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Abstract

Research into extreme water repellent surfacesnbegmy decades ago, although it
was only relatively recently that the term superbypthobicity appeared in literature.
Here we review the work on the preparation of ship@mophobic surfaces, with focus
on the different techniques used and how they hiweloped over the years, with
particular focus on the last two years. We discils origins of water repellent
surfaces, examining how size and shape of surtateres are used to control surface
characteristics, in particular how techniques hpvegressed to form multi-scaled
roughness to mimic the Lotus leaf effect. There aotable differences in the
terminology used to describe the varying propeniesater repellent surfaces, so we
suggest some key definitions.




1 Introduction

Some superhydrophobic surfaces can cause wateeatd oils to roll off
leaving little or no residue and carry away anytingssurface contamination. With
more and more researchers becoming interestedisnfigld there are a greater
number of methods reported to produce such surfaesg simpler and cheaper
means to achieve high water contact angles (WCaig)low hysteresis (causing roll-
off). The number of articles on superhydrophobidastes published between 2006
and 2007 is more than double the total number t€les published previously,
demonstrating a high level of interest in this ai@aall manner of uses; from self
cleaning, anti-fog or anti-corrosion surfaces tgibaesearch. A number of reviews
covering this subject area have previously beerighdsf; some detailing a more
specialised sub-set of topics.

Whilst the basic ideas of superhydrophobicity wdgeeloped by WenZeand
Cassié decades ago and examples were observed beforét tvas a publication in
Langmuir by Ondat al.* that marked the start of an explosion in the ahber of
articles published on this topic. In 1999 the firsttical review was given by
McCarthy et al.'® which was built upon by Quémt al. in 2005¢, Ma and Hill in
20069 and most recently by Reinhouettal >. Here we give a concise review of the
techniques used to prepare superhydrophobic sgtfadeere they started and how
they have developed over the years up to presentatecentrating on the most
recent publications.

Highly water repellent surfaces (super-hydrophohikia-hydrophobic) are
biologically inspired with the Lotus leaf being thkssic exampl&.Surface texture,
or roughness, is used to enhance the intrinsicapyarbic chemistry of the surface,
producing highly non-wetting surfaces. Superhydaiph surfaces exhibit extreme
water repellency, with water droplets resting oenthwith high contact angles.

Various applications benefit from non-wetting sada with some specific
products becoming commercially available, althotighunderlying principles behind
and effects of superhydrophobicity are still hotlisputed. Currently there are
massive parallel efforts to resolve both the ppleunderstanding of wetting and to
define methodologies to fabricate superhydrophchidaces on small and large
scales; for research and mass production respbctiVeere are therefore many
different routes reported for the production oftssarfaces, allowing a vast range of
materials to be used as substrates, or modifigivosuperhydrophobic surfaces. The
surface and bulk properties of the material musiaken into account when deciding
on a suitable method of preparation. Is the sumkdphobic coating required to be
optically transparent, electrically conductiveosig, tough, hard, flexible..? Can this
method be used to produce a conformal superhydphmating on any sized /
shaped sample?

Hydrophobicity is usually determined by measurihg tontact angle of a
water droplet contacting a surface. The angle batwie surface and the water
meniscus near the line of contact, measured thrthugldroplet, gives an indication of
the wettability of the surface (although the sizé¢he drop can affect the outcome).
There is usually a difference between the angldywred as the volume of the drop is
increased (the advancing angle) and that when die@eased (the receding angle).
This difference, termed the contact angle hysterggves a measure of the surface



‘stickiness’. The greater this difference (larggsteresis) the more water drops will
stick to the surface. Usually low hysteresis is idels when dealing with
superhydrophobic surfaces as this means wateredsopill roll off extremely easily.
Theoretical equilibrium angles lie between the adwag and receding angles,
sometimes being determined by vibrating the drop.

The principles of superhydrophobicity were firstimed by Wenzel in 1936
and then by Cassie and Baxter in 04enzel suggested that if liquid contact
followed the contours of a rough surface then ttiece of roughness should be to
emphasise the intrinsic wetting tendency towardseeifilm formation or enhanced
contact angle. The contact angle observed onyhes af surface is given by Wenzel's
equation,

cosé?\eN =T CcoSby

where the roughness factorl is the ratio of the true surface area of théddol its
horizontal projection andi is the equilibrium contact angle on a smooth dlatface
of the same material. The contribution from theglmess is contained withmand
the effect of surface chemistry #h, Figure 1a.

However, it can be energetically favourable forcail to bridge across the
tops of surface features so that the droplet tgst® a composite surface of the solid
tops and the air gaps between them, as describekeb@assie-Baxter relationship,
Figure 1b. The contact angle is then given by alated average of the cosines of the
contact angles on the solid and air using,

cosd = ¢_cosd, +(1- ¢ )coshd,

where ¢<1 is the fraction of the surface present at tlpes tof the surface protrusions
and (1) is the fraction that corresponds to the air g&kts the contact angle on the
gas in the gaps which is taken to be 180°. ThimgdAeads to an increase in contact
angle when the droplet bridges the gaps. If thegome filled with wateg becomes
0° and the contact angle decreases below thatiaff surface.

a) b)

Figure 1. Wetting states a) Wenzel and b) CassigeBanodels.

Additional surface roughness will therefore impact any liquid contact
angle, with angles greater than 90° on a flat serfalways increasing (except for the
unusual case of pre-existing ponds in the roughnessl those less than 90°
potentially moving in either direction. Usually faces following the total wetting
Wenzel regime are “sticky” in that drops of watend to adhere to them; those
following Cassie and Baxter’'s are “slippy” and alldrops of water to roll off more
easily than an equivalent flat surfdcelt is, however, possible to generate “sticky”
surfaces in Cassie and Baxter's redifheso measuring the contact angle hysteresis is



not always sufficient to determine the wetting estat the surface. Many surfaces
show Cassie-Baxter bridging, allowing water to mff if tilted slightly, but water
drops falling from a height fill the roughness andy become stuck. The resistance
of the transition from a bridging Cassie-Baxteratavetted Wenzel state depends on
the intrinsic chemical hydrophobicity of the sudaand the distance between and
shape of roughness features. Water condensing supierhydrophobic surfaces
usually ends up in the fully wetting state, althlowgtransition to a bridging state is
possible. On surfaces with simple roughness the dtates are easy to define, but
multilayered or complex roughness can allow a mmetof the two equations to
apply’; on these surfaces it is often difficult to detarenvalues for andg.

The two states are usually considered to be separargy minima with an
energy barrier between. Depending upon the shafigeedurface features this energy
barrier can be large enough that liquid drops @main in the secondary minimum
for long periods. Surfaces that are patterned willlars often show this, with drops
deposited on the surface remaining in the CasskeBatate, balanced on the pillars
but drops condensing on the surface remain in tea2af state.

Originally any surface with a water contact angteager than the maximum
observable on a flat surfacex1@0° for PTFE) was considered to be
“ultrahydrophobic”, but this term and its definiichave changed and many recent
papers use a minimum of 150° to define a “supedphiobic” surface with some
requiring “low” contact angle hysteresis in additio A similar problem exists on
roughened hydrophilic surfaces with some claimihgtta contact angle of 0° is
sufficient to define a superhydrophilic surfacestts confusing as flat surfaces can
exist with this contact angle.

There are therefore many categories of surface evineughness enhances
contact angle and not enough official names tongethem. We would suggest that if
the contact angle is increased by additional roeghrbut is less than 120° it should
be described as positive contact angle enhancetasripposed to negative contact
angle enhancement towards zero); if the contacteasgincreased by roughness to
greater than 120° the term superhydrophobicity hiwe used and if the contact
angle is increased to greater than 150° and thtacbangle hysteresis is less than
~10° the term ultrahydrophobic should be used.hg stage there are many reports
using whatever terminology comes to mind, makingnitlear to exactly what type of
surface is being dealt with. In this review of @t literature we will therefore use
the term superhydrophobicity to encompass all tygfesurface displaying “positive
water contact angle enhancement”, although mosthef recent examples are
“ultrahydrophobic”.



1.1 Biologically Inspired

Figure 2. Superhydrophobic surfaces in biology ajuk leaf Nelumbo Nucifera),’® b) Hillock bush
leaf, (Melaleuca hypericifolia),’® ¢) Middle of upper side of a common pond sk&@arris lacustris)™
and d) the lichem.ecanora Conizaeoides showing high roughness with inset showing watepdVCA
155+/-4°1 Figures reprinted with permission from a) and bfo®d University Press, Copyright 1997,
c¢) Blackwell Publishing, Copyright 1996 and d) Eise, Copyright 2006.

A systematic study of water repellency in plantsswadertaken by Barthlott
and Neinhui$;*® who highlighted the Lotus leaNéumbo nucifera) for its super
water-repellancy and self-cleaning ability, Fig@&. Investigation showed that two
scales of waxy surface texture gave rise to themves effect. Water bridges over the
surface roughness in a Cassie-Baxter wetting stlédeving it to roll off easily and
remove any debris from the surface. They coineddhma the Lotus effect™ which is
now patented as an idea and a trade Mark

There have been several attempts to directly usedical structures as templates for
the production of superhydrophobic surfaces, withciminterest geared towards
various plant leaves, Figure 2b, but Barthlott dtsuked at a variety of insects for
similar hydrophobicity*, Figure 2c, and several attempts to directly impfrom
these have been reported, most notably the wingthefcicada Cicada orni)**.
Lichen, mould and fungus have also been shownye kaperhydrophobic character,
Figure 2d*

Other researchers have focussed on producing sugveghobic surfaces via top-
down or bottom-up generation of roughness and theing either the intrinsic
hydrophobicity of the material or coating the rowgyhrface with a hydrophobic layer.
A plethora of technigques have been developed tdym® a variety of shaped surface
features on different length scales, using varimaserials from polymers to metals.
Many routes to prepare superhydrophobic surfacesine complicated, sometimes
expensive equipment, although some surfaces céabbeated fairly easily. Here we
describe how the preparative methods of superhymbiwip surfaces, both the
substrates and any applied over-layers, have isedemn number and been developed
over the past years.



2 Fibres and Textiles

Figure 3. Woven superhydrophobic surfaces a) filaitient woven fabric¢? b) droplet resting on
surface shown in a), c) CNT treated cotton filird) cloth surface impregnated with gold particies,
and e) water droplets 8h) untreated woven cotton sheet, i) CNT treatexven cotton sheet shown
in ¢) and iii) poly(butyl acrylate)-CNT treated wawv cotton sheet. Figures reprinted with permission
from a) and b) American Chemical Society, Copyri@d07, c) d) and e) The Royal Society of
Chemistry, Copyright 2007.

The problem of waterproofing surfaces, specificalty fabrics, was first
critically examined by Wenzel in 1936Superhydrophobic surfaces can be produced
simply by making woven or non-woven cloth hydropicolwithout altering its
roughness. As the roughness of the cloth is uswally relatively large scale, some
efforts have been made to generate smaller scalectgtes to increase the
superhydrophobicity and pressure resistance dfttinetures.

A patent published in 1945 detailed the use of lagl @ilane to hydrophobise
paper or fabricd® The silane reacts with moisture in the fibrouseriat, allowing it
to hydrolyse and condense to form a hydrophobierlagao and McCarthy have
recently demonstrated that this method can be igsdtie production of an ‘artificial
lotus leaf using polyester textiles as substralesalthough the term
‘superhydrophobic’ (or any variant thereof) does @opear in the original patent. In
2002 Zhanget al. %° reported the production of a superhydrophobisétbadabric by
plasma coating it with a perfluorocarbon layer.wash cycle tests these plasma
coated samples performed better than others tremtbdScotchguard™. Daouet
al.?! further developed the silane coating method, againg a silane with an alkyl
group to present a hydrophobic character, but lsdsing a glycidyl functional group
allowing the formation of a strong bond betweendbating and the surface groups of
the cotton fibres. This gave a superhydrophobitaserwith increased durability.



In 2006 Liuet al. reported artificial lotus leaf structures on cattextiles
using carbon nanotubes (CN'f)Cotton fibres were shown to be covered with
nanoscale roughness after being dipped into a Cihspension, Figure 3c, with
poly(butyl acrylate) modified CNTs showing anothewrel of roughness. Fabric
surfaces treated with either coating were foundbeéosuperhydrophobic, Figure 3e.
Pulsed laser deposition of thin Teffofilms were also shown to convey additional
nanometre sized granular roughness to celluloseict&5 and similarly the
impregnation of cloths with gold particles (Figu@d), which were further
functionalised, gave superhydrophobic surfadéedichielsen and Le® have recently
reported the surface modification of woven nyloig(ife 3a), achieving an apparent
WCA of 168°.

Single fibres, as well as woven materials, havenlpgeduced to give an extra
degree of roughness to the fibre surface whichpglwith various hydrophobic
chemical coatings, has afforded superhydrophohi@ses. The main concern in the
area of fabric-related superhydrophobic / selfwileg surfaces is the retention of their
properties with use. Surfaces which do not haveret hydrophobic properties or
multiscale roughness require additional coatingkiclv may become damaged or
diminish with frictional wear or repeated washingles.

Figure 4. Superhydrophobic fibre surfaces a) wdteplets on a block copolymer electrospun fibre
mat?® b) electrospun fluoropolymer m#t,c) porous electrospun fluorinated fibfésg) cellulose
acetate fibrous membrafe) micro-bead connected fibres by elecrospinAfrigigures reprinted with
permission from a) American Chemical Society, Cagyr 2005, b) ¢) and f) Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. d) Institute of Physics,gyoight 2007 and e) Elsevier, Copyright 2007.

Production of synthetic filaments with the aid ¢téarostatic forces is known
as electrospinning. Electrospun fibres can be sergll, but tend only to be available
as non-woven mats. However, this method of fibredpction has received much
interest due to the fibre size, surface texture @nmaposition along the fibre length
and the wide variety of polymers that can be uddwe reduced degradability of
electrospun fibre mats compared to cast polymess adade them appealing to the
medical/ biomaterials industfy.In 1994 Reneker and Dzenis proposed a new method
for the production of continuous oriented fibres lodth synthetic and natural
polymers by electrospinnirfd. These fibres had diameters ranging from 50 nm to



several microns. The technique has been develap@dotiuce smaller fibres, with
more and more materials being used and variouss csestional shapes being
reported®

In 2004 it was found that the wettability of matade from smaller diameter
electrospun fibres was decreadtés might be expected for rough and hydrophobic
surfaces, electrospun surfaces showed excellemr wepellancy? The self cleaning
properties of these surfaces were discovered bycMeglu et al. with a WCA of
172° and very low hysteresis being reporteBust and stain resistant surfaces were
suggested using poly[bis(trifluoroethoxy)phospha&tespun fibres? Trifluoroethoxy
polyphosphazene was reported to be one of the nydsbphobic polymers; resistant
to oils and having high radiation stability theydh@bvious applications in biomedical
and advanced materials. Maal. reported the superhydrophobicity of an electrospun
block copolymer (poly(styrene-block-dimethylsiloxgp showing that the water
repellency was due not only to the chemistry of sheface and the structure of the
fibrous mat, but also to the distinct phase sedeegaature of the fibres, Figure #a.
Agarwal et al. reported the electrospinning of a range of flua®&ad homo- and co-
polymers to produce a variety of textured surfadégure 4t%* By changing the
process conditions fibres ranging from uniform wegkrs to globules were formed,
with some nano-fibres being connected by microiglag. Similar morphologies
were observed for polystyrene spun fibres, Figwealthough it was observed that
some of the connecting particles were often remdvenh the surfaces by watér.
This problem was solved by spinning a secondargrlay fibres over the initial fibre-
particle surface. Block copolymer electrospinniras lalso been shown to result in
fibres having concentric ring or aligned core-sheicrophaseS. These types of
fibres, having internal self-assembled structureay be useful in tuning material
properties whilst controlling the external surfatemistry.

Micro-/nano-porous fibres biologically inspired imitate the self cleaning
properties of the silver ragwort leaf were formegddarefully controlling the solvent
during electrospinning polystyreif&Nanostructured pores were created in the fibres,
with fibrous mats having WCA'’s of nearly 160°. Maal. have also shown higher
contact angles and lower hysteresis using fibrezdcated’ with nanometre sized
pores or particles, Figure 4t Ogawaet al. reported the use of an additional particle
layer on cellulose acetate fibrésAfter electrospinning, the fibres were treatedhveit
layer-by-layer deposition of poly(acrylic acid) afndO, particles and the resulting
rough fibre structure was fluorinated to give aestygdrophobic surface, Figure 4d.
Secondary coatings to hydrophobise materials des oéquired, although some have
shown that hydrophilic polymers can directly formsaperhydrophobic surfacé.
Such surfaces have high contact angles but areuswmlly “slippy” as the fibres
penetrate into the water more than halfway andegreit from spreading purely by
being discontinuous. Other work has led to theusidn of additives in the fibre
spinning process to vary morphology or to add offteperties to the fibres. Zhaeg
al. described the preparation of conductive, magreatit superhydrophobic carbon
nano-fibres, by electrospinning PVA and ferroustaied® The as-spun fibres were
smooth with an average diameter of 180 nm, but afikcination, 20-30 nm diameter
Fe;O4-filled carbon nano-fibres were formed with bakdi nano-textured surfaces,
Figure 4f. The WCA on the fibre mats changed draraly from ~27° on the PVA
based as-spun fibres to ~157° when calcined, dua thange in chemistry and
topography of the surface.



3 Phase separation

Figure 5. Examples of phase separation, a) moded diicontinuous structurd, b) sol-gel foam
produced using acetone as co-solV&mi) super-hydrophobic PVC filft,d) and e) phase separated
block copolymer film$? f) water droplet on an organic xerogel (scale banmY* Figures reprinted
with permission from a) American Physical SocieGopyright 2001, b) and c¢) from Elsevier,
Copyright 2007 and 2006 respectively, d) and enfldmerican Chemical Society, Copyright 2005
and f) The Royal Society of Chemistry, Copyrigh080

Rough surfaces can also be formed by the phasaratem of a multi-
component mixture. If a stable mixture becomesabistdue to some change, such as
cooling, will begin to separate into two phasese @f which might be a solid or
become solid at some point in the process. Ondepbssible ways that separation
can occur is through a bicontinuous structure, leédia, where each of the two new
phases forms a 3-dimensional network and these omnk$winterpenetrate. The
structure is initially very fine, but coarsens ovane as interfacial surface area is
reduced; the structure eventually collapsing tanfdwo layers (or possibly more if
there are more immiscible components). Usually phseparation induced by an
environmental change, such as temperature or peessay result in remixing if the
conditions revert. However, if one component sé@kdi at the point when a bi-
continous structure is formed the second phasebeagmoved to create a solid 3D
porous network. A liquid phase could be removed @nedsolid does not fall apart
because each phase is continuous i.e. the soldsiagle piece and the liquid can
evaporate. The size of the pores in the solid gtras formed can be controlled if the
rate of phase separation can be altered relativibdarate of solidification. Phase
separation is of interest for the generation ofesipdrophobic materials due to the
low cost and ease of production, and the possibdit creating various shaped
substrates by casting and coating.



Bicontinuous structures have been used for manysyeas filters and
chromatography stationary phases. Their use asrtsygrephobic surfaces began
later with Nakajimaet al.** producing rough films using a sol-gel, this walofeed
up shortly afterwards by Rao and Kulkarni and $liffe et al.*>. Another group
cooled polypropylene solutions in solvent mixtures produce the polymer
equivalent’® Recent publications in this area have increasegdfymers available to
include polyvinyl chlorid&", polycarbonat¥ and polystyrerl® as well as some
fluoropolymeré®, allowing various surface chemistries and topolies to be
investigated, Figure 5. Many efforts are focusednooving this method towards
technical production due to its simplicity compatednost of the others described in
this report and the ease in forming a conformaltinga A notable example is the
coating of cotton fibres with a sol-gel derived er&tl** A few researchers diverge
from this, highlighting other potential properfiésr combining the technique with
others such as electrospinnifif and micro-contact printing Block copolymers
have also been used, which phase separate intgeroén resulting in structured
surfaces, which can be deposited from solv&ms.

Phase separated structures usually have microstaieture; although smaller
features are possible these materials are moreegoonollapse during drying as the
size is reduced. A recent paper describes a mdtrodroducing films with small
enough structure that they are optically transpganesing silica sol gel and
poly(acrylic acid), these films require a coatingachydrophobic material to render
them superhydrophobic Materials produced generally have features dfgle size
so WCA's are not always as high as those obsermedudfaces with multi-scaled
roughness. The transparency and hardness of thezialsitgenerally decreases as the
structures become larger. Another advantage ohigawvibicontinuous structure is that
it can be cut or abraded to reveal a ‘fresh’ suydntphobic surface if it becomes
contaminated.

Figure 6. Rough surfaces by crystal growth a) dobwdiroxide crystalline nano-pins (brucite-type)
with diameter of 6.5 nrt b) Silver aggregates deposited on a silicon wifej, CuS coated copper

oxide; enlargement shows nanostructlirel) Flower-like tin oxide structur®, and e) transparent

superhydrophobic alumina-silica composite fimFigures reprinted with permission from a) b)
American Chemical Society, Copyright 2005 and 26&&pectively, ¢) and d) The Royal Society of
Chemistry, Copyright 2005 and 2004 respectively enbhstitute of Physics, Copyright 2007.



Complex patterns can be generated by crystal grdvain assemblies of simple
crystals to fractal snowflakes. During crystallisatvarious parameters can be altered
to influence the size and shape of crystals indgdhe rate of cooling and solvent
evaporation or addition. Rough surfaces can beddron top of a crystallising liquid
or by adding a surface to the crystallising syst8operhydrophobic surfaces are then
afforded if the material is intrinsically hydrophopor a hydrophilic material can be
additionally coated.

Crystal growth was first used to prepare superhylaobic surfaces by Tsujét
al., who controlled the cooling rate of an alkyl keteimmer (AKD) to form a fractal
crystalline surface with a water contact angle ™4°® A recent study found that the
AKD surface develops further surface roughness aview days, increasing WCA to
a maximunt® Fractal surfaces of wax achieved by natural cgoliave also been
documented. The formation of a fractal triglyceride surfacesheecently been
reported, having a WCA of 110° upon initial depiosit and becoming
superhydrophobic as the fractal surface grdfvanother recent report in this area
makes use of the random crystallisation of n-héa@tntane, giving water contact
angles as high as 171.8°0Other materials also form rough crystalline suggaonith
one of the simplest routes to a rough superhydrophsurface reported by Haret
al. in 2004.%? By stretching a thin sheet of poly(tetrafluorodéme) Teflon® fibrous
crystals with a large fraction of void space betwtem were formed, having a water
contact angle of 165°. Fractal aluminium oxide aces have been shown to be super
amphiphilic, formed by anodic oxidation and thenatea with hydrophobising
agents® A recent publication suggested a plasma enhandemnical vapour
deposition route to form superhydrophobic surfagksilica and aluminium, which
were both hard and transparent, Figuré’6e.

4.1 Amphiphillic Inorganic materials

Inorganic materials can also crystallise to fornmd asome of them are
hydrophobic enough to become superhydrophobic whegh. More importantly,
many semiconductors are (super)hydrophobic in thark d but become
(super)hydrophilic when exposed to light. This pdp may be attributed to the
material being naturally hydrophobic, becoming eettafter the UV generated
creation of free electrons or holes on the matetalace. Another explanation is that
the materials are in fact hydrophobic due to comation; which is photodegraded
making the material hydrophilic when exposed to (dwd oxygen).

The first report of an inorganic material demortstiga reversible switching
between superhydrophobic and superhydrophilic statade use of densely packed
ZnO nano-rod$§? However, such ZnO films display superhydrophopieiten if they
are sparsely spread over the surf&cghe low surface energy of the (001) plane at
the nano-rod surface combined with the feature sieans that high WCA'’s can be
achieved. ZnO surfaces regain their superhydroghdiaracter after being left in the
dark for a few days, although it has been repothed photo-corrosion can be a
problenf® with ZnO being more unstable in UV light comparéd other
photocatalytic metal oxides, such as Zi@hich show the same switchabilRy.
Aligned SnQ nano-rod surfaces have also been reported foasiseperhydrophobic



surfaces? These oxide films not only show inherent wateretlsmt properties that
are UV switchable, but are also conductive and &@¥tsparent in the visible range.

Silver nanostructures prepared via a galvanicreelttion using AgN@and HF
have shown superhydrophobic properties after swlesgdgfunctionalisation with an
akanethiol, Figure 6B These showed high WCA’s (154°) with a tilt angevér than
5°. One of the highest water contact angles acHiseefar was reported by Zhet
al., with a water droplet being supported with a congagle of 178° on a dense array
of dodecanoic acid coated, cobalt hydroxide criigs@hano-pins (brucite-type) with
diameter of 6.5 nm, Figure 8AThe gas phase coating of polymethylsilsesquioxane
nano-filaments at atmospheric pressure without nkeed of a carrier gas was
described by Seeget al., achieving inexpensive superhydrophobic surfacesao
variety of substrate®. A two-stage preparation of an inorganic surfacéctvimimics
the features of a lotus leaf has been carriedfostly forming micro-globular CuO
which is subsequently treated with sulphur gas odpce CuS nano-roughness,
Figure 6¢°

Progression of materials and techniques used tocéb superhydrophobic
surfaces has led to the investigation of other @ridgs that are desirable for many
applications: their strength, hardness, rigiditigible transparency, etc. There are
many optical applications for superhydrophobic acefs, which depend on a material
being transparent. As the scale of surface roughiseacreased the scattering of light
also increases, therefore diminishing the transgref a material. Since visible light
is in the range 350-750 nm a surface would haveat® features less than 100 nm to
be completely transparent to visible light. Nand-@rays are of particular interest
because superhydrophobic surfaces generated fremm t@re highly resistant to
pressure, have extremely high specific surfacesaaed can be transparent to optical
wavelengths. They can also often be applied comdtly to complex shapes. There
are a few mechanisms for the growth of these naseri

4.2 Nanostructured Crystals

4.2.1 Crystal growth

The simplest mechanism is where conditions arenge@ so that the crystal
face parallel to the surface grows fastest. [frifisted nuclei are present, or formed
on the surface, this leads to the growth of pilldrsis most commonly occurs in
oxides of metals, such as zinc and cobalt. Deipositan occur from dissolved
species or from the gas phase, but the window oflitons allowing organised
growth is often small. Nano-columns can also grosmf screw dislocations. Usually
a lattice misfit between the adlayer and the sabstgives rise to distributed
dislocations, which then grow in spirals to formnes. The screw dislocation is
usually visible in the centre of the column.

Zinc oxide crystals can grow to form arrays of otezl nano-columns either
by vapour deposition or from a solution phase; ¢hebow a high degree of
hydrophobicity when hydrophobis€dRecently, nanostructured films of WSand
MoOs/MoOs; ™ have been reported and, although these only hawater contact
angle of 125°, the ability to tune the film struetwuring vapour deposition could
lead to a range of surface wettabilities upon fertbhemical modification. SO
‘nano-flowers’ have also been grown and demonstrabehave superhydrophobic



character, Figure 6Y. These were prepared via thermal oxidation of tin
organometallic precursor. Nanostructured floweelgkystals can also be prepared by
the controlled crystallisation of polyethylene frotylene by the addition of a non-
solvent (cyclohexanonéy.

4.2.2 Catalysed growth

Nano-columns can also be formed using a sputterag af metal particles to
control the growth. Usually gas phase reagents exxsel on the catalyst particles and
form a solid or liquid solution. Eventually a fiboe tube starts to grow from each
particle, either on top of the particle or belowlifting the particle as it grows. Once
this type of growth begins it can generate stristuwvith very high aspect ratio.
Carbon fibres can be grown in this manner usingsiteon metal catalysts, but silicon
oxide and other materials have also been generbtsahlly growth takes place at
high temperatures as diffusion through the metadtroacur. Carbon nanotube arrays
are the most popular of these surfaces. Such famsoften termed ‘nanograss’ or
‘nanoforests’ and can be chemically modified tospré a rough and hydrophobic
surface. The first report by Gleasenal. described how a water droplet could be
supported almost as a sphere on PTFE coated nasdy@ther coatings, such as
thiol SAMs and ZnO, have been used, the latter ntathe advantage of being
switchable from superhydrophobic to superhydrophals discussed abo{fe. More
recently, carbon nanotube coatings have been apadi@ secondary coating on top of
micro-machined posts to give 2-tier roughness — iokimg the Lotus leaf®> A
general review of the wetting properties of carilmamotube films has been given by
Liu and Jiand®

4.2.3 Porous Aluminium Oxide

Aluminium oxide layers can be grown on aluminium taheunder anodic
potentials in acid. The oxide forms nano-poresaimexagonal array with sizes
determined by the potential used. The growth ofdtnacture is determined by the
size mismatch between aluminium oxide and the uyidgr metal as well as
electrostatic repulsion between the pore walls atedi by the electric potential. The
porous arrays have been used to template aligneate@lumns of various materials
including carbon, polymers and metals. Polystyraaaotubes formed in this way
show high water contact angles but also cause etopb stick to their surfate
Titanium Oxide also forms similar patterns and che used to generate
superhydrophobic surfaces when codted.



5 Differential Etching
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Figure 7. Etching a) roughened aluminium alfdp) Laser etched silicon surface ing&2 kJ/m and

c) using 5 kJ/M® d) silicon wafer / photoresist layer over-etchgdan inductive Sfplasma before
cleaning® and e) after ultrasonication to remove residualtptesist, and f) submicron pillar structures
in p-type silicon after buffered oxide etchiffgFigures reprinted with permission from a) d) and e
Elsevier, Copyright 2006 and 2005 and b) c) andrflerican Chemical Society, Copyright 2006 and
2007.

Although etching can polish surfaces it generaligréases the roughness of the
substrate. This is often due to differences inrtHative rates of etching of different
crystal planes or of the matrix compared to cryis&l regions. Roughness is
generated on the order of the crystallite size malker, depending on the method
used. This mechanism can be used to generate Iguitaigh surfaces to cause
superhydrophobicity, either straight away or atteatment with a hydrophobising
agent, depending on the substrate used.

Early etching methods utilised plasma and ion ewghor laser ablation of
polymers, initially PTFE® but other polymers are also suitable such as
polypropylené®. This results in considerably roughened surfacesaan be carried
out on a relatively large scale. It is often neaeg$o add a monomer to the gas phase
during plasma etching to repair any hydrophilic dgm that occurs. Later, wet
etching of metals was investigated, allowing manyaterials to be made
superhydrophobic with relative ease.

lon etching followed by oxygen glow-discharge wasdito roughen FEP-Teflon
forming a superhydrophobic surface, achieving WCdpsto 150%* Higher WCA'’s
have been achieved bg/ argon plasma etching polyfmog in the presence of
poly(tetrafluoroethylene). Nanostructured poly(ethylene terephthalate) hasnbe
prepared by domain-selective oxygen plasma etctantgchnique which does not



require high temperatures and so can be used ®rpthparation of roughened
surfaces using a variety of polymeric materfal©xygen plasma etching has also
been used to prepare optically transparent polylgtle naphthalate) and polystyrene,
forming nanostructures which were then treated watiganosilanes to produce
superhydrophobic surfacESMore recently, oxygen plasma processing has bsed u
to produce transparent poly(methyl methacrylatefases, which can be treated with
a fluorocarbon to afford superhydrophobic charatt@he advantage of this reported
technique is the speed of the method, with a {@atessing time of a few minutes,
and the large size of samples — depending on teec$ithe plasma chamber used.

In 2000, the investigation of superhydrophobic aces for the reduction of ice
crystal formation steered Narigh al. to prepare nano-pitted aluminifiinLarge pits
were formed by electrolytic etching followed by sleapits introduced by anodic
oxidation. After functionalisation with a fluoroallsilane the surfaces showed
superhydrophobic character. Aluminium, zinc andpaspare polycrystalline metals
which have been used to form superhydrophobic sesfédy wet chemical etching.
These substrates were etched by a dislocation régicheeferentially dissolving the
dislocation sites in the metal grains to give agtosurfacé€’ Copper etching was also
used by Shirtcliffest al. to produce multi-scale roughnésaluminium alloy has been
used more recently to form surfaces with micro4ugibns and nano-particles, with
an additional spun-coated layer of either perflaorane or vinyl terminated
poly(dimethysiloxane) to give superhydrophobic aoefs, Figure 7

Recent developments using etching to engineer rmtdrave widened the range
of metals used to include titanium materf&The TiQ, layer was etched using a RF
plasma using Cfas etchant. The rough surfaces were then chemicaidified to
give high WCA and low hysteresis surfaces.&al. have suggested a nitric acid and
hydrogen peroxide wet chemical etch solution fa tlteatment of steel and copper
alloys, and hydrofluoric acid / hydrogen peroxiae fitanium alloys’* Silicon can
also be roughened using ethanolic hydrofluoric agid anodic etchindf. This is a
two-stage process wherein small pores are formist] fhen an additional wet etching
step modifies the porous layer to a pillared strieet The crystallisation of metal
alloys can also be controlled to produce rod-likgstals that can be revealed by
selective etching of the eutectic; etching timeedeining the height of the features
exposed® A femtosecond laser has also been used to creitm/manoscale
roughness on a silicon wafer, with the laser flgeteing varied to control the
induced morphology, Figure 7b and°cAnother way to achieve 2-tier roughness of
silicon was reported by Kirat al., using a combination of Gglow discharge etching
and masking with copper nano-ddts.These surfaces were treated with
hexamethyldisiloxane to give high WCA'’s and low teyssis.

An article examining the adhesive properties of asamuctured surfaces —
mimicking gecko foot hair also uses a depositedatieed mask to form nano-
features”® Aluminium discs were formed on a polyimide film bystandard lift off
technique; they were then used as a surface masigdgasma etching.
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Figure 8. Diffusion limited growth on surfaces aJagma deposited Teflon structur8sp)
electrochemically deposited copper at 100 mAZcand c) 200 mA cfA® d) an electrodeposited
amorphous Ti® thin film,”” and e) HMDS plasma deposited polyrietfFigures reprinted with
permission from a) d) and e) Elsevier, Copyrigh0202005 and 2001 respectively and b) and c)
American Chemical Society, Copyright 2005.

The formation of roughness during deposition ofetayof material is common
and is often considered to be an unwanted sidetefBenerally some species, either
in solution or in gas phase, approach the surfackaalsorb; they may later move
around on the surface, bond permanently or desBdugh surfaces are most
efficiently formed when the approaching speciescbmstantly to the surface, which
means that the concentration of unbound specitseaurface is effectively zero and
the rate of deposition is only dependent upon i Df material — diffusion
controlled deposition. Initially this has littlefe€t upon the surface morphology, but
any protruberation gathers more material than theosnding area. Growth is
concentrated at these points so when any roughiseggenerated by chance it
increases rapidly. As the structures get largersmae effect occurs on their sides,
generating a branching structure with some fraatakacter. This roughness growth
can occur during electrodeposition and gas phagesiteon. The appearance of such
surfaces and their branching characteristics deppod the growth process, but they
usually resemble cauliflower florets, Figure 8.

Early research was carried out using plasma degbspolymers. The
superhydrophobicity of these surfaces was recodgnisgound 199% 0
Fluorocarbons were often used, but silanes were @pular’® The method showed
early promise, as plasma deposited polymers aativelly hard and the process is
often used to deposit technical coatings on highevar small components. Research
publication on these has slowed as the technigsenadured.



Electrodeposition is more accessible to most rekedepartments and allows the
formation of similar fractal structures if conditi® are set so that the deposition is
diffusion limited*°* These must usually be coated with a thin layeryafrophobising
agent to make them superhydrophobic, so were nestigated until somewhat later.
Initially metals and metal oxides were used, withczoxide being used in 2085
being joined by copp&rgold® then titanid’ in 2005. Conducting polymers have also
been used, many of these have the useful propdrtpemmg switchable from

conducting and hydrophilic to non-conducting androphobic!®*

The surfaces, being fractal, are usually very hidghidrophobic, some of them
are quite strong, but most are easily damaged ewwdafe transparent as the fractal
patterns have structures on many length scales.

Most of the more recent publications concentraten@thods more suitable for
industrial realisation most basic research has loegared. One report highlights the
ability to transform a cheap polymer film into arisparent superhydrophobic film
with a plasma polymer by ensuring that the rougireesile remains smaff® Other
plasma techniques being used are cheaper and leoger areas, including expanding
arc plasma using a low vacuum and completely atherippressure techniqués
Although the methods are different the propertiethe films and their structures are
similar to those initially studied. Electrochemic&édchniques using electroless
deposition also show greater suitability to indias@mpplication:’” The early reported
are still referred to in papers, often as standamerhydrophobic surfacé¥

Also apparent is a general move towards generatanmgpscale roughness. An
example is silver nanostructures prepared via gaveplacement: which showed
high water contact angles and low hysteresis dftgirophobisation. Others add
different techniques together to produce more cemplrfaces, such as an example
using electroless deposition onto areas of a seigatected by chemical patternifig.
The combination of diffusion limited growth and leteg has been reported for the
production of a nano-needle artfyyAnother example is a growth pattern of an
organic salt where crystalline structures are #d@dy diffusion limitations, growing
an extremely rough surfa&

Plasma polymers are also used as thin hydrophgpismatings on other
roughened surfaces, it is often unclear how smdotse layers are by themselves,
although it is possible to generate very smootkrgysing this techniqué® 2



Figure 9. Lithographic surface modification a) pilibhographic towers and b) indented square

postst™ c) diced silicon wafet® d) photolithographic towers?® e) silicon nano-towers, f) laser

modified SU8 surfac&'® g) SU8 towers, h) silicon islands and i) silicon nano-wires gromm those
silicon islands*® Figures reprinted with permission from a) b) c)hj) and i) American Chemical
Society, Copyright 2000, 2002, 2006 and 2007, dgtikr, Copyright 2006 and e) and g) Institute of
Physics, Copyright 2006 and 2004 respectively.

Lithography encompasses many different types dhsarpreparation in which a
design is transferred from a master onto a sulestatface, allowing multiple copies
to be made. Methods closest to the original meawinghe term involve contact
between an inked stamp and the substrate, withomieter sized features being
standard and the newly established nano-imprinoditaphy (NIL) allowing smaller
patterns to be produced. In photolithography a éxdtve polymer layer is irradiated
through a mask followed by developing stages whkélrer the exposed or unexposed
polymer is removed, leaving a positive or negatimage of the mask on the surface.
Photolithography can de sub-divided into differaradtegories depending on the
radiation used: UV, X-ray, e-beam, etc. It is gbassible to use a laser or particle
beam to etch the surface directly or to exposeatgpésist layer, but this is relatively
slow. The patterned surface is then either useds,asr used as a mask on the
substrate for deposition or etching. Lithography iuseful for generating
superhydrophobic surfaces where the shape of terés and the pattern is well
defined. For this reason it has mostly been empldgegenerate surfaces allowing
theories of superhydrophobicity to be tested, aiglo more recently direct
applications have been suggested. Lithographicgss®s are often used to produce
master surfaces, for instance in photoresist, whrehthen used as templates for the



casting of the desired surface features in anottaerial. These types of lithographic
templating are covered in a later section.

One of the first reports using photolithographytoduce 3D surface features for
the investigation of wetting was by Kawai and Nagat 1994'% although these
features were of low aspect ratio (height / widthey did show a change in
wettability with respect to feature height. OnedadvicCarthy*® produced a larger
range of feature sizes with patterns etched iraili including square posts from
20-140 pum height and side lengths 2-128 um, Fi@aras well as staggered rhombus
and star shaped structures, Figure 9b. A similécosi processing technique was
reported by Zhuet al.,'** giving square pillars in the range-86 um, Figure 9d, and
more recently by Dorrer and Rufi€to generate smaller posts. Shirtclie al.®
reported a technique using patterns in SU-8 phsisire Circular pillars were
produced with diameters from 2-40 um and up to @0ip height Figure 9g. Similar
surfaces were used in a later study to assess raistting on model
superhydrophobic surfac&€.SU-8 features have been investigated further tul§u
et al. who looked at the wetting of hexamethyldisiloxgat@sma-coated features with
various size and shape as well as inter-pillar isgd¢®® Wagterveldet al.**’ used
high-energy excimer laser pulses to create miarogires in SU-8 by photochemical
laser ablation and, as a side effect of the ablgtimcess, nanoscale roughness was
introduced as a result of the generation of debiigpire 9f. Water contact angles on
these surfaces coated with a hexafluoropropene lagee measured at 165°. SU-8
has also recently been used to produce patterned-airays with hydrophilic areas
surrounded by superhydrophobic zdfi&s

An alternative technique used by Yoshimitsual.®* in 2002 employed a
mechanical dicing saw to produce stripes and sqpdla structures in silicon
wafers, Figure 9c. Feature sizes as small as 50vgra achieved although smaller
features would be very difficult to prepare using technique. Electron beam etching,
however, has been successfully used to direct vaitte and pillar structures into
silicon!?* The height / depths were in the range of 116-#82amd the diameters
105-157 nm. Investigation into the shape and cureadf the feature edges suggested
these play an important role in determining advagcWCA'’s. Silicon pillared
structures 1-4 um tall with 1-2 um diameters wemppred using X-ray lithography
by Furstneret al.** This article is particularly relevant when considg biologically
inspired superhydrophobic surfaces as lithografiisicerepared surfaces are
compared to microstructured copper and aluminiuits Bnd replicates oflocasia,
Rosa andNelumbo leaves. More recently, the impressive fabricatbba dense array
of nano-sized silicon structures has been repaved a large sample area (40m*°
Here a combination of deep reactive ion etching amtdrference (holographic)
lithography was used to produce pillar structuresilicon with feature size of the
order of 10’s nanometres, with the tips of thesdues being further ‘sharpened’ by
thermal oxidation and removal of the oxide, FigBee Cacet al.**° reported a silicon
processing technique using a combination of phbimdiraphic patterning and various
etches. Subsequent growth of silicon nano-wires chiamical vapour deposition
afforded hierarchical roughness, allowing sampte®d produced having overhang
structures, Figure 9h and i. These surfaces wgrerBudrophobic to water droplets
even though the intrinsic contact angle of thecsiliis only 74° (as were those of
Shirtcliffe et al.’ in SU-8 with a WCA of 81°). Upon immersion into t&a the



wetting mode switches from Cassie-Baxter to Weiarel the surfaces become fully
wetted, a cycle that could be repeated after thgpawas dried.

A nano-imprint lithographic process has been usefhltricate an ordered array
of grooves into a silicon substrate, by first inming a photoresist layer with a stamp
followed by ozone treatment and wet etchiffVater contact angles as high as 167°
were measured on these surfaces after treatmeiit @gtadecyltriclorosilane.
Recently nano-imprinting has been used for the yotidn of replica plant leaves,
with a nickel relief being electroformed around trgginal. After dissolution of the
leaf the stamp was then used to create replicatypaf structures in photoresist by
UV-NIL with WCA’s being measures as high as 168°.

From the first report in 1994, lithographic techieg have been developed to
reduce feature sizes and yield larger structureésarThe potential for industrial
applications requires surfaces to be processedllyapnd to be reproducible and
cheap.

8 Aggregation/ Assembly of Particles

Figure 10. Particle aggregation a) layer-by-layepasition of TiQ particles on fibre& b) CNT
coated polystyrene sphere arfdyc) silica sphere array with additional smaller eqghaggregates
(scale bar 5 um) and d) micron sphere array pratifroen 300 nm particles silica nano-spheres (scale
bar 5 um)? Figures reprinted with permission from a) Insttuif Physics, Copyright 2007, b)
American Chemical Society, Copyright 2007, c) ahé&ldevier, Copyright 2007.

Colloidal particles can form close packed asseraldie surfaces by either spin-
coating, dip-coating or reverse-dip-coating methdglg utilising the attractive Van
der Waals forces between patrticles a tightly pad&ger (if a monodisperse colloid is
used) can be formed, introducing ordered roughoasthe order of the particle size
used. Electrostatic repulsion can be exploited dpnegate films of spaced patrticles,
although these are generally less ordered. Thikodds comparatively low cost, can
be applied to fairly large surface areas and doefs require any specialised
equipment. The arrays of particles are also photarystals and therefore display
useful and attractive optical properties.

Silica particles are often used to form hexagonallyse packed arrays with
particle sizes ranging from a few nanometres t@wa fiundred micrometers. Such
arrays can be functionalised by silanes to produgerhydrophobic surfact¥ Here



advancing WCA'’s were measured at 150°, the angke med dependent on the silica
particle size.

Polymer spheres can also be used to make ordepethsarophobic surfacts
with a recent article describing the use of funwditssed silica /latex particle
suspensions as superhydrophobic coatiffgsAggregated particle surfaces with
tuneable wettability have also been demonstratessihgua poly(styrene-n-butyl
acrylate-acrylic acid) polymer sphere arfdyHere the wettability of the material is
affected by surface segregation of the polymerdbuiyt acrylate/styrene ratio),
allowing surfaces to have tailored hydrophobicitgnother colloidal crystal,
fabricated from polystyrene-block-poly(methyl maethdate)-block-poly(acrylic acid)
was reported to have similar characteristiés.

The superhydrophobicity of these arrays can beeaszd by adding a second
layer of roughness to the particles, this has lzedmeved in several ways including;
aggregating different sized particles together rimdpce “raspberrie$®® sputtering
gold on top and heating to form gold nano-clustgrging higher contact angles of
160°1*% one of the most recent articles on this subjetaits the use of a colloidal
array of polystyrene beads coated with carbon ndrest, Figure 108°

More random arrays of particles are also usefulci@ating superhydrophobic
surfaces and also often give rise to higher corgagtes than organised structures. A
recent article describes the grafting of pH andperature sensitive amphiphilic block
copolymer brushes to silica spheres to producechefie surfaceS’ Particle
aggregation was then controlled with solution agidorming a range of surfaces
having different aggregate density. Heating aboke toating polymer’'s glass
transition temperature or treatment in acidic watas shown to switch the surfaces
between superhydrophobic and hydrophilic. Anotlparaach was reported by Wang
et al., adhering sparsely packed Cafd@aded hydrogel spheres onto a surface to act
as a template for later adsorption (and aggreggtibsilica or polystyrene spher&¥.
The template spheres act by displaying a markedfgrent hydrophilicity compared
to the bare substrate, thus subsequent adhespulystyrene or silica spheres occurs
only on the bare substrate. The resulting hieraathibughness was then gold-coated
and thiol-functionalised to afford a superhydroplcurface.

The attraction between electrostatically chargestigs is often used to build up
multi-layer structures by sequential dipping inipes and negative polyelectrolytes—
a method termed layer-by-layer assembly. A simpleed-by-layer structure using
only polymers: polyallylamine hydrochloride (PAHhd poly(acrylic acid) (PAA)
have been shown to afford a rough micro-poroustira after acid treatment, which
was subsequently coated with silica nano-partieled further silylated to form a
superhydrophobic surfac& Layer-by-layer assembly can also be used to cbafro
the arrangement and aggregation of particles amface, using alternating polymer
and charged particle layers, Figure 18 Surfaces with gradients from
superhydrophilicity to superhydrophobicity have iteprepared by graded UV
exposure of such layer by layer deposited strustifeliO, particles have also been
aggregated around cellulose fibres using PAA toieweha WCA of 162° after
modification with a fluorosilane, Figure 16%Shiratoriet al. give a concise overview
of the recent developments of polyelectrolyte nayer fabrication:*?



Particle aggregation can be used to form surfadds avdered or non-ordered
roughness on scales from nanometres to micromdteesadvantage of this method is
that the particle coating is conformal and readidwytrolled. Recent developments in
this field have seen particle assemblies being yed in the shape of larger
structures, Figure 10@° with several patents on this type of technologjnge
granted.

9 Templating
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Figure 11. Replica surfaces produced by templainmicro-posts? b) PMMA replica ofColocasia-

like leaf surfacé?* c) a polyvinylidene fluoride inverse opaline sture* d) photoresist replica of
lotus leaf by UV-NIL? e) water droplet resting on a polymer hot-preaasferred pattert® and f)
polymer hairs grown through an AAO template withert showing water droplet resting on surf&e.
Figures reprinted with permission from a) EDP scéexy Copyright 1999, b) and c) Elsevier, Copyright
2007 and 2006 respectively, d) Institute of Physispyright 2007 and €) and f) American Chemical
Society, Copyright 2006.

A pattern or shape, either 2D or 3D, can be ref@dttaising a templating method,
wherein a material is printed, pressed or grownrafjdhe voids of a template. Often
the template is then removed, leaving the invefdes @attern, this can be used as a
template to achieve a replica of the original. Pp&ating surfaces is often fast, very
low cost and reproducible and so is a widely usedhod for the preparation of
polymeric surfaces. Any surface can be used asngléde, such as colloidal,
lithographic and woven material surfaces, somehesé¢ masters maybe reused and
some may be intentionally destroyed to reveal thBplica surface. If ordered
structures are required with small length scaldsdraphy of some sort is often used
to realise the master templates.

In 1999 Bicoet al. produced a master surface via photolithographyingav
features in the micron rand®& The spikes, shallow cavities and stripes of thetera
were then replicated using an elastomeric mould¢hvwvas subsequently used to cast
silica features onto a silicon wafer, Figure l1llalldwing a hydrophobic self
assembled monolayer coating, the spikes gave aanathg contact angle of 170°
compared to 118° for the unstructured surface. &hal. later described the use of a



template based extrusion method for the preparatfomuch smaller structures via
templating**® An anodic aluminium oxide (AAO) membrane was uses the
template to produce a poly(vinyl alcohol) alignexho-fibre surface. As with some of
the lithographic surfaces, this produced a supedpftbbic surface with slightly
hydrophilic chemistry. Similarly an AAO template svased to for perfluoropolyether
derivative nano-pillars having superhydrophobic rahter, Figure 11f*" Porous
aluminium oxide has also been used as a nano-imemmplate, pressed into heated
polystyrene substrates and removed by dissolutidheoaluminium oxide to produce
large area polystyrene nano-pillars or nanotdffedénother approach to template
based surfaces is to build the negative mastecttlirédHe et al. described the use of
PDMS template surfaces produced from a micro-machimaster having fairly large
micron sized feature’s° These surfaces were used to investigate the sféécturface
structure on wetting; looking particularly how tetion from Cassie-Baxter to
Wenzel states occurs.

More recently, replicas of superhydrophobic surdasech as a Lotus leaf have
been used with amazing success. 8ual. cast a Lotus leaf in PDMS to form a
master template then used this to produce a PDMIBa¢>! The randomly arranged
micron sized surface protrusions as well as th@seale architecture created by wax
crystalloids on the original Lotus leaf were clgadopied, with both surfaces
exhibiting superhydrophobicity and an advancing W&A60°. Indeed there is much
interest in natural superhydrophobic surfaces, waearchers focussing mainly on
leaf structures>® Lee et al. have investigated the feasibility of producing
superhydrophobic surfaces by templating the mienvénsurface features of various
leaves: Tulip Tree, Silver Maple, Bamboo and Loesgt> Here an inverse of the
leaf structure was fabricated in a photoreactivgrmer via nano-imprint lithography,
and although a direct replica of the original stuwe was not achieved the surfaces
were superhydrophobic. A progression of this warkproduce direct replica of
various leaves was reported recently by 8ubl., who cast a PDMS negative and
then used this to create a moulded PDMS positiveatfis andColocasia leaves,
Figure 11b"** These methods have shown excellent reproducitilityhe original
template leaves, although the longevity of the PDiMfgatives is questionable. A
metallised negative replicate of a Lotus leaf hagerbreported that has obvious
advantages for mass production, Figure ¥1¢Here nickel was electroformed around
a gold-coated leaf to afford a nickel mould.

One of the first reported uses of sacrificial teat@é to generate
superhydrophobic surfaces was by Whitesigtest., who fabricated sub-micron half-
shell features by depositing metals onto a siliéoilal array*>* After dissolution of
the template the nanometre-thick metal cups wegeeggted on surfaces and treated
with alkanethiols to afford superhydrophobic suefcA similar approach using a
close packed silica sphere array as a templateadapted more recently, wherein
gold was electrodeposited between the spherd@emoval of the template led to an
hexagonal array of partial spherical pores, withe trsurface showing
superhydrophobicity. This technique has also besad by Jiaet al., who used a
monolayer of close-packed polystyrene particlesaaemplate and filled the gaps
between the particles with silica via a sol-geltedd® The template was dissolved
leaving an inverse hemi-spherical array. This metisovery useful to prepare dual
scale features. Similarly fluoropolymeric films leabeen templated around a silica
sphere array, dissolving the spheres to give a opacous solid, Figure 11> A



recent article has shown how a surface with ordenedtti-scale roughness can be
created by templating a colloidal arrsy.The paper describes two routes, the first
coating an array of micron sized silica sphereshwiano sized spheres, and the
second templating an array of micron sized spher@OMS, which is then used as a
mould to produce a crystalline solid of nano sigptderes, Figure10d. A similar result
was obtained by sandwiching an aggregated polyneaxddx surface against a
crimped stamp, giving dual scale roughness and &\W60°, Figure 11&%°

10 Multiple scale roughness

An issue that has returned to recent discussidineieffect of multiple scales of
roughness. The original biological surfaces werteroffound to have roughness
structures on several scales, typically with fesgupof several micrometers with
nanometre sized roughness too, Fig® 2This was investigated previously
theoretically®’ and experimentally®. More recent theoretical contributions support
the earlier suggestions that multiple layers ofgimess enhance several aspects of
superhydrophobicity; the ease that drops roll afffaces™ the tendency for
impacting drops to remove contaminafidhand the prevention of conversion
between Cassie Baxter and Wenzel states of wéttingxperimental evidence
suggests that surfaces with sufficient multiplegtmesses can condense water in the
Wenzel state and then convert to Cassie-Baxtenyall the drops to run off easify.

Recently there has been a general trend towardkipireg surfaces with multiple
scale roughness. These can be achieved with stagleiques, such as diffusion
controlled electrochemical depositt8h Often, however, several steps or methods are
combined, giving rise to; growth of crystals durieghing®* assembly of colloidal
particles with a second layer of roughness on tppdiing another layer of smaller
particles?® or by crystallisation on the particfé$ combining templating and particle
arrays®® *° or particle arrays and lithograpti§, a combination of templating and
etching also provides dual-scale roughiess

11 Outlook

Superhydrophobicity is a fairly recent term usedéscribe the extreme water
repellency of rough hydrophobic surfaces; howetner gcience has been around for
much longer. Hydrophobic fabrics, ultrahydrophobsarfaces, water resistant
materials and superhydrophobicity are among the ol terms, although the exact
meaning of each is rather vague, particularly whescribing hysteresis character.
We have suggested standardising terms in the unttoh. Early products include
breathable fabrics and some membrane filters, whisk the plastron effect of
superhydrophobic surfac§ but these are rarely referred to as being
superhydrophobic as their use predates the tegqn@ere-Tex patented in 1975,

A recent paper by Gao and McCarthy highlights thysshowing that a technique
designed in 1945 produces superhydrophobic faffrittee term superhydrophobicity
arose around 1991.

The number and scope of techniques to generatehsujvephobic surfaces
has greatly increased in recent years with sugdespplications expanding with
them. The main barrier preventing self-cleaningaz@s being used in many areas is
that the surfaces are easily damaged or contamdirdtieng normal use, such as
abrasive wear and washing cycles. Despite this 806rpatents have been granted



that use or produce superhydrophobicity in somenfand products are becoming
commercially available. Some applications do nebine abrasion or contact with
oils that may cause contamination, and have madetese super-water repellent
surfaces. Communication and radar antennae anivees@are sometimes coated with
superhydrophobic paint to reduce water/ice indwlistbrtion (e.g. Hirec by NTT-AT
corp. Jp.). STO corp. (US) is a manufacturer ohkggality building materials which
has been marketing an exterior paint since 199@utite trade name Lotusgran
apparently successful product. Other general cgstere available from Degussa
GmbH (De.) and some further recent products areemesistant to scratching and
are, or will be, applied to LCD screens and CDgratect them, being produced by
TDK and Sony (Jp.). As research continues, mettaidgroduction and materials
used to form superhydrophobic surfaces broademiogerew avenues for potential
applications. A recent report highlights the podisiess for superhydrophobic surfaces
to reduce bio-adhesion, which is a problem in aehiagge of ared$®

One would imagine that superhydrophobic surfaceglavbe useful on glass
surfaces to keep them clear of condensation anerwabps. Although the dew point
is reduced on superhydrophobic surfaces condensstiib occurs if the temperature
difference and humidity are great enough. Raindrofisng off a superhydrophobic
glass surface, or even a hydrophobic one, can lve distracting than if the surface is
hydrophilic. For this reason most coatings for vawd and mirrors are
superhydrophilic, causing condensation and dropsaiér to form a film, which is
not easily visible when viewed perpendicularly (@gducts by Ventree Co., Korea).
Superhydrophilic surfaces, particularly those witioto-oxidative properties, are also
being used as coatings for roof tiles (e.g. praslbgt Erlus AG, De. and by Deutsche
Steinzeug Cremer & Breuer AG, De.) and in paintg.(@dapan Hydrotech Coatings
Co., Jp.). This area is well established with cagicontinually being developed and
improved, although it should not be confused witlhose displaying
superhydrophobicity.

As coatings improve and prices fall the use of gupdrophobic surfaces is
likely to increase, particularly as many of thewdbacks are now well understood and
some can be minimised by choosing specific coatings
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