is the improvement
of the flame retardancy properties. Commercially, especially
two kinds of treatments are known to enhance the flame
retardancy of cotton: the use of tetrakis(hydroxymethyl)-

This journal is © The Royal Society of Chemistry 2012

Journal of Materials Chemistry A

phosphonium chloride and the use of N-methylol functional
phosphorous esters. Another way to impart such properties
without using toxic chemicals if to form a nanocoating.
Mohamed et al. reported the grafting of coating to introduce
epoxy groups, which were then used to graft amino-modified
ZnO nanoparticles.'®® The as-prepared cotton displayed both
superhydrophobicity and flame retardancy. The group of Wang
also reported the modification of cotton textiles with epoxy
groups and the

nanoparticles to
163

grafting of amino-functionalized SiO,

reach superhydrophobicity and flame

retardancy.
3.5 Oil/water separation

The water decontamination of organic compounds such as
petroleum and other oils has become a serious threat to
biological and human safety. As present, the methods used to
separate oils from water often present low separation efficiency
and involve complex separation instruments. Here, using
meshes, membranes, textiles, foams or sorbents, the possibility
to render all these materials superhydrophobic has opened a
very interesting way to separate oils from water with high
efficiency. Three different properties are used in the literature:
both superhydrophobic and superoleophilic properties, both
superhydrophilic and underwater superoleophobic properties, or
both superhydrophilic and superoleophobic properties.

3.5.1 Superhydrophobic/superoleophilic materials

To obtain superhydrophobic and superoleophilic membranes,
the best strategies is to use meshes as substrates and to form
nanostructures around the meshes wires. Indeed, to obtain
superhydrophobic
necessary that the meshes stabilize the Cassie-Baxter with

and superoleophilic membranes it is
water but not with oils. Here, hydrocarbon derivatives were
very often used to reach superhydrophobic and superoleophilic
properties.

The group of Jiang showed that the form of the meniscus of the
liquid between the mesh wires is very important to predict the
superhydrophobic and superoleophilic properties (Fig.
18).'641%% Indeed, the liquid will not penetrate the mesh if its
hydrostatic pressure AP = 2y; /R = -ly ycos(0,)/A with vy the
liquid surface tension, R the radius of the meniscus, A the
cross-sectional area of the pore and 0, the advancing contact
angle of the liquid. When 0 > 90°, the liquid will not penetrate
due to a negative capillary effect (AP > 0) and reversely. Hence,
the permeation is highly depending on the liquid surface
tension but also the mesh opening.

J. Name., 2012, 00, 1-3 | 11
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Fig. 19 (a) SEM images of Cu(OH), nanoneedles on meshes. (b) Schematic representation of a water droplet and (c) liquid wetting model after modification
with a 11-mercaptoundecanoic acid and 1-dodecanethiol mixture in acidic/neutral and basic media.
Reprinted with permission from ref. 169, copyright 2012, American Chemical Society.
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Fig. 18 Liquid wetting model of nanostructured meshes as a function of
the hydrostatic pressure (AP).'*

3.5.1.1 Meshes

Meshes could be etched to induce the formation of structures
around the meshes. Copper meshes (opening: 44-490 um) were
etched in nitric acid to increase the roughness of the wires.'®
After modification with 1-hexadecanethiol, the meshes were

superhydrophobic and superoleophilic whatever the mesh

12 | J. Name., 2012, 00, 1-3

opening. Copper meshes were also etched in alkaline media
(NaOH + K,S,05 or anodization) to form Cu(OH), nanoneedles
around the mesh wires and modified with 1-dodecanethiol to
form superhydrophobic and superoleophilic properties.'¢”!%8
The authors reported a higher separation efficiency for the
mesh with a short opening (< 600 pm).'®” By surface
modification with and 1-
dodecanethiol mixture, it was possible to obtain pH-responsive
materials (Fig. 19)."® Indeed, in acid or neutral media, the

mesh was superhydrophobic due to the presence of carboxylic

11-mercaptoundecanoic  acid

acid groups and dodecane chains but in alkaline media, the
change of the carboxylic groups into more polar carboxylate
ones induced a superhydrophobic  to
superhydrophilic. Cu,O cauliflower-like structures were also

switch  from
electrodeposited on stainless steel (opening: 75 um) meshes at
constant potential (3 V) in aqueous solution containing CuSQ,,
lactic acid and NaOH.'""'"" Superhydrophobic surfaces were
obtained from 20 min of deposition. These substrates could
separate different kinds of oils from water with separation
efficiency above 90%. Cu nanoparticles also
electrodeposited in CuSO,, containing H,SO,4 and at constant
current (0.1 A). Superhydrophobic and superoleophilic meshes

were

were obtained from a deposition time of 240 s after surface
modification with 1-octadecylthiol.
separate chloroform/water mixture with high efficiency.

These meshes could

This journal is © The Royal Society of Chemistry 2012
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Fig. 20 Aligned ZnO nanorod array-coated stainless steel mesh film

obtained by dip-coating of ZnO sol and immersion in

Zn(NOs),.6H,0.'*

Other metal oxide and inorganic nanostructures were also used
in the literature. Vertically aligned ZnO nanorods were coated
on stainless steel meshes by CVD or in a two-step process
including dip-coating of ZnO sol and immersion in
Zn(NO3),.6H,0 and methenamine (Fig. 20).'°* The best
superhydrophobic surfaces were obtained for an opening of 50-
75 um following the experimental conditions reported of the
literature. Another interest to use ZnO is the possibility to have
UV-switchable materials (Fig. 21).">'7¢ It was showed that
meshes with aligned ZnO nanorods could be water-permeable
after UV light irradiation due to the formation of hydroxyl
groups and become impermeable to water after dark storage.
Other strategies were used in the literature to control the growth
of other nanostructures. ZnO flower-like structures were
formed by spraying ZnO seeds using a zinc acetate solution and
growth in Zn acetate solution at pH 10.'”” Using this strategy,
oil-water separation meshes were obtaining after coating by
PTFE and for an opening of 25-250 um. ZnO nanoflakes were
also formed by depositing an aluminum layer on stainless steel
(opening: 75 pm) and immersion in Zn(NOs),.6H,O and
hexamethylenetetramine.'’® After modification with stearic
acid, oil-water separation meshes were obtaining with an
efficiency of 95%.

TiO, nanoparticles were also coated on copper mesh by
immersion in TiCl;/NaCl and heating.'” Surface modification
with octadecylphosphonic acid led to oil-water separation
with  UV-light
superhydrophobicity to superhydrophilicity. Moreover, the

meshes switchable  wettability  from
photocatalytic effect of TiO, could lead to promising effects on
water purification. SiO, particles were also deposited using the
sol-gel process to form superhydrophobic and superoleophilic

meshes.'®*13! These properties were depending on the size of

This journal is © The Royal Society of Chemistry 2012
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the particles, concentration of the chemicals and surface
modification. Finally, vertically aligned carbon nanotubes as
well as nanocrystalline diamond were also produced on meshes
by thermal CVD to separate oil/water mixture.'¥*!%* In the case
of the nanocrystalline diamond, the mesh wettability was also
switchable from superhydrophobic to superhydrophilic by
hydrogen and oxygen plasma.'®*

Fig. 21 Experimental process of separation oil and water.'”

Polymers and polymer composites could also be used to form
nanostructures on meshes using different strategies. Copper
meshes were coated (opening: 152-297 pm) with rough silicone
elastomer (Sylgard 184).'®° The highest separation efficiency (>
99%) with toluene, petroleum ether and hexane were obtained
with an opening of 297 pm. PS nanofibers were also
electrospun on stainless steel meshes to deposit horizontal
nanofibers of about 317 nm average diameter.'%® These meshes
easily separated diesel oil from water with excellent efficiency.
Conducting polymers were also reported in the literature to
modify meshes. For example, polypyrrole micropapilla and
polyaniline nanofibers were deposited by electropolymerization
and chemical polymerization.'®’

3.5.1.2 Textiles

Textiles were also employed for oil/water separation. The
principle is exactly the same than with meshes. Cotton textiles
were used by several groups. The group of Guo showed the
possibility to induce the growth of metal or metal oxide
nanostructures of Fe, Co, Ni, Cu and Ag on textiles.'®® Further
with led to
superhydrophobic and superoleophilic properties with the
possibility to separate oil and water. Wang et al. pre-treated

modification perfluroodecanethiol

cotton textiles to form hydroxyl groups at the surface of the
fibers and the textiles were then coated with SiO, nanoparticles
and finally modified with octadecyltrichlorosilane.'® The as-
prepared cotton could absorb various oils and organic solvents
up to fifty times of its own weight while repelling water
completely.
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Fig. 22 (a) (b) Silica nanofibrous membranes obtained by modification with Al,O; nanoparticles and a fluorinated monomer derived from benzoxazine and in

situ polymerization at 200°C; (c) Schematic representation of oil/water separation experiment.

To produce superhydrophobic and superoleophilic cotton in one
step,
nanocomposites were also used.'”® TiO,-SiO,/PDMS were also

SiO,/polystyrene as well as ZnO/polystyrene
deposited in the literature.'””! These materials combined an
extreme thermal stability (up to 400°C), chemical resistance,
photocatalytic properties of TiO, with the possibility to clean
water, wettability switching from superhydrophobicity to
superhydrophilicity by calcination, and oil/water separation.
Cotton textiles were also coating with polyaniline and a
perfluorinated silane by vapor phase polymerization in the
presence of FeCly as oxidizing agent.'”? Using this process,
nanogranules were deposited on the surface of the textile. These
materials displayed oil/water separation with an efficiency of
97.8%. Plastic textiles were used modified in the literature. PET
textiles were hydrolyzed on their surface with NaOH to
SiO,
nanoparticles.'”® The rough PET textiles were able to separate

produce hydroxyl and carboxylic groups to graft

oil/water mixtures.
3.5.1.3 Foams

Some examples of foams were also reported in the literature to
reach oil/water separation applications. Ni foams were modified
with candle soot nanocoating following by a silicone elastomer
(Sylgard 184) to enhance the binding degree of the candle
soot.'”* The as-prepared materials were efficient for oil/water
separation. Ultralight Fe,O3/C, Co/C and Ni/C foams were also
prepared by grafting polyurethane foams with poly(acrylic
acid) through cerium (IV)-ammonium nitrate (CAN)-catalyzed
polymerization, ion exchange with Fe**, Ni** or Co** following
by calcination.'®®> After coating with PDMS, the foams could be
used for oil/water separation with the ability to absorb oil of
100 times of its own weight.

3.5.1.4 Synthetic membranes
Finally, several research groups also fabricated membranes for
oil/water separation. PVDF membranes composed of spherical

particles were prepared by a phase-inversion process.'”® The
membranes could separate with an efficiency higher than

14 | J. Name., 2012, 00, 1-3

197

99.95% water-in-oils emulsions such as surfactant-free and
surfactant-stabilized emulsions (droplet sizes from micrometer
the

electrospinning technique was also used to elaborate porous
197-199

to nanometer range) with high flux. Otherwise,

membranes made of nanofibers. Silica nanofibrous
membranes were fabricated first by calcination of electrospun
tetraethylorthosilicate/poly(vinyl alcohol) composite nanofibers
(Fig. 22)."7 Further modification with Al,O; nanoparticles and
a fluorinated monomer derived from benzoxazine and in situ
polymerization at 200°C led to the membrane. The membrane
could separate water-in-oil microemulsions with high efficiency
and with an extremely high flux. Similar results were also
reported with electrospun poly(m-phenyleneisophtalamide) and

SiO, nanoparticles.'*®
3.5.1.5 Sorbents

Sorbents can also be used to clean-up water from oils. Common
absorbents include activated carbon, zeolites, natural fibers but
suffer from low separation selectivity and low absorption
capacity.”” the
superhydrophobic and superoleophilic sorbents such as sponges

Hence, strategy was to elaborate

or aerogels. Wang et al. elaborated oil-absorbent by
incorporation of SiO, nanoparticles onto natural kapok fibers
and surface modification with an alkylsilane.””' For example,
the as-prepared materials displayed an improvement of the oil
sorption capacity of 46.6% and 20.2% for diesel oil and
soybean oil. Leung et al also used natural cotton fibers to form
hollow carbon fibers after carbonization.*> The enhancement
of the oil sorption capacity was of 27-126%. Carbon aerogels as
well as sponges were also used in the literature. Yu et al.
developed carbon nanofiber aerogels from a template-directed
hydrothermal carbonization using glucose as precursor.””® The
carbon aerogels high
selectivity but especially can maintain their properties over a

wide temperature range (= -200°C—400°C).

displayed high sorption capacity,

This journal is © The Royal Society of Chemistry 2012
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Fig. 23 Superhydrophobic sponge with absorbency and flame retardancy obtained by modifying melamine-formaldehyde sponges with polydopamine layer

and a perfluorinated thiol.
Reprinted with permission from ref. 210, copyright 2014, Wiley-VCH.

The group of Qiu reported the properties of multiwall carbon
nanotube-graphene hybrid aerogels by functionalization of
graphene aerogel with ferrocene and its decomposition into iron
particles and cyclopentadienyl, which acted as catalyst and
carbon source for the growth of carbon nanotubes.’* The as-
prepared materials displayed rapid oil sorption, large sorption
capacity, good recyclability and high compressibility. It was
also interesting to develop sponges for their high elasticity and
desorption easiness.’”>2'° Pan et al. developed robust and easily
reusable (> 300 cycles) polyurethane sponges with high oil
capacity by with
methyltrichlorosilane. The group of Lu also reported the
of sponge with
absorbency and flame retardancy by modifying a melamine-

absorption surface  modification

obtaining superhydrophobic excellent

formaldehyde sponge with polydopamine layer and a
perfluorinated thiol (Fig. 23).2'"® The flame retardancy
properties of these material are due to the high nitrogen content,
which releases N, after burning and decreases the surrounding

O,.

3.5.2
materials

Superhydrophilic/underwater superoleophobic

Because oils droplets are often stabilized in and aqueous media,
another strategy to obtain oil/water separation membrane is to
use superhydrophilic and underwater superoleophobic
properties. Underwater superoleophobicity is the resistance of a
surface to the wetting of oils when the surface is immerged in
water: solid/liquid(water)/liquid(oil) interface.?'"

Here, hydrophilic derivatives are very often used to reach
superhydrophilic and underwater superoleophobic properties.
Cu meshes were modified by electrodeposited Cu nanoparticles
as well as by formation Cu(OH), nanoneedles.’'? After surface
with the

displayed pH-switchable superoleophobicity:

modification 11-mercaptoundecanoic, meshes
underwater
underwater superoleophilic in acidic and neutral media and
underwater superoleophobic in alkaline media. Aligned ZnO
nanorods were also found to be suitable for underwater
superoleophobicity and oil/water separation (opening: 75
um).?"* The surface wettability of these materials could be
switched by UV-light irradiation. To form materials with
controllable porosity, zeolite silicate-1 crystals were used to

cover meshes.?'*?"> These superhydrophilic and underwater

This journal is © The Royal Society of Chemistry 2012

superoleophobic materials showed excellent efficiency for
oil/water separation. Moreover, it was possible to tune the flux
and intrusion pressure by changing the growth time.

Hydrophilic polymers such as polyacrylic acid, polyacrylamide
and polyacrylamide-co-poly(acrylic acid) hydrogels
reported in the literature to reach superhydrophilic and

were

underwater superoleophobic materials.?'®**? Polydopamine was
also used to immobilize nanoparticles, as observed in marine
mussels, with a tuning of the adhesion by changing the pH or
adding 1-dodecanethiol (Fig. 24).2'°?*° One of the advantages
to use polymer is also the possibility to functionalize by various
groups. Hence, sensitive groups could be introduced to obtain
“smart” materials with switchable wettability. Thermo and pH
dual-responsive meshes were elaborated by coating with
poly(dimethylaminoethyl methacrylate) hydrogels.”*' While the
amino groups allowed to switch the wettability by varying the
pH, the change in the tacticity of the polymer was possible by
changing the temperature (T). Here, water could pass through
the mesh when T < 55°C and pH < 13.

Fig. 24 Immobilization of Fe;O4 nanoparticles onto polyurethane foams
and application for oil-water separation.

Reprinted with permission from ref. 219, copyright 2014, American
Chemical Society.

Other research groups also used nanoparticles to reach
superhydrophilic and underwater superoleophobic meshes.**
pH-switchable textiles and polyurethane sponges were also
reported by deposing SiO, nanoparticles, silanization to
introduce bromide groups and grafting poly(2-vinylpyridine)-b-
PDMS. In acidic media, the pyridine moiety was protonated
and the material superhydrophilic and underwater
superoleophobic while for pH > 6.5 the pyridine moiety was
deprotonated and the material was superhydrophobic and

was
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underwater superoleophilic. Moreover, the flexibility of the
PDMS block facilitated the reversible switching of the oil
wettability.

3.5.3 Superhydrophilic and superoleophobic materials
Because the surface tension of oils is lower than that of water,

in the
. - 37,223-227
literature are also superhydrophobic. As a consequence

almost all the superoleophobic surfaces reported

the elaboration of materials with higher oleophobicity than
hydrophobicity, when the media is the air, is extremely rare. In
all these examples, it was found the importance to use a
material with both a hydrophilic moiety and an oleophobic one
to induce this property.??®?*! Zhou et al. reported, to our
knowledge, the unique example of superhydrophilic and
(Fig. 25).?
superhydrophilic and superoleophobic meshes by coating with
The

resulting rough meshes were able to separation oil/water

superoleophobic  coatings They produced

poly(diallyldimethylamonium perfluorooctanoate).

mixtures (tests done with hexadecane, vegetable oil, gasoline
and diesel).
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Fig. 25 Superhydrophilic and superoleophobic materials for oil/water
separation by coating of poly(diallyldimethylamonium
perfluorooctanoate).?*

3.6 Membrane distillation and water desalination

The desalination of seawater is a worldwide concern especially
in countries where drinkable water is little available. Different
strategies are used in the industry for water desalination, such
as reverse osmosis, multi-stage flash distillation or the use of
membrane distillation. In the last case, a hot feed steam
containing non-volatile species has to pass across a
hydrophobic membrane. On the other side of the membrane, a
cooling stream creates a vapor difference. Then, The feed liquid
evaporates and passes through the pores of the membrane. This
method is often limited by low mass-flux across the membrane
and fouling issues, which are both depending the
microstructures and materials of the membranes including the

16 | J. Name., 2012, 00, 1-3
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ratio of the pore diameter, porosity and vapor pressure
difference. If
superhydrophobic, the allowable pore sizes can be larger, which

microporous  membranes are  made
can increase the mass flux. Hence, it is necessary to have both
superhydrophobic properties but with vapor permeability. This
dual functionality was reported in several publications. Glass
membranes with ordered arrays of nanospiked microchannels
were fabricated by glass fiber drawing, template dissolving and
chemical etching (Fig. 26).*** These membranes had higher
antifouling capacity and high flux than existing polymer
membranes especially at high salt concentration.

Superhydrophobic and superoleophobic polyurethane
membranes with gas permeability were reported. Nanofibrous
membranes were elaborated by electrospinning of polyurethane
containing fluorinated segments (Fig. 27).>** The membranes
showed high water resistance (39.3 kPa), good air permeability
(8.46 L m™ s™") and water vapor transmittance (0.384 kg m™ h’
"). SiO, nanoparticles could also be incorporated inside the
of the fibers.?*

Stretchable polyurethane with gas permeability were also

membranes to enhance the roughness
performed by electrospinning of an elastomer polyurethane
following by the surface modification with polyaniline
nanofibers and PTFE.?*® Superhydrophobic PS nanofibrous
membranes with micro- and nanoscale hierarchical structures
were also obtained by electrospinning.”?’ The membranes
allowed to maintain a high and stable permeable water vapor
flux.

Superhydrophobic aligned multiwalled carbon nanotubes
(MWNTs) were reported by thermal CVD followed by the
deposition of a PDMS layer.”*® Here, the interstitial space of
nanotubes allowed high gas permeability with even a selectivity
as high as 2.10° for H,/H,O. The use of carbon nanotubes for
water desalination was also reported in other works.?*’

PDVF membranes were highly used in the literature for water
desalination for their high chemical stability.*****¢ PVDF
membranes were modified by CF, plasma.**' The authors
observed an increase in the water flux of about 30%. Li et al.
also studied the effect of the modification of PVDF membranes
by spraying a solution containing SiO, nanoparticles and
PDMS.?** These membranes showed NaCl rejection of above
99.99%

membranes were also modified with TiO, nanoparticles and a

with an excellent anti-fouling property. PVDF
fluorinated silane.>***** The authors showed that the use of a
templating agent such as polyethylene glycol results in porous,
multi-level microstructures with improved salt rejection and
PVDF membranes

modified with poly(vinyl acetate) or PDMS functionalized
245,246

desalination performance. were also

carbon nanotubes for water desalination.

This journal is © The Royal Society of Chemistry 2012
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Reprinted with permission from ref. 233, copyright 2009, American Chemical Society.

3.7 Water purification

When
semiconductors or

superhydrophobic  materials made from

TiO,
photocatalytic properties due to the formation of superoxides

are
they can also have intrinsic
under light-irradiation. Such properties can reduce the bacterial
adhesion, induce anti-misting properties, increase the self-
purify 247-253
Superhydrophobic materials composed of Ag,Se complex

cleaning  properties  or soiled  water.
nanostructures were reported.’*® The authors observed an
excellent degradation of rhodamine B (RhB) dye (89.8% after
15 hr) under UV-light irradiation. The group of Cao also
reported the photocatalytic activity of In(OH); nanocubes
synthesized with an amino-assisted hydrothermal process (Fig.
28).2° The surfaces displayed superhydrophobic properties
with extremely low o and photocatalytic effect on the
degradation of RhB (93.25% after 16 hr). Superhydrophobic
surfaces with photocatalytic properties were also obtained with
Ag-NPs@ZnO-nanorods.?®' After exposure to visible or UV-
light, the
superhydrophilic due to the formation of hydroxyl groups. To

surfaces changed from superhydrophobic to
overcome the problem of the change on the wettability after
light exposure, the could be
incorporated as nanoparticles in a polymer matrix.>**>** The
group of Parkin

incorporating TiO, nanoparticles into PDMS via an aerosol-

photocatalytic materials

elaborated superhydrophobic surfaces
assisted CVD.?? The polymer remained superhydrophobic
even after UV-exposure. The materials displayed photocatalytic
effect with a discoloration of resazurin dye after 90 min under
UV-light
photocatalytic properties of a composite made of TiO,
and PTFE by

sputtering deposition.”>® The surfaces was superhydrophobic

irradiation. Yamashita et al. also reported the

nanoparticles radio frequency-magnetron
and composed of nanofibers. The photocatalytic effect was
confirmed with the discoloration of methylene blue under UV-
light irradiation. The surfaces also displayed photocatalytic

self-cleaning properties (test realized with oleic acid).

3.8 Microfluidic devices

This journal is © The Royal Society of Chemistry 2012

Controlling the transport and manipulation of liquid is very
important for microfluidics devices. Many researches were
reported on the enhancement of transport properties, which are
very important for the manipulation of liquids in microfluidic
devices.

Many works were dedicated to the reduction of the drag of a
flux on a surface, a pipeline or a channel, which impacts on the
necessary energy and the flux rate. This drag is due to the shear
stress induced by the flux on the surface. In the nature, the
shark skin was found to have low drag properties while rice
leaves (Oryza sativa) and butterfly wings (Blue Morpho didius)
combine both low drag properties (anisotropic flow) and self-
cleaning properties (Fig. 29).>27 The surface of the rice
superimposed by
epicuticular waxy nanobumps and that of butterfly wings of

leaves is composed of micropapillae
hierarchical scales with microgrooves. Replicas of these natural
surfaces were realized in order to evaluate the effect of
superhydrophilicity/phobicity and superoleophilicity/phobicity
on the drag reduction with various fluids (water, oil, air) in
laminar and turbulent flows. In the case of oil flux,
superoleophilic and superoleophobic surfaces could reduce the
drag. The air drag could be reduced by increasing the
The

reduction was observed in turbulent water flow with the rice

smoothness of the surface structures. highest drag

leaf and shark skin replicas. Hence, these natural surfaces could

provide new ideas to reduce the drag and the surface
topography seems to be essential to control these properties.
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Fig. 27 (a) Fluorinated polyurethane segments to produce (b) (b) superoleophobic nanofibrous membranes with (d) () high air permeability.”*

First of all, it was found that the air trapped inside
superhydrophobic surfaces with self-cleaning (Cassie-Baxter
state) is responsible for the reduction of the drag.?*>2%? Indeed,
works on the immersion of superhydrophobic materials in water
demonstrated that the main parameter to reduce the drag is if
the superhydrophobic materials are able to keep an air layer,
also called plastron, when immersed into water.”® This ability
is obviously depending on the surface topography. Lu et al. also
experimented in determining the speed of superhydrophobic
and superhydrophilic hollow glass balls on water. 2% They
found that, the movement of superhydrophobic ball is faster
than that of superhydrophilic one because the presence of air in

104 ‘ superhydrophobic surfaces provides extra supporting force.
T | (b) In the case of a water flux, the change of the surface
'3::' 0.84 4h 8 Oh of irradiation hydrophobicity from hydrophilic to hydrophobic can induce the
‘é’ 0.64 gn ™ ‘81: sllpp%ng of the liquid flowing, which can lf)e highly amplified by
_g 0ali2h & 12h the air trapp.ed on rqugh superhydrophoblc surfaces. The grou.p
g B 16h of Rothstein fabricated micropatterned superhydrophobic
- 0.2 surfaces consisting in regular parallel grooves in the flow
direction and studied the effect of the topography.’®® They
%] . observed the possibility to reduce the drag of about 50% with
400 500 800 700 800 structures 60 pum wide and spaced 60 pum apart, if the number of

Wavelength (nm)

Fig. 28 (a) TEM images of In(OH); nanocubes with photocatalytic effect on Reynolds (Re) is important (Re > 2500).

the (b) degradation of rhodamine B (RhB) dye.
Reprinted with permission from ref. 250, copyright 2010, American
Chemical Society.
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Fig. 29 Rice leaves (Oryza sativa) and butterfly wings (Blue Morpho didius) with low drag (anisotropic flow) and self-cleaning properties due to the presence

of grooves and scales, respectively.?>

The reduction is due to the presence of a shear-free air-water
interface.”®®?> Moreover, the presence of these parallel
structures induced the formation of an anisotropic flux.>’*>"
Teo et al. also studied the influence of the pattern (longitudinal
grooves, transverse grooves, square holes and square posts) as a
function of Re and on the drag reduction.’’® They showed that
when Re is low, square posts are the most effective structures
while longitudinal grooves are the best at high Re. The group of
Gad-el-Hak also demonstrated that high drag reduction can also
be obtained on superhydrophobic surfaces with randomly
distributed roughness, if the air fraction is high and that the air-
water interface is stable (the stability is depending on the
average spacing between the roughness).?’” The group of Yoon
elaborated superhydrophobic surface with micro and
nanostructures by anodization of aluminum plate following by
the treatment with a fluorinated silane.”’® They revealed a
considerable drag reduction for Re < 200000, with an increase
of the drag reduction as the Re decreases.
Ming et al. studied the fluid drag
superhydrophobic surfaces composed of carbon nanotube
forests obtained by CVD.?” They determined the effect of the
superhydrophobic properties by measurements of apparent
viscosity to calculate the slip length. They observed that this
slip length can reach 10 um. Hence, by coating a microchannel
of 90 um with these carbon nanotubes, it was possible to reduce

reduction  of

This journal is © The Royal Society of Chemistry 2012

the drag by about 10%. To obtain mechanically durable
structures with low drag, carbon nanotube/epoxy composites
also sprayed on micro-patterned  surfaces.’®
Superhydrophobic PMMA micro-channels were also fabricated
by O, plasma etching and using a photosensitive PDMS as a
resist.?®! The authors measured the electroosmotic flow induced
by voltage between the anode and the cathode. In comparison
with hydrophilic and non-treated PMMA channels, the
superhydrophobic treatment induced an increase in the
electroosmotic velocity.

In droplet-based, also called digital, microfluidic devices,
reactant solutions are confined in discrete droplets, which can
be moved, mixed and analyzed on the surface of a chip. In most
of the techniques, the moving of droplets is possible through
closed channels or actuation method such as

were

using
electrowetting on dielectric (EWOD), dielectrophoresis using
electrode arrays, among others.”®**° Based on these
considerations, microfluidics systems were elaborated using
superhydrophobic micro-channels. First of all, when a micro-
droplet enters into a superhydrophobic microchannel, a high
capillarity force can be induced on the droplet due to Laplace
pressure difference. Tolonen et al. studied EWOD technique
with superhydrophobic surfaces obtained by crystallization of
alkylketene dimer (AKD).*® In this system based on
electrowetting, two electrodes are necessary to move of

J. Name., 2012, 00, 1-3 | 19
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droplets: a working electrode covered by dielectric materials
and the superhydrophobic coating, and a counter-electrode also
coated by the superhydrophobic coating. The applying of a
voltage induces a decrease in the contact angle of the droplet in
contact to the working electrode but not in that in contact to the
counter-electrode. As a consequence, a difference pressure is
induced on the droplet, which leads to its moving. Here, the
authors succeeded in the stepwise moving of water droplets by
switching the electrode voltage. The advantages to use
superhydrophobic coatings in EWOD are various such lower
applied voltage, higher average speed, greater motion and
deformation of the droplet or more important contact angle
variation.?*?*? Indeed, the electrowetting of superhydrophobic
surfaces can induce a Cassie-Baxter-to-Wenzel transition.

As example of application, Di Fabrizo et al. reported the
possibility to study the biomineralization of CaCOj; by in situ
SAXS/WAXS by coalescence of a droplet containing CaCl,
with another droplet containing Na,COs in a EWOD device.*""!
The group of Boukherroub also succeeded in the realization of
reversible electrowetting on superhydrophobic surfaces by
deposition of silicon nanowires and coating with a fluorinated
polymer.>*>3%  They
materials in EWOD for matrix-free mass-spectrometry analyses

could wuse these superhydrophobic
(DIOS analysis). By applying voltage with very narrow
frequencies, it was also possible to induce the jumping of the
droplet in EWOD.**% Carbon nanofiber superhydrophobic
surfaces were also reported in the literature to obtain reversible
electrowetting.*”

Manipulation of water droplets could be realized in the
literature by  introducing paramagnetic  carbonyl-iron
microparticles inside the droplets.’'® Here, the moving of
droplets was possible by applying a magnetic field. Kaler et al.
also used liquid dielectrophoresis liquid actuation to move
droplets.*!! This method uses passivized metallic electrodes in
order to induce a spatially non-uniform electric field. The group
of Sikorski proposed a digital microfluidic chip based with
inlets, outlets, sample storage and mixing areas using wire
guidance to move the droplets.*'* This technique is based on the
realization of arrays of superhydrophobic dimples. Here, the
modification with superhydrophobic CuO nanowire only in the
dimples was performed with a mask and by electrodeposition
and subsequent modification with a perfluorinated thiol. In this
technique, the guidance is based on direct contact between the
droplet and the rod: if the adhesion between the droplet and the
rod is larger than that between the droplet and the surface, the
droplet follows the rod, and reversely.

EWOD is a technique also used in biotechnology to displace
biological liquids. The advantages are for example the
reduction of consumption of expensive reagents and the high
surface-to-volume ratio.*'**'” However, due to the desorption
of proteins and other analytes, the droplet motion is often
reduced. Freire et al. showed the possibility to move biological
liquids using superoleophobic materials made by coating of
candle soot and subsequent surface modification.*'® The authors
were able to move bovin serum albumin droplets even at

concentration 2000 times higher. To control the protein

20 | J. Name., 2012, 00, 1-3

adsorption on microfluidic channels, Gogolides et al. used a
lithographic process on PMMA following by anisotropic O,
plasma etching and fluorinated plasma deposition to obtain
superhydrophobic channels.*!'” Using the biotin-streptavidin
system, they showed that the superhydrophobic properties can
enhance the sensitivity of the protein detection by two orders of
magnitude in comparison to flat microchannels.

Another method to the
superhydrophobic/superhydrophilic contrasts. Shirtcliffe et al.

confine flow is to use
showed that some superhydrophobic plants have the ability to
collect water from their environment without the possibility to
move (Fig. 30)."* Similar behavior was also reported on the
surface of beetles in the Namib Desert.'” This ability is due to a
combination of topography

superhydrophobic and highly “sticky” states designed in order

and more precisely both
to induce effective water collection. Here, the water droplets
are collected by the sticky regions and then the size becomes
critical than can roll off them. However, on some plants such as
Echeveria and Euphorbia, the leaves acted like channels
steering the water to the stem by gravity where they are
trapped. They also showed the possibility to artificially collect
water by creating superhydrophilic artificial grooves
surrounded by superhydrophobic walls to channel the water. It
was also reported that the cactus Opuntia microdasys is able to
collect water thanks to structured spines having wettability
318 the

Stipagrostis sabulicola uses microgrooves parallel to the axis of

gradient whereas endemic Namib Desert grass
the plant to guide water.>'’ By contrast, Cotula fallax uses a 3D
arrangement formed by its leaves and the fine hairs covering
them to collect a high amount of water.**°* We can also cite the
spider Uloborus walckenaerius, which uses silk constituted of

periodic spindle-knots made of nanofibrils to collect water.? 200

.(b)\/

Fig. 30 (a) Ailchemilla (Lady’s Mantle) with highly “sticky”
superhydrophobic leaves (Wenzel state) to collect water and
superhydrophilic channels to guide the water to the stem; (b) artificial
superhydrophilic channels surrounded by superhydrophobic walls.
Reprinted with permission from ref. 16, copyright 2009, American
Chemical Society.

Hence, other authors worked to the biomimetism and the
reproduction of this ability to collect water. Cohen at al.
elaborated hydrophilic patterns of superhydrophobic surface
using  water/2-propanol  solution of  poly(fluorescein
isothiocyanate allylamine hydrochloride) polyelectrolyte.**!
Gogolides showed the interest to produce superhydrophilic
microchannels in microfluidic devices while superhydrophobic
patches could be used as passive valves.’?** Boukherroub et al.
used also superhydrophobic/superhydrophilic contrasts to

This journal is © The Royal Society of Chemistry 2012
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induce the move of small biomolecules in a EWOD system
coupled
(SALDI) for mass spectrometry.>*?* They showed that analyses

to a surface-assisted laser desorption-ionization
of low molecular weight compounds can be achieved with a

very high sensitivity.

Finally, another important interest to use these properties was
the possibility to create open microfluidic devices and more
precisely on paper substrates.’”*>** Indeed, paper could made
superhydrophobic ~ for  example by  immersion in
poly(hydroxybutyrate) solution. Then, it was possible to render

regions superhydrophilic just by writing or printing.
3.9 Floating Properties

The principle of the possibility to walk on water is based on
that of water striders (Fig. le).'"® These insects are this ability
thanks to densely packed nano-hairs on their legs, which allows
the trapping of a high amount of air between the legs and water
surface. To construct microrobots capable of walking on water
surface, nanostructured legs were fabricated (Fig. 31).>*> These
legs are able to support the weight of the microrobot. Here, the
legs covered with Cu(OH),
nanoribbons and treated with n-dodecanoic acid to induce

consisted in copper wires
superhydrophobic properties. Microrobots capable of jumping
on water surface were also created with superhydrophobic
nickel foam legs.>?® Pan et al. used copper meshes and induced
the galvanic deposition of Ag nanodendrites by a simple
immersion process in AgNO;.>?’ After surface modification
with n-dodecanoic acid, loading capacities (> 11 g for a boat of
8 cm’, for the best results) as a function of the pore size of the
copper meshes were reported. Aerogels were also used in the
literature to support an important weight.*?®

The use of smart materials can also lead to the motion of a
microrobot. To induce the on-off motion of a superhydrophobic
boats by changing the pH based on the Marangoni effect, the
group of Shi used three functional materials: a material to
reduce the drag, a gold substrate with platinum nanostructures
to give a hydrogen peroxide-responsive surface and a nickel
mesh coated with a mixture of 1-dodecancthiol and 11-
mercaptoundecanoic acid to induce a pH-responsivity.?>*=*
The microrobot could move on water by changing the pH from
1to 13.

3.10 Printing Technologies

The use of superhydrophobic properties was also used in
printing technologies. Indeed, in these technologies it is
important to have high contrast of wettability between the
image areas and non-image areas.’*' Nishimoto et al. were
interested in the improvement of offset printing.***>** In a
classical process, a wettability-patterned surface is formed by
coating an anodized Al plate with a photosensitive polymer,
light illumination through a mask and development treatment.
During the printing, the hydrophilic areas are filled with water.
Then, the ink injected adheres only in the areas without water

This journal is © The Royal Society of Chemistry 2012
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and the pattern is transferred to the paper. While conventional
printing plates cannot be reused, the authors reported this
possibility using TiO,-based
superhydrophilic patterns and also to have a very high contrast

superhydrophobic-

of wettability. Indeed, the remaining patterned hydrophobic
organic molecules could be photocatalytically decomposed by
TiO; under light irradiation.

|.
-/ : :
Fig. 31 Picture of a microrobot with superhydrophob
move on water like a water strider.
Reprinted with permission from ref. 325, copyright 2012, American
Chemical Society.

ic legs capable to

Law et al. worked on the improvement of the impression to
paper from a fuser surface (Fig. 32).>**3% In this process, a
toner is usually fused at a temperature ranging from 130 to
180°C under pressure (300-700 kPa) in 10-20 ms. In this
technology, the molten toner has to adhere onto the paper rather
than to the fuser surface. Otherwise, the quality of the images
decreases after each use. Usually, the fuser surface is in Teflon
but this material is oleophilic with a contact angle of
hexadecane of =~ 48°. As a consequence, the molten toner,
which is close to a wax, can be attracted but the fuser surface.
Here, the authors proposed to
superoleophobic fuser surface to reduce this possibility. They
developed textured pillars using the Bosch etching process and
modified them with a perfluorinated silane. Superoleophobic

developed robust

properties, with contact angle of ink or toner up to 168°, were
reported.

3.11 Optical Devices
3.11.1 Transparency

To obtain superhydrophobic properties, it is necessary to
structure the surface of a material. The surface structures can
decrease the transparency of the material due to the scattering
of the light in the surface roughness. However, the transparency
is absolutely fundamental for various applications such as
windows, glasses, lenses or optical instruments. The light
scattering on superhydrophobic surfaces can be predicted by the
Rayleigh scattering and Mie scattering if we suppose that the
roughness acts such as spherical, non-absorbing particles
(dielectric) to redirect the incident light.**’
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Fig. 32 (a) Improvement of the impression to paper from a superoleophobic fuser surface com

on the surface.

posed of (b) textured pillars; (c) water and hexadecane droplets

Reprinted with permission from ref. 334, copyright 2012, American Chemical Society.

For roughness dimension below that of the light wavelength, in
intensity of scattered light I is given by the equation:

1 14 cos?d 2yt (n? — 1\ sdy B

r (1) ) )
where A is wavelength light, n is the refraction index of the
particle, d is particle diameter and S is the distance between the
particle and the detector. Hence, using visible light the
Rayleigh scattering is negligible for roughness size lower than
100 nm. Moreover, for antireflection, the refractive index of the
material should be low.
Hence, most of the techniques used to produce transparent
superhydrophobic particles are based on the wuse of
nanoparticles (SiO,, TiO,, ZnO, C, polymers,...), for example
with the sol-gel process, electrospinning, vapor deposition or by

colloidal lithography, and also based on plasma treatments.*”
339

A very interesting potential application was given by the group
of Xiao (Fig. 33).**° They showed that nanoporous polymer
chalk such as polydivinylbenzene can be used to obtain
transparent superhydrophobic paintings. This materials could
be used to coat, paper, PDMS and even the skin.

Reprinted with permission from ref. 340, copyright 2011, American
Chemical Society.

3.11.2 Anti-reflection coatings

An anti-reflection property is useful to increase the light
transmittance ration and to reduce the glare, and are widely
used in various optical devices such as cameras or cell phones.
Usually, an anti-reflection property can be introduced as a
multiple layer thin film with various refractive indices and

22 | J. Name., 2012, 00, 1-3

thicknesses, or by structuring the surface of a material. In order
to produce superhydrophobic properties and anti-reflection
properties it is necessary to have ordered surface structures with
controlled dimension. In nature, the moths and flies are known
to have eyes with anti-reflective properties.”**'*** The moth
eyes are composed of hexagonal arrays of nonclose-packed
nano-nipples (Fig. 34) to reduce the reflectivity. The sub-
wavelength size of the nipples induces of grade transition of
refractive index. As a consequence, the reflection is minimized
over a broad range of wavelengths and incidence angles.

344a

Fig. 34 SEM image of a fly’s eye with antireflection properties.

Different research groups tried to reproduce these properties.**>
30 The group of Jiang produced anti-reflection coatings
composed of nano-pillars with self-cleaning properties.*** They
the
nanoparticles to induce the formation of nano-pillars with

reported reactive ion etching process using silica
various aspect ratios on silicon and glass. They observed that a
high aspect ratio (= 10) is necessary to reach also self-cleaning
properties. For example, in the case of Si wafer, the nano-
pillars allowed to reduce the reflectivity from > 30% for smooth
silicon wafers to < 2.5% for the structured ones. In a similar
way, Yang et al. produced silica arrays of different shape using
colloidal crystal of PS as mask and reactive ion etching.**® The
surfaces were finally modified with a perfluorinated silane to
reach superhydrophobic properties. The best surfaces displayed

anti-reflective properties < 2.5% over the range 800—2500 nm.

This journal is © The Royal Society of Chemistry 2012
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Fig. 35 (a) Molecule used for (b) (d) photoinduced self-epitaxial crystal growth with (c) anti-reflection propertis.
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Reprinted with permission from ref. 349, copyright 2013, American Chemical Society.

Moreover, the transmittance was > 99% in the range 1600—
2130 nm.

In a similar approach, Huang et al. reported the formation of Si
nanopillar arrays with properties depending on the height of the
pillars.*’ Reflectance < 10% were observed with the longer
pillars. The substrates also displayed superhydrophobicity,
photoluminescence and surface-enhanced Raman scattering by
metal deposition onto the pillars.

Superhydrophobic substrates with self-cleaning and anti-
reflective properties composed needle-shaped microcrystals (&
= 0.2-0.3 pm, length = 2.2-2.5 pum) were reported by Uchida et
al. by photoinduced self-epitaxy of a fluorinated diarylethene
derivative (Fig. 35).>* The reflectance of the substrates was <
0.5%. The group of Sung also reported the elaboration of
antireflective and superhydrophobic properties on large-area
flexible substrates (PET) by UV-nanoimprint lithography roll-
to-roll process, plasma etching and surface modification with a
perfluorinated silane.’®® The best results were obtained with
nanostructures of 82 nm height, 300 nm pitch and 283 nm
diameter.

3.11.3 Anti-fogging coatings

The formation of fog appears by condensation of vapor into
water droplets.**!**> The condensation nuclei diameter is larger
than 190 nm, which is approximately half of the shortest
wavelength of the visible light. As a consequence, the visibility
of transparent materials can be reduced by light scattering and
reflection. Indeed,
superhydrophobic surfaces is a very complex phenomena and

the formation of water droplets on

superhydrophobic properties can sometimes increase and

This journal is © The Royal Society of Chemistry 2012

sometimes decrease the water condensation. Jiang et al.
reported that the eyes of mosquitoes and flies are able to repel
micrometer-size water droplets (Fig. 36)." They showed that
this ability is due to specific ordered structures in both at the
microscale and the nanoscale: hexagonally close-packed
ommatidia (& = 26 um) at the microscale and hexagonally non-
close-packed nipples (& = 101 um and interparticle spacing ~
48nm) at the nanoscale. Moreover, they could reproduce the
structures by a complex process including photolithography,
heating, transfer by soft lithography and incorporation of SiO,
nanoparticles.

Fi 1g. 6 Corneal nipple aa with
mosquito, at different magnification.
Reprinted with permission from ref. 10a, copyright 2007, Wiley-VCH.
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Fig. 38 Growth of ZnO nanorods on CuO nanowires in Zn(NOs), aqueous solution at a concentration of (a) 0.05 M and (b) 0.1 M; (c¢) photoluminescence

spectra at different concentration of Zn(NOs),.

Reprinted with permission from ref. 364, copyright 2011, American Chemical Society.

Other research groups also reported the anti-fogging properties
of superhydrophobic materials.>****® The group of McKinley
reported robust superhydrophobic surfaces with ordered arrays
of nanoplots of conical shape by a complex lithographic
process using reactive ion etching and followed by a
modification with a perfluorinated silane.**® The as-prepared
materials displayed optical transmission (> 98% over a broad
range of wavelength and incident angles) and anti-fogging
properties. Krupenkin et al. fabricated transparent Ta,Os
containing nanoplots using anodized Al as mold to transfer the
pattern.**” After plasma deposition of a fluorinated polymer the
thin film was transparent and with self-cleaning and anti-
fogging properties.

3.11.4 Photoluminescence

The
semiconductor such as nanorods, nanoneedles, nanowires,
nanotubes or nanobelts can yield to unique properties including
photoluminescence. Hence, the deposition of these
nanostructures on surfaces can yield to both photoluminescence
and superhydrophobicity. In the literature, ZnO is probably one
of the most studied semiconductors for photoluminescence
properties due to the possibility to form extremely various
nanostructures  with  controllable dimension such as
nanorods.***3% Indeed, the exceptional properties of ZnO are in
part due to its wide band gap (=~ 3.37 eV) with a large excitation
binding energy of 60 meV at room temperature and its
hexagonal wurzite-type crystalline structure.

elaboration of one-dimensional nanostructures of

The photoluminescence is an important technique to
characterize the purity and crystalline quality of
semiconductors. For example, Patil et al. elaborated

superhydrophobic ZnO nanoplatelets by spray pyrolysis.**

They observed a strong UV emission at = 398 nm with three
shoulder at 373 nm, 382 nm and 410 nm, with weak blue
emission at 471 nm and green emission at 520 nm. The UV
emission at 398 nm, corresponding to the near band edge
emission of ZnO and responsible for the
recombination, can be taken as indicator of good crystallinity.
In the opposite, the green emission peak is due to crystal
defects such as vacancies or interstitial sites. A study of

excitonic

24 | J. Name., 2012, 00, 1-3

crystalline defects was also performed by Ozer et al. comparing
ZnO nanorods and ZnO nanoneedles obtained by hydrothermal
process with different seed-to-growth solution concentration
ratios (Fig. 37).° Indeed, they concluded that the ZnO
nanoneedles had a higher degree of crystallinity. The position
of the peaks can also give information about the dimension of
the crystalline structures. For example, Huang et al. studied the
growth of ZnO nanorods on CuO nanowires (Fig. 38).*** They
observed that the UV emission peaks shift from 377.7 nm to
384.0 nm due to the increase in the diameter and length of the
ZnO nanorods. Moreover, the substrates also displayed self-
cleaning properties. Superhydrophobic and photoluminescent
ZnS nanostructures were also reported in the literature using
thiourea as a sulfur source.’®> The authors observed difference

in the photoluminescence spectra for ZnS nanowires and ZnS
nanorods arrays with a strong yellow UV emission centered at
574.9 nm and 587.7 nm respectively.

with  different and

Fig. 37 ZnO
photoluminescence properties.

Reprinted with permission from ref. 360, copyright 2013, American
Chemical Society.

nanostructures shapes

Other with
photoluminescence were also explored in the literature. Jaouad

nanomaterials superhydrophobicity  and

et al. reported the properties

366

of wvertically aligned Ge
the Ge
nanoneedles showed and broad emission peak centered at 650

nanoneedles. In comparison with bulk Ge,

nm. The other materials include Si flower-like structures,’®’ BN

nanosheets,’® PbSe nanodendrites,*® Bi,S;  urchin-like

This journal is © The Royal Society of Chemistry 2012
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structures,’’® In(OH); nanocubes,*”! In,Ga_oN nanotips® > and
different C nanostructures.’”>=>"

Another strategy to obtain superhydrophobic materials with
photoluminescence was to introduce quantum dots (QDs) such
as CdS, CdSe or CdTe. Zhai et al. induced the growth of CdS
QDs directly on TiO, nanotube arrays using chemical bath
deposition method. Superhydrophobic properties were obtained
after modification with a perfluorinated silane.’”* In order to
obtain superhydrophobic properties in one step and to induce a
good compatibility with organic monomer and polymer matrix,
other research groups preferred to synthesize CdS QDs in
solution following by an exchange with a hydrophobic
ligand.***% The group of Chen modified CdS QDs with
dodecanethiol.>’® The authors could introduce these QDs in a
PMMA matrix. The same author also reported the incorporation
of CdTe QDs after modification with dodecaneamine.®’” Then,
they elaborated structures by
electrospinning. Photoluminescent analyses confirmed that the

superhydrophobic fibrous
QDs were well dispersed in the matrix: as expected, just a shift
was observed as a function of the size of the CdTe QDs. To
enhance the resistance of nanocrystals against photooxidation,
various dithiocarbamates were tested (Fig. 39). Various
crystalline structures were obtained as a function of the

dithiocarbamate while

superhydrophobic properties
379

were
obtained using dithiocarbamates with long alkyl chains.

Interfacial assembly

. . e ——
Fig. 39 Schematic representation of the superhydrophobic surfaces with
photoluminescence using CdS quantum dots and dithiocarbamates.””

Finally, the last strategy discussed in this review was the use of
Eu complexes for their high photoluminescent properties.*?'-%2
the properties
methylsilicone polymer just by dissolving the polymer in
ethanol and mixing with  Eu(benzoic acid);(1,10-
phenanthroline).*”!  YBO,/Eu®"  with crystalline

structures and hydrophobicity were hydrothermally synthesized

Hou et al. reported photoluminescent

various

by adjusting the ratio of surfaces PEG-6000 to octadecylamine.
the displayed
photoluminescence with three strong emission peaks at 591,

For  example, rose-like  structures
610 and 615 nm. The group of Jin reported the formation of

structured silica of various crystalline structures in the presence

This journal is © The Royal Society of Chemistry 2012
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of poly(ethylenimine) and additives.*** Then, the surfaces could
be modified with
superhydrophobic properties and containing Eu®* complexes for

perfluorinated chains to reach

photoluminescence.
3.11.5 Photonic crystals

The butterflies of the genus Morpho, which display brilliant
blue color, intrigued the scientific community.‘m'406 The
brilliant colors of their wings are useful against predators while
their self-cleaning properties are an advantage when they fly. It
was shown that their color was not due to the presence of
pigments or dye but to the presence of ordered structures on
their wings diffracting light and inducing interference effects.
Hence, the replacement of pigments and dyes by introduction of
structured materials is very interesting to increase the lifetime
of colored materials. An example of complex skeleton of
butterfly is given in Figure 40b. Moreover, the butterflies of the
genus Morpho also display superhydrophobic properties.''*"7
the blue butterfly Morpho Aega possess
anisotropic superhydrophobic properties due to the presence of

For example,
directional arrangement of micro-scales.
Goodwyn  studied
butterfly’s wings of the genus Parantica sita (Nymphalidae)

The group of

superhydrophobic ~ white translucent
and transparent butterfly’s wings of the genus Parnassius
glacialis (Papilionidae) (Fig. 40).*”® They observed that the
white zones of Parantica sita’s wings are due to the presence of
highly porous and ordered scales (ridge-lamella connected by
cross ribs) as observed in Morpho species. Similar effects were
also found to be responsible of the iridescence of insects and

h,* the neon tetra Purucheirodon

animals such as damselfis
innesi,*'® Pentapodus paradiseus whiptail,*"' Loligo pealeii
squid,412

argus,*'*  Hoplia coerulea

Beroé cucumis comb-jellyfish,*"> Pachyrhynchus

5 and  Charidotella  egregia®'®

beetles, Ancyluris meliboeus Fabricius*'’?

and Papilio palinurus
butterflies.*'® It was demonstrated that these color changes are
due to changes in refractive index, periodic nanostructures and
incident light angle.

The group of Gu, tried to reproduce the properties of Morpho

species using colloidal crystals, also called colloidal
lithography, using poly(methyl methacrylate-co-
divinylbenzene-co-methacrylic acid) spherical particles.*"®

Indeed, this method based on the deposition of highly ordered
particles (inorganic or polymer) allowed the tuning of the
surface wettability and the material color with the surface
topography.*'°**? These properties were confirmed by the

423 Moreover, the introduction

group of Zhu using PS spheres.
of dyes as dopant could improve the brightness of the materials
by the suppression of light scattering. The use of colloidal
crystals is extremely interesting to tune the optical properties,
for example with the diameter of the particles, their refractive
index, the incidence angle of the light, but also by swelling or
by stretching as well as using sensitive polymers and by post-

functionalization.***4?°
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butterfly’s wings of the genus Parnassius glacialis (Papilionidae) (d) (e) (f) at different magnifications.
Reprinted with permission from ref. 408, copyright 2009, Springer.

Indeed, in nature the iridescence of opal (a hydrated amorphous
form of silica) is due to the presence of closely packed silica
spheres (150 to 300 nm in diameter).****’ Moreover, other
strategies can be used to deposit these materials such as spray
low-adhesive

coating, ink-jet printing or deposition on

428-436 \which allows to increase the

superhydrophobic substrates,
interest of these properties for various applications.

To tune the surface hydrophobicity of colloidal crystal without
changing in the photonic bandgap, the group of Jiang used PS-
block-PMMA-block-poly(acrylic acid) particles.**’ The surface
wettability could be changed from superhydrophilic to
superhydrophobic by controlling the assembly temperature. The
authors explained this possibility by changing the chemical
groups present at the extreme surfaces of the spheres as a
function of the assembly temperature.

In order to obtain both structural color and self-cleaning
properties, inverse opal films were fabricated using suspension
of PS spheres (J = several 100 nm) and SiO, nanoparticles (&
~ 6 nm) (Fig. 41).**® Then, the materials were calcined at 450°C
to remove the PS sphere and to solidify the SiO, nanoparticles,
silane to reach
superhydrophobic properties. Moreover, different colors were
obtained depending on the center-to-center distance between

and modified with a perfluorinated

two neighboring holes (275 nm for blue, 310 nm for green and
400 nm for red). Moreover, the assembly of colloidal particles
is possible only if the surface is hydrophilic.*® Hence, surfaces
with hydrophobic/hydrophilic contrasts were also elaborated
combining colloidal lithography and photolithography. To
enhance the mechanical and thermal properties of the materials,
Song et al. also reported the properties of superhydrophobic
inverse opal films using polyimide and with close-cell

structures.**®  These structures were produced with

26 | J. Name., 2012, 00, 1-3

poly(styrene-methyl methacrylate-acrylic acid) core-shell: a
rigid PS core and an elastomer poly(methyl methacrylate-
acrylic acid) shell. Here, the elastomeric properties of the shell
are responsible of the formation of core-shell structures. The
materials kept their superhydrophobic properties and photonic
band gap after heating at 400°C for 2 h. To obtain tough
materials, these core-shell polymers were also used for the
formation of SiC inverse opals.**! The authors showed the
possibility to obtain photonic crystals covering the entire UV-
with
wettability and conductivity, inverse opal of polypyrrole were

vis-NIR range. To elaborate materials switchable
fabricated from poly(styrene-methyl methacrylate-acrylic acid)
core-shell.*** While the surface wettability could be reversely
changed from highly hydrophobic to hydrophilic by
dedoping/doping processes with a change in conductivity but
also in color, due to change in polypyrrole refractive index and
volume.

Finally, other strategies were employed to obtain photonic
crystals with similar or different ordered structures. Yang et al.
achieved to obtain structures close to that obtain with inverse
opals using holographic lithography.*?* In order to increase the
Oy 161.4°),

formation of nano-roughness on

superhydrophobic properties they could
the the
microstructures using epoxy-functionalized POSS. The nano-

controlled

roughness was generated due to microphase separation during
the rinsing step of holographic lithography. Here, nano-
roughness did not significantly affect the bang gap of the
photonic crystal. Moreover, these materials had very high
ability of dye adsorption (6 times higher) in comparison with
smooth surfaces.

This journal is © The Royal Society of Chemistry 2012
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(c)

oparticles, and (b) inverse opal structures obtained after calcination

to remove the PS spheres; (c) color and transmission spectra of the inverse opal structures with different center-to-center distances.

Reprinted with permission from ref. 438, copyright 2003, Wiley-VCH.

The group of Sun used a multibeam holographic lithography,
sensitization with SnCl, and Ag electroplating to produce
photonic crystal with regular nano-nipples arrays.*** The as-
prepared material displayed superhydrophobic properties and
iridescence.

217nmP
view angle 60°

5 mm 5 mm

Fig. 42 (a) Schematic representation of regular nano-nipples arrays with
superhydrophobic and iridescence properties;*** (b) man-made polymer opals
426

with different colors and iridescence properties.

This journal is © The Royal Society of Chemistry 2012

3.11.6 Solar Cells

The low conversion efficiency is a major problem for solar
cells. The energy efficiency can be enhanced by reducing the
light reflection, increasing the transparency and/or increasing
the light absorption. As shown in the previous sections a
surface can be made superhydrophobic while being transparent
and anti-reflective, by controlling the surface topography.
Another important interest to use superhydrophobic coatings is
the possibility to reduce the dust on the solar cells, which is to
date an important problem (the dust reducing the energy
performance).

It was possible to induce transparent and anti-reflective
properties by producing nanostructures close to the moth
eyes.”**1* Wong et al. elaborated superhydrophobic and self-
cleaning solar cells containing Si micropyramids modified with
ZnO nanowires (Fig. 43).**® Here, the micropyramids were
obtained by etching Si wafer in KOH water/isopropyl alcohol
solution. ZnO nanowires were produced by magnetron
sputtering to form a ZnO seed layer before immersion in zinc
nitrate and hexamethylenetetramine solution.

The solar cells displayed an increase in the anti-reflection by
3.2% over the 300-1200 nm range and a high conversion
efficiency of 16%. The performance of solar cells based on
ZnO nanostructures was also reported in others works. To
improve the UV-resistance of the materials, Beaujuge et al. also
proposed to add an ultra-thin layer of SiO, around the ZnO
nanostructures, while Nuraje et al. electrospun PS and PVC
fibers incorporating TiO, nanoparticles and graphene
nanoflakes.****” Other research groups also reported the
possibility to reduce the dust accumulation on flexible and
transparent PDMS or PET substrates by creating microshells
and nanofibers, respectively.*****° They developed their
substrates by replication from a patterned mold.
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Fig. 43 Superhydrophobic and self-cleaning (a) solar cells containing (b) Si micropyramids modified with

properties and (d) conversion efficiency.
Reprinted with permission from ref. 445, copyright 2012, Wiley-VCH.

This process as well as the UV-nanoimprint process were also
used on PET substrates by Lee at al. to replicate the moth eyes
structures and as a consequence increase the anti-reflective
properties.*® The authors also reported an increase in
accumulated electric energy of the solar cell of until 3.9%.
Finally, the use of superhydrophobic properties in dye-
sensitized solar cell was also reported.*”’ Kim et al.
incorporated an anti-reflective layer with moth eye-like
structures in this device.*”> The layer could increase the
transmittance up to 82% at 540 nm. The dye-sensitized solar
cells displayed an enhancement of the efficiency to 7.3% at 100
mW cm™.

To combine self-cleaning properties with anti-reflectivity and
high absorption properties, nanodomes of an active absorber
(hydrogenated amorphous silicon) were created by pattern
transfer from a mold.**® The as-prepared materials could
absorbed 94% of the light in the range 400-800 nm, higher than
the corresponding smooth substrate (65%). They also reported a
high power efficiency of 5.9% (25% more than the
corresponding smooth substrate). Patsalas et al.
nanocomposites of metal nanoparticles (Ni, Fe, Mo, Sn)
included in diamond-like carbon matrices to form various
nanostructures depending on the experimental conditions.*>*
The interlinked star-shaped Ni structures displayed
superhydrophobic properties, extreme optical absorbance over
the visible range, low optical reflection (< 10*) and high
thermal conductivity.

used
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(c) ZnO nanowires with excellent anti-reflection

Finally, the elaboration of superhydrophobic photo-sensors was
also reported.*® The authors fabricated arrays epoxy
photoresist square micropillars on n-doped crystalline Si
substrates. Then, a poly(3-hexylthiophene-2,5-yl) layer with
nano-roughness was deposited to form a p-n junction. The
authors observed an increase in the superhydrophobic
properties and the photosensitivity as the interpillar distance.
Indeed, only the regions in between the pillars are responsible
for the photoconductivity while the relation with the
superhydrophobic  properties follows the
equation.

Cassie-Baxter

3.12 Batteries

The technology of batteries has become a major field of
researches in electronic devices because their capacity and shelf
life are not able to follow the advances made in semiconductor
technologies. A battery has to provide power when required and
to endure prolonged periods of storage. For this last point, a
mechanical separator is present in a normal battery to separate
the electrolyte from the electrodes, increasing the necessary
volume of the battery. To overcome these problems, the group
of Simon proposed to use superhydrophobic nanostructured
electrodes instead of the use a mechanical separator in order to
miniaturize the system (Fig. 44).**%**® Here, the system is based
on the electrowetting phenomena.

This journal is © The Royal Society of Chemistry 2012
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Electrolyte

Only the essential parts (i.e., the nanoposts, the

electrolyte penetrating the nanopost space, Zn plated
into the nanostructure, and MnO, deposited onto a

planar substrate) are shown.
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Fig. 44 Superhydrophobic nanostructured batteries based on the electrowetting phenomena.

Reprinted with permission from ref. 456, copyright 2005, Wiley-VCH.

When no power is applied, the electrolyte cannot penetrate into
the electrode space because of their self-cleaning properties.
But, when a power is activated, that induces a Cassie-Baxter-to-
Wenzel transition which highly increases the contact between
the electrode and the electrolyte. Moreover, this phenomenon is
extremely fast (= 1 ms). They also demonstrated the use of
microporous honeycomb membranes disposed on the
nanostructured electrodes to obtain batteries with electrically
controllable permeability.**® Indeed, the penetration of the
electrolyte inside the membrane is electrically controllable.
Other research groups also showed the potential of
superhydrophobic coating of batteries, fuel cells and
photoelectrochemical cells.***? For example, Pan et al.
successfully improved the lithium storage properties of
Fe,03@C nanoparticles in lithium ion batteries by adding a
superoleophilic and superhydrophobic polysiloxane coating.*®
Indeed, a superoleophilic and superhydrophobic can repel water
while allowing the penetration of the electrolyte.

3.13 Sensors
3.13.1 Enhancing SERS effect

In the case of metal nanostructures, coherent oscillations of
conduction band electrons can lead to plasmon resonance with
an extremely high local electromagnetic field. This effect is
called Surface-enhanced Raman scattering (SERS) and is
known for metal nanoparticles in solution but also on
surfaces.*>*”? This effect can be used for the detection of trace
molecules. Gold nanoparticles forming Candock
structures were also reported in the literature through an
aggregation process controlled with a polyelectrolyte film.**
The superhydrophobic film (6,, = 155°) also displayed excellent
SERS enhancement with a factor of more than 5 compared to
sputtered gold film (tests done with Rh6G). The group of Li
studied the enhancing of SERS effect on superhydrophobic
surfaces made of ZnO nanorods coated by Ag nanoparticles.***
They observed a signal amplification by a 3-fold. The SERS
effect of superhydrophobic surfaces obtained by assembling Ag

leaves

This journal is © The Royal Society of Chemistry 2012

nanocubes (size distribution: 102 £ 9 nm) using the Langmuir-
Blodgett technique, coating a 25 nm Ag layer to weld the Ag
nanocubes and functionalization with perfluroodecanethiol was
also studied (Fig. 45).%> The surfaces were able to detect trace
molecular such as rhodamine 6G (Rh6G) down to 107'® M
while only 1 pL of diluted analytes were necessary.
Superhydrophobic surfaces containing PS-Ag Janus particle
arrays were also elaborated by site-specific electrodeposition.**®
These surfaces were able to detect highly diluted solution
(femtomolar range). The group of Di Fabrizio fabricated
superhydrophobic periodic array of micropillars and modified
them by incorporating Ag nanoparticles on the head on the
pillars.*’*%" They observed an enhancement of the SERS effect
with the possibility to detect Rh6G in the fairly low atto molar
range. The authors envisaged to use these surfaces to detect
tumors or other important pathologies.

Surface-Enhanced Raman

Superhydrophobic Spectroscopy
e I ] 1 1 L}
At 400 800 1200 1600 2000
L = Raman Shift (cm”)
Ag Cube Film
4
w10 3 )
et - !
85 ] o
2 o
& i ;
5 10 o y
et ] o
[ o ,
” | 23] 2 o}
& 10° i 2
w 4
w | L L B BN R |
-16 -14 12 -10 -8 -6i
Log [R6G]

Fig. 45 Enhancing Surface-enhanced Raman scattering (SERS) using
superhydrophobic Ag nanocubes.

Reprinted with permission from ref. 465, copyright 2013, American
Chemical Society.
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Fig. 46 (a) Superhydrophobic and superoleophilic inverse opals for oil sensors; (b) (c) the stopband of the photonic crystal shifts linearly with the refractive

indices of the oils.*!

Panel a reprinted with permission from ref. 480, copyright 2013, Wiley-VCH.

3.13.2 Classical Sensors
Following its chemical composition, a superhydrophobic
material can also have interactions with various molecules in
solution or gases. Here, the surface roughness can increase
sensitivity of the sensors. Saito et al. used a superhydrophobic
quartz  crystal to detect organic
compounds.*”? Using nanostructured superhydrophobic by
plasma-enhanced CVD of trimethylmethoxysilane, the
materials could adsorb by van der Waals interactions organic

microbalance volatile

compounds such as toluene and formaldehyde leading to an
increase in the weight of the materials. Other research groups
modified superhydrophobic materials by incorporating amine
groups to interact with CO,.*’**"> In order to detect explosives,
Lei reported superhydrophobic sand by modification with
PS/pyrene/tetrabutylammonium hexafluorophosphate
composites.*’® The resulting materials were able to detect
nitroaromatic explosive vapor such as 2,4-dinitrotoluene. One
of the interests to use superhydrophobic materials was found to
be to develop sensors able to detect gases or explosives

dissolved in water.*7"47°

3.13.3 Sensors Based on Photonic Crystals

As described above, photonic crystals are unique materials with
color or stopbands depending on structural parameters (Fig.
46).%%%%2 Hence, when a product is in contact with the
structure, a shift in the stopband or the color can be observed.
Song et al. developed superhydrophobic and superoleophilic
inverse opals for oil sensors.*****! They observed that, for a
given pore size, the stopband of the photonic crystal shifts
linearly with the refractive indices of the oils.

3.13.4 Biosensors

Many natural systems are based on complex interactions like
hydrogen bonding and specific recognition. For example,
protein-carbohydrate interactions concern many important
biological processes signaling, recognition and
catalysis.*®***** Hence, the elaboration of sensors based on the
sensing of carbohydrates is highly important for medical

such as
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applications, diagnostic and therapeutic. The group of Sun
reported the possibility to elaborate superhydrophobic surface
with switchable wettability in the presence of saccharides.*®’
The used copolymer contained N-isopropylacrylamide and a
derivative containing phenylboronic acid. Its polymerization on
micro and nanostructured patterned led to
superhydrophobic properties. Their immersion in glucose
solution changed the surface wettability into superhydrophilic
due to interactions between the polymer and the glucose. The
same group also showed that their polymers can also interact
with nucleotides such as adenosine phosphate with similar
switchable wettability (Fig. 47).*% The group of Li also
reported the elaboration of superhydrophobic surfaces made of
calix[4]azacrown.”®” The sensors could selectively interact with
1-butyl-3-methylimidazolium ions but only with CI’
counterions (the tests were also realized with Br” and PFy") due
to specific insertion of Cl- ions in azacrown and 1-butyl-3-
methylimidazolium with the calix moiety. The interactions
induced also a change in the surface hydrophobicity from
superhydrophobic to superhydrophilic. Yao et al. also reported
the elaboration superhydrophobic electrocatalytic sensors made
of Cgo hollow spheres by bubble-templates.*®® These sensors
displayed highly sensitivity and selective detection of dopamine
in the presence of ascorbic acid, and uric acid in the presence of
L-cysteine.

substrates
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Fig. 47 Schematic representation of biosensors with nucleotide
recognition and switchable superhydrophobic properties.

Reprinted with permission from ref. 486, copyright 2009, American
Chemical Society.
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Fig. 48 Superhydrophobic surfaces to improve bioanalytical readout based on (a) porous Si and (b) evaporation of droplets containing proteins; (c) target

anchor chips developed to increase the sensitivity of MALD-TOF MS.
Reprinted with permission from ref. 493, copyright 2007, Elsevier B.V.

Superhydrophobic surfaces can also find applications in
immunoassays.*®*’! Shen and al. reported the advantages to
use superhydrophobic polycarbonate surfaces in Schistosoma
Japonicum antibodies (SjAb) immunoassays, which consist in
sensitive stripping voltammetry analysis coupled with Cu
enhanced Au nanoparticles tag amplification.*”® First of all,
small total volumes were required and short assay times.
Moreover, the technique was quantitatively sensitive to SjAb
concentrations ranging from 2 ng ml™' to 15 pug mL™ with a
detection limit of 1.3 ng m1™",

Superhydrophobic properties can also be used to improve
bioanalytical readout. For this purpose, protein microarrays are
very often used.****** The group of Ressine elaborated porous
Si  with
electrochemical etching in the presence of HF (Fig. 48a).
After ink-injection of antibodies (antirabbit IgG), the authors
observed that the antibody spots are well confined to a diameter

various porosities and hydrophobicities by

493-494

of 50 um, allowing higher microarray density of over 15000
spots per square centimeter. The higher homogeneity of
antibodies all in all the spot is due to the presence of a
rotational flow during the evaporation when the surface is
hydrophobic (Marangoni effect) (Fig. 48b). Such substrates

This journal is © The Royal Society of Chemistry 2012

were also used for MALDI-TOF MS detection. Indeed, such
techniques were developed because it is not possible to obtain
antibodies with no reactivity to any other proteins. Here,
superhydrophobic MALDI-TOF MS target anchor chips were
developed to increase the sensitivity of MALDI-TOF MS by
creating hydrophilic anchor points (500 um) by proton beam
irradiation surrounded by superhydrophobic porous areas (Fig.
48c). Then, 5 pL of sample with matrix were deposited on a
hydrophilic anchor point. After desorption and ionization, the
authors observed an increase in detection peaks of proteins by
five to sevenfold in comparison with a standard MALDI target.
The group of Alam the
superhydrophobic surfaces to concentrate ultra-diluted DNA

also used properties  of

solutions onto an electrode for non-faradaic impedance
spectroscopy measurements.*”® They observed an enhancement
of the detection limit by five orders of magnitude. This strategy
was also used by other authors to deposit various bioactive
agents or cells as well as multilayers.**%*%*

Other groups also used superhydrophobic/superhydrophilic
contrast to immobilize proteins or cells in the superhydrophilic
areas (Fig. 49).%°3% Chi et al. elaborated substrates with
superhydrophobic/superhydrophilic contrasts by formation of

J. Name., 2012, 00, 1-3 | 31
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TiO, nanotubes by Ti

lithography.**® With this method, the authors could selectively

anodization and photocatalytic

immobilize cells, proteins with reversibility, as well as various
chemicals and materials such as calcium phosphate, Ag
nanoparticles, drugs and biomolecules. For example, they
demonstrated the SERS enhancement using Ag nanoparticles.
A similar strategy was also used in the literature to immobilize
monitor cells on
Au-TiO,

modified with L-cysteine and functional proteins.

and real-time

superhydrophobic/superhydrophilic micropatterns

500

3.14 Drug Delivery

The elaboration of drug delivery systems is very interesting to
target specifically, for example, cancerous tissues with a drug
released over a period of time in a controlled manner. To obtain
materials with tunable drug delivery release, electrospun
poly(e-caprolactone)  fibers doped with  hydrophobic
poly(glycerol  monostearate-co-g-caprolactone) (PGC-C18)
were used as superhydrophobic scaffold materials.’*>% The
authors showed that when a bioactive agent (SN-38 or CPT-11)
is added in the materials, this one can be released in a
controlled manner. Indeed, the displacement of the air trapped
in the materials is determining in the rate of the drug delivery
(Fig. 50). The hydrophobicity of the materials allows to slow
down the drug release process by increasing the stability of the
entrapped air layer. These materials showed efficiency against
cancer cells in vitro. The same authors also showed that the air
trapped
ultrasound.>”

can be released using high-intensity focused

Lynn et al. also the wuse of
polyelectrolyte which

intrinsically hydrophilic, to promote long-term release of water-

reported

superhydrophobic multilayers, are

soluble agents.’ In their system, the release rate is controlled

by the slow penetration of water inside the material.

Fig. 49 Superhydrophobic/superhydrophilic contrast to immobilize
proteins in the superhydrophilic areas, based on Namib desert Beetles.
Reprinted with permission from ref. 502, copyright 2014, Wiley-VCH.

The drug delivery process can also be performed by

encapsulation and delivery using responsive materials. Usually,

32 | J. Name., 2012, 00, 1-3

Journal Name

drug delivery systems suffers from efficiency and poor control
of the drug release. Here, superhydrophobic surfaces were used
to form microgel just by deposition of droplets of the material
to form spherical particles and crosslinking.’*’** Here, pH-
sensitive chitosan microgels were prepared and loaded with the
antitumoral drug 5-fluorouracil (Fig. 51).°"% The surface was
coated with pectin to prevent premature leakage of the drug and
improve the controlled release. An encapsulation efficiency of
100% was obtained for microgels in the range 200-600 um. The
release rate depended on the pH. Such materials enhanced the
cytotoxic effect of 5-fluorouracil and can be used to treat colon
cancer. Using this strategy, temperature-sensitive microgels of
dextran-methacrylated and poly(N-isopropylacrylamide) were
also prepared and loaded with insulin and bovine serum
albumin (BSA).>*” The rate of the release was depending on the
bead’s composition and the temperature.

Surface drug release Air displacement, Long-term release

mesh hydration,
& drug release
bttt tt1tt tetet
]
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Time
Fig. 50 Schematic representation of drug delivery systems based on the
displacement of the air trapped on superhydrophobic materials.
Reprinted with permission from ref. 503, copyright 2012, American
Chemical Society.

/ N Cross linked

Fig. 51 Elaboration of drug delivery systems by deposition of droplets
and cross-linking on superhydrophobic surfaces.”®

3.15 Heterogeneous Catalysis

Catalysts are extremely used in chemistry to increase the rate of
reactions. In the case of catalysis, the surface wettability of the
supported catalysis seems to be important for their activity. As
a consequence the study of superhydrophobic catalysis seems to
be an interesting way. Heterogeneous catalysts can in certain
conditions show higher activities than homogenous catalysts.

This journal is © The Royal Society of Chemistry 2012
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The group of Xiao reported this effect using superhydrophobic

mesoporous polymers made of divinylbenzene and an
imidazolium moiety containing trifluoromethanesulfonate
510-511

counterions (Fig. 52). They observed an increase in
transesterification to form biodiesel. Similar results were also
reported using superhydrophobic mesoporous polymers made
of divinylbenzene and p-styrene sulfonic acid.’'**'* Moreover,
with p-styrene sulfonyl chloride, they functionalized the
polymer with 1,2-diphenylethylenediamine and used it for the
coordination of a ruthenium catalyst ([RuCl(p-cymene),]).”"*
Due to their good wettability to ketones and their high ability to
transfer product from the catalyst into water phase, these
heterogeneous catalysts showed higher activities in asymmetric
transfer hydrogenation of ketones than their corresponding

homogeneous catalysts.

'

@~
. 9s0,cF,

Reactants in homogeneous Reactants enriched by PDVB-

catalytic system [Cvim][SO;CF5]
Fig. 52 Superhydrophobic mesoporous polymers made of
divinylbenzene and an imidazolium moiety containing

trifluoromethanesulfonate counterions, as heterogeneous catalysts for
transesterification to form biodiesel.

Reprinted with permission from ref. 510, copyright 2012, American
Chemical Society.

Superhydrophobic catalysts were also reported by incorporating
cobalt in silica nanoparticles and their functionalization with
3,3,3-trifluoro-propyl groups.’'® Due to their higher wettability
to organic molecules and their higher repellency to water
(product of reaction), these catalysts showed higher catalytic
activity for selective oxidation of hydrocarbons than a
hydrophilic one. Gold nanoparticles were also encapsulated in
silica core-shell sphere containing isobutyl groups to reach
superhydrophobic with yolk-shell nanostructures after HF
etching.’'® These surfaces enhanced the catalytic performance
in the reduction of nitroaromatic compound. Nanostructured
surfaces containing Co, Ni and CoNi allows were also studied

in the literature.’!’

Superhydrophobic films with various
nanostructures such as nanosheets or urchin-like structures
were obtained a magnetic-field-induced deposition process. The
authors reported an excellent catalytic effect for the reduction
of p-nitrophenol with sodium borohydride with a high

durability of the catalysts. The group of Song also reported the

This journal is © The Royal Society of Chemistry 2012
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catalytic effect of hybrid materials.”'® Combining calixarene
with EuWj,, highly hydrophobic films (6, > 139°) were
obtained with a high
desulfurization. Superhydrophobic organo-titanosilicate with

efficiency in extractive oxidative
covalently linked phenyl groups were also reported by Fan et
al. They showed that promising catalytic activity in the

epoxidation of olefins using H,O, aqueous solutions.”"’

4. Conclusions

In this review, we gave a very recent overview of potential
applications of superhydrophobic materials, which are
characterized by extremely high water contact angle and
adhesion properties. Such materials have been
elaborated by studying and mimicking natural surfaces. Here,
we have extremely detailed each application including anti-
icing, anti-corrosion and anti-bacteria coatings, microfluidic
devices, textiles, oil/water separation,
desalination/purification, optical devices, sensors, batteries and
catalysts. Now, we found that at least two parameters seem to
be essential for many applications: the presence of air on
superhydrophobic materials with self-cleaning properties
(Cassie-Baxter  state) and the robustness of the
superhydrophobic properties (stability of the Cassie-Baxter
state). This review opens new ways to researchers to envisage
strategies to industrialists to advance in the
commercialization of these materials.
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This review highlights the recent advances made in the potential applications of
superhydrophobic materials.



