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Introduction

The purpose of this review is to detail and classify the meth-
ods used to make surfaces that are super-hydrophobic to
water droplets. We start with an overview of the ways in
which nature generates hydrophobic surfaces through the
“lotus effect”. The second section details the underlying
theory used to describe the interaction of water droplets
with super-hydrophobic surfaces through the Cassie–Baxter
and Wenzel models, in which the water either sits on the sur-
face protrusions or manages to penetrate the surface porosi-
ty, respectively; this section presents the different methods
used to calculate water contact angles, and provides a note
of caution on comparing one study with another because a
plethora of different techniques are used to measure the
same quantity. The third section details the main synthetic
routes used to make super-hydrophobic surfaces, and the
fourth section summarises these routes and classify them by
type and concludes with some of the applications for super-
hydrophobic surfaces.

The current examinations of the literature in previously
reported reviews cover extensive ranges of material.[1–4] This
review aims to describe the most recent work carried out in
the design and manufacture of super-hydrophobic surfaces.
The main focus will be on the methods used to form these
surfaces, in an attempt to encompass many techniques. For-
mulation of mechanisms to form super-hydrophobic surfaces
has also been carried out by considering the different ap-
proaches to constructing hydrophobic surface. Additionally,
the methods used to analyse hydrophobicity of surfaces by
way of contact angle measurements will be examined. A de-
tailed examination of the inconsistencies in measuring
super-hydrophobic contact angles is presented.

The lotus effect : Water droplets can interact with a surface
in a variety of ways. The nature of the interaction is related

to how well water bonds to the surface compared with how
well it bonds to itself. It ranges from super-hydrophilic,[5] in
which the water can fully and effectively wet a surface to
form a flat puddle due to a strong water–surface interaction,
through to super-hydrophobic, in which water is effectively
repelled from the surface to form a near-spherical droplet[6]

and in which there is a weak water–surface interaction.
Super-hydrophobic surfaces are observed in nature, for

example, in the lotus effect (named after the lotus plant, Ne-
lumbo nucifera), which describes the self-cleaning action of
some leaf surfaces. If the leaf shows high enough hydropho-
bicity, water will form near-spherical droplets that roll
across the surface instead of sliding (Figure 1). The rolling

action increases the amount of foreign bodies picked up.[7]

Rougher surfaces tend to have the greatest self-cleaning
action. The lotus leaf surface adopts this self-cleaning mech-
anism and facilitates the rolling of water droplets that col-
lect dirt particles as they move.[8] The leaves themselves
have a waxy surface coating that acts to repel water and
also have protrusions that make the waxy surface highly
rough (Figure 2). Both of these surface features combine to
allow water droplets to roll and not slide.[9] The rough, nano-
scale, hair-like structures (Figure 2) can also act to trap air
underneath the water droplets, facilitating the rolling
motion.[3] Leaves that are waxy but do not have the rough
microstructure observed in the lotus plant are less efficient
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Figure 1. Diagram demonstrating the cleaning mechanism on smooth (a)
and rough (b) super-hydrophobic surfaces.
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at self-cleaning.[5] Plants that possess both a waxy and highly
rough surface have far superior self-cleaning properties than
those with comparable smooth waxy surfaces.[5]

Other examples of extreme hydrophobicity in nature in-
clude water strider legs (Figure 3), which have a highly de-
fined microstructure that is coated by a layer of secreted
wax.[11] The wings of some insects also show hydrophobic
properties brought about by surface microstructure and
composition.[12] Butterfly wings demonstrate super-hydro-
phobic properties, employing a directional rolling of water
away from the body of the butterfly that is brought about
by a network of microstructured scales on the wings sur-
face.[13] It is these surface characteristics that have proven in-

spirational in the design of artificial hydrophobic surface.
One nature-inspired method is to use a natural leaf surface
for the imprint of polymer surfaces to render them hydro-
phobic.[14] The lotus leaf and other surfaces that exhibit the
lotus effect demonstrate a hierarchical micro- and nanoscale
roughness.

Surface Models and Characterisation

Surface models : Models can be used to help predict and ex-
plain the way surface interacts with water. The two most
commonly employed are the Wenzel[15] and the Cassie–
Baxter models.[16] Both of these models use the water con-
tact angle (q), that is, the angle subtended by the droplet
and the surface (Figure 4), as a direct measurement of sur-
face hydrophobicity. If a surface has a contact angle with
water that is greater than 908, then the surface is classed as
hydrophobic, if the contact angle is less than 908, the surface
is hydrophilic. The higher the contact angle, the more hydro-
phobic, or water-repellent, a surface is. The maximum con-
tact angle is 1808 for a completely spherical droplet. If the
contact angle is reduced to less than 908, then the surface is
more hydrophilic, and it approaches 08 if the water sheets
over the whole surface (i.e. , super-hydrophilic coating).[17]

Surface (specific) energy : This is the measurement of how a
water droplet will interact with a surface. If a droplet is in

Ivan Parkin is a Professor of Inorganic
and Materials Chemistry at University Col-
lege London. He obtained his first degree
and Ph.D. at Imperial College and was a
postdoctoral fellow at the University of In-
diana. He was promoted to Professor at
UCL in 2000. His laboratory focuses on
the preparation of inorganic materials by
innovative routes, and his group have de-
veloped new hydrophilic coatings on glass
and new solid-state gas sensors by chemi-
cal vapour deposition.

Colin Crick is a Ph.D. student in Professor
Parkin�s laboratory. He studied chemistry
at UCL from 2004 to 2008 and obtained a
first class honours degree there. His re-
search area is the chemical vapour deposi-
tion of thin films, with a focus on the
design and preparation of hydrophobic
surfaces.

Figure 2. SEM images of Nelumbo nucifera (lotus) showing a highly
rough surface microstructure (scale bar=50 mm). Reproduced with per-
mission from ref. [10].

Figure 3. SEM images of a water strider leg. The spindle-like structures
emanating off the leg (upper; scale bar=20 mm) have a nanogroove
structure (lower; scale bar =200 nm) to further increase the roughness of
the leg. This roughness combined with a secreted wax provides an ex-
tremely hydrophobic surface. Reproduced with permission from ref. [11].
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equilibrium, that is, if the contact angle is invariant, then the
surface energy inside and outside the droplet are the same.
If the energy of the surface inside a droplet is lower than
that of the outside, the droplet will be liable to expand.[15] If
the specific energy of a surface is relatively low, water will
not be attracted as strongly, thus the contact angle will tend
to be greater. Therefore, a surface with a lower surface
energy will tend to be hydrophobic.

Surface roughness : The roughness of a surface can be de-
fined by looking at the difference between the actual surface
area, including peaks and valleys of surface morphology,
and the planar or geometric area. The latter is the area of
contact the water droplet makes with the surface assuming a
totally smooth surface, whereas the actual surface area takes
into account the protrusions. Both of these surfaces are used
to calculate the roughness factor:

r ¼ roughness factor ¼ actual surface area
planar area

The roughness factor is incorporated directly into the
Wenzel model,[15] whereas the Cassie–Baxter model uses a
comparable measurement (see below). The two models can
be compared because they have many similar features and
they deal with the same type of interactions; however, there
are some fundamental differences.[15]

The Cassie–Baxter model uses both advancing (qA) and
receding (qR) contact angles. They can be measured in ex-
periments that use tilted surfaces (Figure 5a). The receding
contact angle can also be measured by dropping a water
droplet onto a horizontal surface, then removing some of
the water from the droplet and noting the contact angle
when the area of contact begins to decrease (Figure 5b). Ad-
vancing contact angles can also be measured by adding
volume to the water droplet and noting when the area of
contact starts to increase (Figure 5c).[3]

Wenzel model :[15] The major premise of this model is that
the water makes full contact with the surface, with no air
trapped under the droplet. This model uses the surface ten-
sion of the solid and the water–solid interfacial tension. The
roughness of the surface is considered by using the rough-
ness factor (r) as described above, such that if a surface in
constant surface tension has its roughness factor doubled,
the energy of the surface per unit geometric structure will
double. The Wenzel model uses force vectors to represent
the change in surface properties when r is incorporated
(Figure 6). The force vectors are represented by S1 and S12

and their difference is the adhesion tension A, such that A=

S1�S12. The surface tension of the liquid (S2), the contact
angle (q) and the adhesion tension (A) can be related by
A=S2cosq, as shown in Figure 6. Combining these two
equations gives A=S1�S12 =S2cosq and applying surface
roughness gives rA= r ACHTUNGTRENNUNG(S1�S12)= S2cosq.

Cassie–Baxter (CB) model :[16, 18] This model was devised
after the Wenzel model was developed. It considers that the
water droplet sits atop the protrusions of a surface and air is
trapped underneath the droplet between these protrusions.
This model can be related back to the Wenzel model. The
Cassie–Baxter model considers the interaction with the sur-
face in terms of interface areas and interfacial energies; f1 is
the solid–liquid interface area, f2 is the liquid–air interface

Figure 4. The water contact angle (q) shown as the angle between the
plane of a surface and the tangent at which the liquid droplet makes con-
tact with the surface.

Figure 5. a) Determination of contact angles by tilting the surface until
there is no further change in angle without movement of the droplet.
b) Receding contact angle. c) Advancing contact angle.

Figure 6. Diagram showing forces involved in the Wenzel model; S1, S2

and S12 represent the force vectors included in the adhesion tensions. The
specific energy of the interface is represented by area a,b,c,d. Upon
roughening, the area representing the specific energy of the surface is
condensed to e,f,g,h. Reproduced with permission from ref. [15].
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area beneath the droplet and energies are represented as g,
in which gLS is the solid–liquid interfacial energy, gSA is the
solid–air interfacial energy and gLA is the liquid–air interfa-
cial energy. Thus, the products of the area and the energies
will give the energy for that area. The net energy, ED, of the
model is expressed as:

ED ¼ f 1ðgLS�gSAÞ þ f 2gLA

Introducing the contact angle then gives:

cosqD ¼ �
ED

gLA
¼ f 1cosqA�f 2

in which qD is the apparent contact angle and qA is the ad-
vancing contact angle for the solid–liquid interface. In the
same way, the equation for the receding contact angle can
be derived,[19] which reduces to Wenzel�s model in which
f2 =0 (Figure 7).

Both models can be successful in their aim of describing
the interaction between water and a surface and neither can
be shown to be superior. The relative success of each model
depends on the nature of wetting observed on the surface
being considered.[20] The key equation for each theory is
shown in Figure 8; this demonstrates that both equations

become the same when looking at flat surfaces (in which r=

Fs = 1).
The movement of water across a surface is also affected

by the wetting nature of the surface. A Wenzel-type wetting
mechanism means that there is complete contact between
the surface and water droplet at any point of coverage
(Figure 8), with no air trapped underneath. Because there is
a greater area of contact between the water and the surface
in the Wenzel model, movement across the surface is made
harder.[3] For a Cassie–Baxter surface, not only is the water
droplet-to-surface contact lower, but there is air trapped un-
derneath, which makes the surface “slippery” (with respect
to water). A Wenzel-type surface will be “sticky”, with a
lower likelihood of water droplets rolling across the surface;
lotus-type self-cleaning is less likely to be observed. Howev-
er, water droplets can move easily across a slippery Cassie–
Baxter-type surface and a rolling action is more likely to be
observed; it is this type of surface that is required for lotus-
effect self-cleaning.

Intermediate states : The Wenzel model is aimed at surfaces
at which the water droplet makes contact with all parts of
the surface (Figure 8), whereas Cassie–Baxter uses a fraction
of contact between the droplet and the surface, with flat
points of contact. However, a pure form of either model
may not be the case for some surfaces, that is, those that
have no flat area of contact with the water droplet
(Figure 9). If both the Wenzel and Cassie–Baxter models
are combined, both the roughness factor (r) and the fraction
of solid–liquid contact area can be used in an equation to
describe such surfaces (Figure 9).[22]

The transition between the two wetting states is the sub-
ject of much study, with small changes in surface feature di-
mensions, such as protrusion height, size and separation,
providing a large difference not only in the stickiness of a
surface but also in the contact angle.[23, 24] The air trapped
under the water drops in the Cassie–Baxter mechanism acts
to render the surface slippery and increase the contact angle
further.[12] This air remains under the droplets because the
water cannot penetrate the surface porosity to remove it,
either because the water is greatly repelled by the low-

Figure 7. Diagram of the cross-section of two fibres, the length on the sur-
faces can be taken as OA, the positions on the cross-section (O,A,B,C,D)
can be used to calculate the interfacial energies (f1 and f2).[12] The Cassie–
Baxter model differs from the Wenzel model in that air is trapped under-
neath the water droplet between the surface protrusions. Reproduced
with permission from ref. [16].

Figure 8. Diagram of the Cassie–Baxter and Wenzel approaches with
their key equations, in which qc=w

r is the apparent contact angle upon as-
suming each theory, qe is the equilibrium contact angle on the flat surface
and Fs is the area fraction of solid–liquid contact. Reproduced with per-
mission from ref. [21].

Figure 9. Diagram showing a Cassie–Baxter/Wenzel intermediate state
with the key equation, in which qcw

r is the apparent contact angle, qe is
the equilibrium contact angle on the flat surface and Fs is the area frac-
tion of solid–liquid contact. The protrusions of the surface only partially
penetrate the water droplet. The equation combines both of the surface
model approaches. Reproduced with permission from ref. [22].
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energy material of the surface and/or because the air cannot
flow through the surface microstructure if displaced (i.e.,
the surface microstructure is not sinusoidal), so air is trap-
ped under the water droplets in the latter case. The intro-
duction of particular shapes in the surface microstructure of
hydrophilic substrates (i.e., q<908 with flat surface) can
result in a hydrophobic surface. This occurs because air trap-
ped under the droplet, which would not be there if the sur-
face was sinusoidal, acts to improve the resultant hydropho-
bicity.[25] Designing surfaces with these factors in mind can
produce interesting surfaces; by giving a surface directional
roughness (e.g., stripes across a surface), it can be imagined
that a droplet rolling along (parallel to) the stripes will roll
differently compared with a droplet rolling perpendicular to
the stripes. This surface property has been demonstrated by
using hexane droplets on a textured surface on which a
large difference in contact angle occurs depending on the
orientation of measurement.[26]

The evaporation of water on a surface can give an indica-
tion of the type of wetting mechanism that occurs.[27] Surfa-
ces that are wetted in a Wenzel fashion are sticky in nature,
so when the droplet reduces in volume through evaporation
the area of contact remains the same but the contact angle
is reduced. On slippery Cassie–Baxter surfaces, the area of
contact decreases as the droplet reduces in volume and in
consequence the contact angle remains unchanged until a
very low droplet volume is reached. The transition from
Cassie–Baxter wetting to Wenzel wetting can be achieve by
addition of agents to the surface.[28]

Super-hydrophobicity : A super-hydrophobic surface is one
that repels water to such an extent that the contact angles
obtained are extremely high; they are generally defined as
surfaces with water contact angles above 1508,[29] but it has
also been less commonly adopted as 1408.[30] To form a sur-
face with super-hydrophobic properties, a low-energy sur-
face must be combined with high surface roughness. The
highest known water contact angle on a smooth low-energy
surface is around 110 to 1208 (Table 1). Alkyl and fluorinat-

ed alkyl groups (as well as others[19, 31]) typically have a low
energy of interaction with water and have been used as
super-hydrophobic surfaces because water is very strongly
repelled by the surface, which results in an increase in con-
tact angle.[32] Table 1 shows the relative hydrophobicities of
such surfaces for purely flat surfaces with no surface micro-
structure; if surface roughness is introduced these composi-
tion types exhibit super-hydrophobic properties. The tilt

angle of such a surface is typically less than 108 and is very
likely to demonstrate the lotus self-cleaning effect.[33]

The water contact angle is the most frequently used obser-
vation to measure the hydrophobicity of a surface. However,
it is known that, due to gravitational forces on the water
droplet, the contact angle will differ as the volume is
changed,[1] with the water bowing with increased volume.[34]

The method of analysis also strongly determines the result-
ing measured contact angle. In one case, analysis of an
image showing the same 5 mL droplet (Figure 10) gave con-

tact angles that varied from 1528 to over 1798.[24] Therefore,
it can be said that only droplets measured by using the same
analysis system and the same droplet volume can be directly
compared, but if either droplet volume and/or analysis tech-
niques varies then a direct comparison cannot easily be
made, although in practice this varies by less than 208.
These factors must be taken into account when comparing
results from a range of sources because a difference in con-
tact angle may not be solely due to differences in surface hy-
drophobicity, but may be also due to the methods used to
collect the results. Many articles state which apparatus was
used to measure the contact angles on a surface but fewer
state the computational method used to analyse the drop-
lets. Another issue that can also influence the observed suc-
cess of a hydrophobic surface is the stating of average[35] or
maximum contact angle values. The water contact angle
values stated in this review do suffer from the inconsisten-
cies mentioned above, so these issues must be considered
when any comparison is done.

Table 1. Contact angles (q) with water for planar surfaces composed of a
pure array with CF3, CF2, CH3 and CH2 as terminal groups.[32]

Surface terminal group q [8]

CF3 120
CF2 108
CH3 111
CH2 94

Figure 10. Images of a 5 mL water droplet on a super-hydrophobic sur-
face. All images show the same droplet with the contact angle analysed
by using a) ellipse fitting; b) circle fitting; c) tangent searching and
d) Laplace–Young Fitting. These show that the same water droplet can
give a range of results depending on the method of analysis. The lines
shown are either horizontal baselines or shape simulation lines used in
the calculation of the contact angle. Reproduced with permission from
ref. [1].
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Methods for Hydrophobic Surface Fabrication

This section reviews the various different methods used to
synthesise hydrophobic and super-hydrophobic surfaces. The
key factors responsible for changes in water contact angle
are rationalised.

Fluoroalkylsilane (FAS) coatings : FAS molecules can inter-
act with water in two ways, that is, in a hydrophobic/non-
wetting or a hydrophilic/wetting manner depending on
which end of the molecule is considered. In the examples
below, the hydrophobic end is often CF3-terminated.
Figure 11 shows an example of a commercially available

FAS molecule; the trichlorosilane part of the molecule is hy-
drophilic whereas the chain is hydrophobic. The trichloro-ACHTUNGTRENNUNG(tridecafluorooctyl)silane molecule cannot be directly used
for formation of a hydrophobic surface because it has both
hydrophobic and hydrophilic properties. However, modify-
ing this type of molecule by means of polymerisation and
hydration[36] can allow the hydrophilic part of the molecule
to become reactive to a species on a surface. An example of
this is shown in Figure 12; the polymerised silicon possesses
a hydroxyl group that binds to a surface hydroxyl in a dehy-

dration reaction. The result is that the hydrophobic fluori-
nated chain is left exposed on the surface and thus it repels
water.

A study carried out by J. Bico et al.[38] used a silicon wafer
surface as a substrate for the application of FAS. The FAS
(F ACHTUNGTRENNUNG(CF2)10 ACHTUNGTRENNUNG(CH2)2SiCl3) was applied and grafted at 1100 8C for
2 h. The results clearly show that a flat surface with an ap-
plied FAS coating can be roughened to greatly change the
contact angle, which increases from less than 1188 on the
flat surface to 1678 on the spiked surface. The surfaces were
created by moulding; an image of a created structure is
given in Figure 13.[37]

A similar surface can be constructed by using a similar
technique and following the same construction steps. Hy-
drolysis of the FAS followed by dehydration leads to poly-
merisation and thus binding of the modified species, which
allows the hydrophobic part of the molecule to be exposed.
The addition of an acrylic polymer to the reaction mixture

results in a change in the micro-
structure and increases surface
roughness as shown in Fig-ACHTUNGTRENNUNGure 14. Water contact angles of
up to 1528 were achieved on
this surface.[39] The use of FAS
molecules to coat surfaces has
also been carried out by graft-
ing onto already roughened
substrates.[40]

Poly(tetrafluoroethalene)
(PTFE) surfaces : The chemical
composition of PTFE provides
an extremely low surface
energy (Figure 15).[41] PTFE has
a high molecular weight; it is a
solid at room temperature and
can, therefore, be shaped quite
easily; roughening can be effec-

Figure 11. An example of a fluoroalkylsilane (FAS) molecule. The fluori-
nated part of the molecule is shielded from any attractive interactions
with water (hydrophobic). The silicon end possesses polarised bonds (Si�
Cl in this example) that, if left exposed, can interact with water in a hy-
drophilic manner.

Figure 12. Proposed condensation reaction at a surface (hydroxyl groups) by using an altered FAS; R=hydro-
phobic chain of the FAS molecule.[37]

Figure 13. SEM image of a spiked hydrophobic surface designed to maxi-
mise the attainable contact angle. This structure allows for less water–sur-
face contact when using the Cassie–Baxter model and gives both predict-
ed and measured contact angles of 1678. Reproduced with permission
from ref. [38].
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tive in increasing the hydropho-
bicity of this surface. Although
there are many strategies imag-ACHTUNGTRENNUNGinACHTUNGTRENNUNGable for the modification of
PTFEs, the basic principles
remain the same: to allow the
formation of a highly rough sur-
face while maintaining the hy-
drophobicity of the composite
materials.[42]

Plasma treatment of surfaces
has been employed on flat
PTFE surfaces.[41] Oxygen
plasma was used to treat the flat PTFE, resulting in an in-
crease in water contact angle from 1188 to 1318. Addition of
a fluorinated molecule (1H,1H,2H,2H-heptadecafluorodecyl
acrylate) into the plasma resulted in a further increase to
1488. The action of the oxygen plasma was shown to have a
roughening effect on the flat substrate, which was confirmed
by atomic force microscopy (AFM). However, it also caused
the introduction of foreign particles (i.e., not PTFE). When
combined with a fluorinated acrylate in the plasma it al-
lowed the foreign particles to be coated with fluorinated
material, which enabled a further increase in the hydropho-
bicity.[41] Recent developments in the plasma treatment of
PTFE surface has resulted in controllable roughening of sur-
faces and increased contact angles to super-hydrophobic

magnitudes (�1628).[43] The use of plasma as a surface-
roughening method can be extended to other polymers, such
as poly(l-lactic acid), in which controllable hydrophobicity
across a substrate can be achieved.[44]

Additionally, silica microspheres have been used as a
mould for a PTFE surface (Figure 16). The experiment in-
volved sintering beads of various diameters onto a flat sub-
strate and filling in the gaps with PTFE. Sintering a silica
template of microspheres (diameter 850 nm) at 970 8C re-
sulted in a rough PTFE surface with water contact angles of
1548 after removal of the silica.[45]

The introduction of surface roughness via the spray-coat-
ing of suspensions has been achieved by using furfural ace-
tone resin/PTFE mixtures. The droplets in the spray allow
the gathering of PTFE material and agglomerations of parti-
cles on the surface (water contact angle 1578).[46] A slight
variation on this spray-coating example uses a mixture of
cellulose nitrate and fluoroacrylic polymer to bring about
similar super-hydrophobic results, with a water contact angle
of 1658.[47] Other methods include the addition of compo-
nents to molten PTFE to induce surface roughness.[48]

Alkyl–ketene dimers (AKDs): The chemical structure of an
AKD does not make it an obvious candidate for a super-hy-
drophobic surface, in that it has no alkyl or fluoroalkyl
chains (Figure 17). It is a wax that, upon solidification from
its melt, spontaneously forms a surface fractal pattern. This
surface is highly rough, and it is this extreme roughness that

contributes to its hydrophobic
properties.[49] The commercial
applications of AKD surfaces
are relatively limited due to its
waxy physical properties and
the fact that it must be applied
with a certain minimum thick-
ness to allow formation of the
fractal surface. Furthermore, its
resistance to rubbing is limited.

The transformation from
smooth melt form to rough
fractal form is both a time- and
temperature-dependant pro-

Figure 14. An SEM image of the acrylic polymer microstructure con-
structed by Nakajima et al.[28] to maximise the surface roughness and
achieve a large contact angle.

Figure 15. Basic representation of the structure of the PTFE molecule.
This long-chain molecule is very hydrophobic and does not interact with
water because there is little access to the polarised C�F bonds.

Figure 16. Schematic for the construction of PTFE microporous surfaces. The surfaces are altered by using dif-
ferent sized silica opals and changing the sintering temperatures. Reproduced with permission from ref. [45].

Figure 17. The chemical struc-
ture of an AKD (alkyl–ketene
dimer) molecule in which R is
a long alkyl chain (with chain
length of around 16 carbon
atoms). The alkyl chains will
interact hydrophobically due
to their non-polar nature,
whereas the polarised C�O
bonds can interact in a hydro-
philic manner.
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cess.[50] The surface structure naturally develops as the AKD
cures and the fractal structure becomes rougher with time.
The temperature at which the surface is cured also affects
its hydrophobicity. It takes a shorter time to move to its
fractal structure at temperatures close to the melting point
of AKD (66 8C), and thus develops hydrophobicity faster at
higher temperatures.[50]

An example of AKD synthesis uses stearoyl chloride
(CH3ACHTUNGTRENNUNG(CH2)16COCl) and triethylamine (Figure 18).[49] The
AKD was isolated from the reaction mixture, then melted
and left to solidify on a glass plate. The formation of the
fractal surface during solidification occurs in an unprompted
process. The AKD is susceptible to hydrolysis to form a di-ACHTUNGTRENNUNGalkylketone (DAK) impurity (Figure 18), and the amount of
this impurity can be used to control the hydrophobicity of
the surface.[48]

The surface constructed from a 98 % AKD melt gives a
water contact angle of 1748 (Figure 19). The water contact
angle achieved on a flat non-fractal AKD surface prepared
by mechanical cutting is 1098. This change in the water con-
tact angle on going from a flat to a rough surface shows the
major effect the extreme roughness has on the hydrophobic
properties of this material.[49]

The addition of surfactants to AKD has also been investi-
gated.[50] It has been shown that, regardless of polarity, the
addition of any surfactant decreased the water contact angle
from the maximum value measured for an unaltered surface.
The decrease in hydrophobicity is due to the ionic compo-
nent of the surfactant interacting with the water. However,
it was shown that small additions of non-polar surfactants
could improve the sliding of a water droplet with little re-
duction in contact angle.[50]

Poly(alkylpyrrole): Poly(alkylpyrrole) has much in common
with AKD in that it also has the potential to form a fractal
surface.[51] The difference is that poly(alkylpyrrole) requires
an electrochemical synthesis that includes the application of
a potential difference during the polymerisation reaction.

The result is a highly rough sur-
face, which includes the forma-
tion of microtube structures
formed without the need for a
template.[51] The structure of the
poly(alkylpyrrole) (Figure 20)
indicates no particular water re-
pellent component other than
the alkyl R group.

One known construction of
poly(alkylpyrrole) uses 1-n-octa-
decylpyrrole that is polymerised
by the addition of sodium p-tol-
uenesulfate (Figure 21).[52] The
reaction is carried out under an
applied voltage, which results in
a build-up of polymer on the
plate electrode over 1 h (in com-
parison, AKD surfaces need
�3 d to form the fractal pat-
tern). A water contact angle of 1548 was achieved.

The coating exhibited no change in contact angle when
treated with organic solvents or oils, due to a particularly
high chemical stability and a stable geometric structure
(Figure 22).

Chemically altered metal surfaces : Unaltered metal surfaces
do not usually display hydrophobic characteristics.[53] Most
metals can be shaped mechanically and the surface structure

Figure 18. The dimerisation reaction gives the AKD after loss of hydrochloric acid. AKDs react with water to form the dialkylketone with loss of carbon
dioxide. R =alkyl group ((CH2)15CH3). Reproduced with permission from ref. [49].

Figure 19. AKD surfaces at different magnifications (SEM images). Sur-
faces were left to solidify for 3d under an inert N2 atmosphere at RT. Re-
produced with permission from ref. [49].

Figure 20. The structure of
poly ACHTUNGTRENNUNG(alkylpyrrole), which has
potential for the partial attrac-
tion of water through interac-
tions with slightly polarised C�
N bonds and the opportunity
for electrophilic attraction
with the aromatic system. It is,
however, the high surface
roughness that can be generat-
ed by this material that is the
key to the super-hydrophobic
properties.
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designed with a great deal of
accuracy, but because of the in-
herent hydrophilic nature of
metals, roughening typically
brings about enhanced hydro-
philicity.[9] Therefore, metals
must be chemically altered
before they can be used in the
design of hydrophobic surfaces.
This is normally achieved by
roughening the metal and then
coating the surface with a hy-
drophobic material.

The modification of copper
as a substrate has been per-
formed.[54] This process in-
volved pre-treatment of the
copper with an aqueous solu-
tion of K2S2O8 and KOH that
oxidises the surface to form a
thin layer of copper oxide. The
resultant surface morphology is
highly rough (Figure 23) and
when coated in a hydrophobic
material, such as polydimethyl-
siloxane (PDMS), the surface

becomes super-hydrophobic. It is the methyl groups on the
PDMS that provide a surface with a low energy.[55] When ap-
plied to a rough surface, the hydrophobic nature of the
PDMS is magnified, which allows for a super-hydrophobic
surface with a water contact angle of 1588. Plain roughened
copper had a contact angle of 238, therefore, it is the appli-
cation of the PDMS that makes it hydrophobic. The surface
is stable over a range of pH values (1–14) and furthermore,
water contact angles over these pH values were all hydro-
phobic.

The use of electrodeposition techniques has been utilised
to grow wire-like surfaces on copper substrates.[56] Mumm
et al.[56] deposited copper nanowires that were thermally oxi-
dised to form a copper oxide layer, which renders them hy-
drophobic. This surface resulted in a very high water contact
angle of 1718. Electrodeposition onto copper has also been
used on pre-roughened copper (by etching); in this case
electrodeposition of fluorinated polymers was carried out to
give super-hydrophobic surfaces.[57] Further reactions of
copper include the spray-coating of various substrates with
copper alkylcarboxylates. These long-chain molecules act to
lower the energy of the surface, and the spray-coating pro-
cess helps to achieve a high surface roughness.[58]

Platinum nanowires have been formed by electrodeposi-
tion onto a Ti/Si substrate by using H2PtCl6 as a platinum
source using anodic aluminium oxide (AAO) as a porous
template.[59] The result is a network of nanowires that form
a highly rough surface structure. The nanowires themselves
are hydrophilic, with contact angles below 908, so coating is

Figure 21. The reaction of 1-n-octadecylpyrrole (alkylpyrrole) with
sodium p-toluenesulfate, under an applied potential difference, to give
the poly(alkylpyrrole); R= (CH2)17CH3.

Figure 22. SEM image of the surface microstructure for the poly(alkylpyr-
role). Inset: A view of a water droplet on the super-hydrophobic surface.
Reproduced with permission from ref. [52].

Figure 23. SEM images of an oxidised copper surface before the application of PDMS at various magnifica-
tions. The high surface roughness of the uncoated surface gives rise to water contact angles of 238, but when
the surface is coated with PDMS water contact angles around 1588 are observed. Scale bars: a) 50 mm,
b) 10 mm, c) 10 mm, d) 2 mm. Reproduced with permission from ref. [54].
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required to lower the surface energy. The nanowires were
modified by the addition of a FAS molecule (CF3-ACHTUNGTRENNUNG(CF2)7CH2CH2SiACHTUNGTRENNUNG(OCH3)3), which provides a low surface
energy and thus hydrophobicity. The combination of high
surface roughness with the low-energy FAS gives a contact
angle of 1588 (Figure 24).[59]

A similar surface has been prepared by using ZnO nano-
wires.[60] The ZnO nanowires were grown hydrothermally in
solution by using ZnO nanocrystals embedded in a cotton
substrate as points for growth. The nanowires were then
coated with a monolayer of FAS molecules to increase the
hydrophobicity of the surface. The surface roughness com-
bined with the hydrophobicity of the FAS monolayer gave a
water contact angle of 1618.[60] FAS molecules can be used
to modify other nanorods in a similar way.[61]

Copper mesh has been oxidised by using a solution of
NaOH and K2S2O8, to form Cu(OH)2 nanoneedles upon oxi-
dation. The needles are 7 mm in length, 150 to 300 nm in di-
ameter and spread evenly over the mesh (Figure 25). When
treated with a solution of n-dodecanethiol (H3C ACHTUNGTRENNUNG(CH2)11SH),
the surface converts to nanoneedles of CuACHTUNGTRENNUNG(SC12H25)2. The
modification lowers the surface energy by adding C�H
bonds that, when combined with the intrinsic surface rough-
ness, generate a surface with a water contact angle of
1518.[62] This super-hydrophobic copper mesh can be used to

separate solvents from water (Figure 26, top). 1:1 mixtures
of water and solvent (solvent=hexane, petroleum ether, tol-
uene and diesel oil) could be separated with at least 97 % ef-
ficiency. By tuning the tilt angle, droplet rolling length and
mesh pore size, the separation can be optimised to >99 %
separation efficiency.[62] Miniature boats have been con-
structed from a similar super-hydrophobic mesh made with
n-dodecanoic acid instead of a thiol (Figure 26, bottom).
Pore sizes of up to 930 mm were constructed, with buoyancy
increasing with smaller pore size.[63]

Figure 24. Schematic showing the method for generating Pt nanowires on a Ti/Si substrate, this surface is rendered super-hydrophobic by coating it with
FAS molecules to give water contact angles of 1588. Reproduced with permission from ref. [59].

Figure 25. SEM image of the uniform coverage of Cu(OH)2 nanoneedles
on the surface before modification with n-dodecanethiol. The increased
surface roughness of the copper mesh combined with the low energy pro-
vided by the C�H bonds of the thiol gives a water contact angle of 1518.
Reproduced with permission from ref. [62].

Figure 26. Top: Water–solvent mixtures added at a rate of 1 drop per
second onto a super-hydrophobic copper mesh allows the water to fall on
to the mesh and roll into a separate vessel, whereas the solvent freely
permeates the mesh and falls through without travelling down the tilted
copper. Bottom: A weighted miniature boat (dimensions: 4� 2 � 1 cm)
constructed from super-hydrophobic copper mesh floats on water. Repro-
duced with permission from ref. [62].
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Iron–platinum nanoparticles have also been used as a way
of roughening surfaces. The nanoparticles were prepared by
using platinum acetylacetonate and [Fe(CO)5] in the pres-
ence of both long-chain carboxylic acids and thiols. The sur-
face-bound ligating groups can then be exchanged for hy-
drophobic molecules through substitution reactions
(Figure 27). The particles were spread onto a silicon sub-

strate and the solvent was allowed to evaporate. The resul-
tant surface structure is quite rough and, combined with the
low energy of the fluorinated thiol and carboxylic acids, al-
lowed for water contact angles of 1608 to be obtained.[64]

The use of long-chain molecules is a well-defined method
for lowering surface energy.[65] An example of this is a syn-
thesis that involves the application of a long-chain carboxyl-
ic acid to Co3O4 nanoscale powders that have been modified
by using steric acid, giving a surface with a water contact
angle of 1558.[66]

Carbon nanotubes : Carbon nanotubes[67] can be grown in a
variety of ways, which gives rise to many structures[68]

(Figure 28). The rod-shaped structures can be arranged to
provide a high surface roughness,[69] which is achieved by ar-

ranging the carbon nanotubes into “nanoforests”. The hy-
drophobicity of unmodified, vertically aligned nanotubes is
such that water contact angles of around 1268 are obtained.
However, carbon nanotubes can compress and collapse on
interacting with water;[70,71] this results in a reduction in the
contact angle the water makes with the surface. Methods
have been developed for constructing resilient carbon nano-

tube “forests”, and combining
this with a surface modification
with hydrophobic molecules
can provide super-hydrophobic
surfaces.[69]

To overcome carbon nano-
tube deformation, multi-walled
carbon nanotubes (MWCNTs)
can be used to stick the tubes
to the substrate with an amor-
phous carbon deposition.[69] The
adherent MWCNTs have a po-

tentially higher resistance to stress and strain, thus deforma-
tion upon interaction with solvent is reduced. The nanotubes
can be coated with nitrene molecules that introduce side
groups in a UV-initiated process (Figure 29). The fluoroalkyl

nitrene (3) was used to form a super-hydrophobic surface
with a water contact angle of 1618. In comparison, the hy-
drophilic hydroxyalkyl nitrene coating (2) gives a water con-
tact angle of close to 08. By tuning the side chain, the prop-
erties of the surface can be altered, with its hydrophobicity/
hydrophilicity being magnified by the high surface rough-
ness of the carbon nanotube.

MWCNTs have also been used to pattern surfaces.[73] A Si
substrate was spin-coated with a photoresist, then exposed
to UV light to remove the photoresist and develop the sur-

Figure 27. A ligand substitution reaction increases the hydrophobicity of the nanoparticles. Reproduced with
permission from ref. [64].

Figure 28. Left: SEM images of carbon nanotubes with a) five-, b) two-
and c) seven-sheet nanotubes. Right: The arrangement of carbon atoms
in one type of carbon nanotube. Reproduced with permission from
refs. [67, 72].

Figure 29. Top: Attachment of functionalised nitrenes to MWCNTs
changes the wetting nature of the surface. Bottom: Patterned surface
structure consisting of vertically aligned nanotubes attached to a surface.
Reproduced with permission from ref. [69].
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face pattern. Electron-beam evaporation was then used to
form a layer of Al/Fe catalyst (10 nm Al, 2 nm Fe), to be
used for the carbon nanotube deposition, over the entire
surface. Removing the photoresist with acetone developed
the pattern shown in Figure 30. MWCNTs were then grown
on the catalyst in a water-assisted thermal chemical vapour
deposition process at 750–800 8C.

The patterning of the surface slightly increased the water
contact angle achieved from 1638 to 1658 ; however, the
angle at which water droplets began to slide on the surface
was significantly altered. The un-patterned MWCNT surface
could hold a 2 mL water droplet at a 908 tilt and even
upside-down (1808). Comparing this with the patterned sur-
face, which had an average sliding angle of around 88, it can
be seen that the two surfaces wet in a very different way.
The low sliding angle for the patterned surface suggests a
Cassie–Baxter type wetting mechanism (see above), whereas
the sticky nature of the un-patterned surface suggests a
Wenzel mechanism. This is probably due to the voids in the
pattern allowing air to be trapped underneath the water
droplets and thus making it easier for the water to move
across the surface. Silica microspheres have been used a sub-
strate to bring an inherent roughness to the surface that
would be hard to achieve with just carbon nanotubes.[74]

Plasma action on aligned carbon nanotubes has also been
carried out to render the tips of the nanotubes amorphous
and increase the surface hydrophobicity.[75]

Modified silica-based surfaces : The surface of silica has
many surface hydroxyl (silanol) groups; water droplets
making contact with the surface will interact with these
polar groups through hydrogen bonding and thus the surface
of silica is hydrophilic.[76] To decrease the interaction of
water with these groups, the surface can be heated and the
hydroxyl groups removed[76] or the surface groups can be
functionalised.[77] A silica surface can be rendered hydropho-
bic by lowering the surface energy or by attaching groups to
the hydroxyl groups that do not interact with water
(Figure 31). To improve the surface hydrophobicity through

this method, surface roughness must be introduced. Super-
hydrophobic modification of surface silanol groups is com-
monly done by using FAS molecules,[78–81] in which this func-
tionalisation is combined with roughening.

Fumed silica is made up of nanoparticulate silica with di-
ameters around 10 nm. It is formed by pyrolysis of SiCl4 in
the presence of oxygen and hydrogen. The particles agglom-
erate together, with more agglomeration occurring at higher
temperatures. The small size means that there is a large sur-
face area to mass ratio (>100 m2 g�1), which can be tuned to
dictate the amount of agglomeration.[82] The relatively large
surface area of fumed silica gives rise to potential function-
alisation. By using a sol–gel process, silica nanoparticles
were partially embedded in an organosilane network

Figure 30. Left: Summary of the process used to generate the patterned surface and the growth of the MWCNTs. Right: An SEM of the patterned, nano-
tube coated surface. Reproduced with permission from ref. [73].

Figure 31. Schematic diagram showing the functionalisation of the surface
hydroxyl groups on silica. Treatment of a flat silica substrate with these
groups lowers the surface energy and makes the surface hydrophobic.
Reproduced with permission from ref. [77].
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through spin-coating onto glass.[83] The fumed silica was
functionalised by using hexamethyldisilazane to give surface
groups of trimethylsiloxane (Figure 32). The rough and func-

tionalised silica surfaces were super-hydrophobic, with a
maximum water contact angle of 1688 and tilt angles of less
than 38. The hydrophobicity of the films was reduced by
outdoor exposure because the top layers of the fumed silica
were removed. The rate of degradation of the films could be
slowed by varying the relative amount of hexamethyldisila-
zane in the sol processing. The silica films were transparent,
providing a high optical transmittance of around 92 % and
thus providing potential for self-cleaning window coatings.

The use of silica nanoparticles as a method of surface
roughening can provide a solid structure with low surface
energy.[84] The coating can be made either by replacing the
surface silanol groups on the nanoparticles[85,86] or by simply
forming a thin layer of hydrophobic material.[87] This
method of surface formation can be carried out at low tem-
peratures, which means that surfaces such as cotton fibres
can be coated and thus rendered super-hydrophobic.[88] A
variation of this method uses colloidal zinc hydroxide with
functionalisation of the surface hydroxyl groups by using
bulky stearate groups. The modified zinc particles were then
embedded in a silica network by spray-coating with a silica
sol. The result is a super-hydrophobic surface, stated as
achieving a water contact angle of 1658.[89]

The acid hydrolysis of tetraethylorthosilicate (TEOS) has
been used in the formation of silica films.[90] Hydrolysis of
silica followed by mixing with polypropylene glycol (PPG)
to cast a film has been carried out. Pyrolysis of these films
results in decomposition of the PPG and results in surface
roughening. Changing the amount of PPG in the network
gives a different degree of roughening. Modification of the
surfaces was carried out by a reaction with HMDS that re-
sulted in surface tetramethylsilane (TMS) groups that low-

ered the surface energy (Figure 33). Water contact angles of
around 1608 were recorded on the roughest surfaces, but
these surfaces lacked high optical transparency (less than

30 %). However, the transmittance could be improved by
changing the pH of the reaction mixture and the ratio of
TEOS to PPG. An optical transparency of greater than
97 % was observed on a surface with water contact angle of
1568. Silica formation by using TEOS as a precursor has
also been implemented as a support for silicon carbide
nanowires, which also allows for super-hydrophobic sur-ACHTUNGTRENNUNGfaces.[91]

Chemical vapour deposition (CVD) of hydrophobic sur-ACHTUNGTRENNUNGfaces : The deposition of hydrophobic films by using CVD is
currently an area of great interest.[32] The CVD process in-
volves a gas-phase reaction of molecules inside a reactor fol-
lowed by deposition onto substrates, which means that a
wide range of possibilities can be explored. This section
gives examples of some of the most successful methods for
forming super-hydrophobic coatings.

Carbon nanotubes (CNTs): The CVD deposition of
CNTs[92, 93] results in a highly rough structure that allows for
potentially very hydrophobic surfaces. Because the CNTs
are by nature slightly hydrophilic, water contact angles on
un-altered CNTs can be around 70 to 808.[94] However, their
high surface roughness means they have the ability to form
very hydrophobic surfaces if modified with a low surface
energy. Compounds such as CF4 can be used in the CVD
process to allow fluorination of the CNTs, this fluorination
results in an increase in hydrophobicity. Water contact
angles as large as 1658 have been recorded on fluorinated
CNTs formed by CVD.[95]

Polytetrafluoroethylene (PTFE): This coating can provide a
very low energy surface, and has been used to CVD coat

Figure 32. SEM image showing the film obtained by spin-coating a solu-
tion of 5 wt % trimethylsiloxane and silica nanoparticles in methyl iso-ACHTUNGTRENNUNGbutyl ketone onto glass. The fumed silica particles are approximately
10 nm in diameter and the agglomeration and embedding of these parti-
cles gives rise to the high surface roughness. The functionalisation with
surface trimethylsiloxane groups lowers the surface energy (scale bar
200 nm). Reproduced with permission from ref. [83].

Figure 33. Schematic for the preparation of roughened silica films, fol-
lowed by surface functionalisation with TMS groups. Reproduced with
permission from ref. [90].
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rough surfaces to form extremely hydrophobic materials.
Plasma-enhanced CVD (PECVD) uses plasma energy that
can act to activate the precursors and/or change surface
structure.[96] PECVD can be used to deposit films of PTFE-
type materials to give water contact angles of >1008 on flat
substrates; if a roughened microstructure is introduced to in-
crease the surface roughness this improves to over 1608.[97]

Recent developments have demonstrated that surface
roughness can be introduced during the PECVD process.[98]

By pulsing the plasma energy through the fluorocarbon
source (in this case hexafluorobenzene, C6F6), small particles
are generated and agglomerate to form large features that
are big enough to create a highly rough surface (Figure 34)

on which water contact angles of over 1608 can be
achieved.[98] Solid PTFE can also be used as a precursor in a
PECVD process. Gupta et al.[99] used electron pulses fired at
PTFE discs to create PTFE va-
pours that were deposited onto
silicon substrates, this achieved
water contact angles of 1668.

Other examples of PECVD
include use of a methylsilane
(trimethylmethoxysilane,
(CH3)3Si ACHTUNGTRENNUNG(OCH3)) to form hy-
drophobic surfaces.[100] The ad-
ditional use of microwave
energy was used to activate the
plasma further (MPECVD).
Breakdown of trimethylACHTUNGTRENNUNGmeth-ACHTUNGTRENNUNGoxysilane resulted in the pres-
ence of Si�CHx, Si�H, Si�
CH2�Si, and Si�O�CH3 groups
on the surface, as well as a
highly developed rough surface
microstructure. The water con-
tact angle for these siloxane
surfaces was over 1508.[100] An-
other precursor used to con-
struct a similar surface is hexa-ACHTUNGTRENNUNGmethylcyclotrisiloxane. Upon

plasma activation of this molecule, chains and rings of me-
thylated siloxanes were formed.[101] The result was a super-
hydrophobic surface with water contact angle of 1628.

Aerosol deposition : The use of PDMS-type materials has en-
abled hydrophobic surfaces to form through the coating of
rough surfaces. There are commercially available curable sil-
icone elastomers (e.g., Sylgard 184) that form PDMS-type
structure from liquid precursors.[102] Crick et al. carried out
the aerosol-assisted chemical vapour deposition (AACVD)
of a solution of Sylgard 184 in which the balls of solvent in
the aerosol were passed into a CVD reactor and heated.
Upon evaporation of the solvent, the heat-curable silicone
elastomer solidified and was deposited on to glass sub-
strates. This one-step process formed a highly rough film
made up of PDMS material (Figure 35). The water contact
angle rose from 958 on a flat, dip-coated surface to 1678 on
the aerosol CVD film.[103]

Atmospheric pressure deposition : The deposition of WSe2,
formed by reacting tungsten hexachloride and diethyl sele-
nide, onto an SiO2-coated glass surface was carried out.[104]

A water contact angle of 1458 was achieved (Figure 36), and
the surface structures were found to be made up of thin nee-
dles oriented predominantly perpendicular to the plane of
the substrate. The high roughness of the film facilitated the
maximisation of the water contact angle. However, the films
exhibit Wenzel-type wetting, with no air trapped beneath
the droplet. This resulted in droplets that did not roll or
slide even at high tipping angles; this is due to a high sur-
face–droplet contact area. Water droplets of up to 100 mg
were stationary at a 908 tip angle. This unusual wetting be-

Figure 34. SEM of a super-hydrophobic surface constructed by using
pulsed PECVD. Pulses of plasma are required for the agglomeration of
the material into a film (scale bars 1 mm). Reproduced with permission
from ref. [98].

Figure 35. SEM images of Sylgard 184 silicone elastomer applied to glass substrates by using AACVD. The di-
agram shows the change in surface structure with deposition temperatures of a,b) 270, c) 300 and d) 360 8C.
a,c,d) Top-down views of the films, b) profile view.
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haviour was, however, not demonstrated by similar disele-
nide systems (TiSe2,

[105] VSe2,
[106] NbSe2,

[107] MoSe2
[108]).

The formation of poly-p-xylylenes is a contrasting exam-
ple of a Cassie–Baxter wetting surface. This surface was
formed by the evaporation of aromatic and fluorinated pre-
cursors that resulted in a gas-phase reaction to form a poly-
p-xylylene surface with a water contact angle of 1538.[109]

Miscellaneous surfaces

Lithographic imprinting : Lithographic imprinting involves
moulding a natural lotus leaf surface (Figure 37). The im-
printing was made by pouring a PDMS pre-polymer onto a

lotus leaf, which was used as a cast. After curing, the pre-
polymer was separated from the leaf to give a negative of
the lotus leaf structure. This imprinting of the pre-polymer
was used to mould a BP-AZ-CA ink (see Figure 38) into a
lotus leaf-type structure, which was then dried in vacuum.
The resultant surface gave a water contact angle of
154.68.[110] The BP-AZ-CA ink used is a long-chain polymer
(Figure 38), the structure of which is not completely made
up of water-repelling components (i.e. , alkyl or fluoroalkyl
chains); therefore, it is the high roughness of the lotus-like
surface that contributes mostly to its super-hydrophobicity.
The ink molecule must be polar to some degree for it to set

in the moulded form when stamped by the PDMS imprint-
ing.

Low-density polyethylene has also been used to cast the
lotus leaf,[111] which resulted in a replication of the micro-
structure of the lotus leaf by using a low-energy material.
The replicated surface was capable of achieving a 1548
water contact angle. A similar example uses polystyrene in
the casting of a honeycomb structure. The top layer of the
honeycomb is then peeled away to leave the spike that once
connected the top and bottom layers. The spiked low-energy
surface was reported to achieve a water contact angle of
1658.[112]

PDMS is a low-energy material that can be roughened to
form a super-hydrophobic surfaces.[113] However, PDMS has
also been used as a substrate onto which a mono-layer of
close-packed silica spheres was transferred (Figure 39).[114]

The silica spheres were coated in silver nanoparticles by in-
teraction with [AgACHTUNGTRENNUNG(NH3)2]

+ ions, then chemically modified
with perfluorodecanethiol (PFT) to lower the surface
energy. The combination of the roughness brought about by
the spheres and the lowered surface energy allowed for
water contact angles of 1568 to be achieved. The PDMS sub-
strates are flexible and have some transparency, so this
rubber-like super-hydrophobic material could be applied to
other materials.

Electro-spinning of polystyrene (nanoporous surfaces): The
silver ragwort leaf was a source of inspiration for one gener-
ated structure[115] that exhibits highly rough nanostructures.
The aim was to form such a structure on the same nanome-
tre scale through electro-spinning.[116–118] Electro-spinning in-
volves the application of a voltage to polystyrene solutions
as they are being deposited on a collector. In this exam-
ple,[115] the polystyrene solutions were made with varying
compositions of tetrahydrofuran (THF) and N,N-dimethyl-
formamide (DMF). The surface structures made this way

Figure 36. Shows water droplets sitting on a tungsten–selenide film
tipped to angles of 08 (left), 908 (centre) and even suspended upside
down (right). This clearly demonstrates the effect of the wetting nature
on the interaction between water and a surface. Reproduced with permis-
sion from ref. [104].

Figure 37. The process of imprinting: 1) A PDMS stamp is prepared by
placing it on the surface of the leaf; 2) the stamp is pressed onto the ink
(for only a few seconds); 3) the stamp is peeled off and dried to give an
inverse lotus leaf-type surface. Reproduced with permission from
ref. [110].

Figure 38. The [BP-AZ-CA] ink molecule used to form the hydrophobic
surface. This is moulded into shape by pressing the PDMS pre-polymer
stamp into the “lotus leaf” structure. The hydrophilic parts of the mole-
cule include the carboxyl and hydroxyl groups, but their hydrophilicity is
reduced by their close proximity to the aromatic systems.

Figure 39. Schematic of the soft lithography of silica spheres followed by functionalisation with silver nanoparticles and then perfluorodecanethiol
(PDT). Reproduced with permission from ref. [114].
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were quite porous, with the most hydrophobic surface result-
ing from a THF/DMF ratio of 1:3, which gave a highly
rough and porous surface (Figure 40). This mixture gave a
water contact angle of 159.58.

The key to controlling the hydrophobicity of the surface
was the solvent ratio used, with ratio of 1:3 of THF/DMF
giving an optimal surface (see above). This results in air
being trapped beneath any water droplets on the surface,
which reduces the amount of liquid–surface contact and
thus the surface is rendered super-hydrophobic. The micro-
structure (Figure 40) can be seen to resemble that of the
silver ragwort leaf.[115] The elec-
tro-spinning of poly(vinylidene
fluoride) is an alternative pre-
cursor.[119] The energy of the re-
sultant surface was lowered by
the addition of an FAS com-
pound, which has also been
used in other electro-spinning
experiments.[120] This method
can be applied to many com-
pounds.[116–118]

Routes and Applications
of Hydrophobic Surfaces

Routes to hydrophobicity : The
techniques discussed in this
review have led to the develop-
ment of four main routes for

construction of hydrophobic surfaces. In the design of super-
hydrophobic surfaces, there are two main features that must
be focussed on: a low surface energy so a flat surface has a
contact angle above 908 and a high surface roughness to am-
plify the hydrophobicity of the surface. The surface rough-
ness can be introduced when depositing the low-energy ma-
terial[98] or it can be introduced separately,[38] which results
in either a one-step construction (laying down a rough low-
energy surface) or a two-step construction (introducing sur-
face roughness then lowering the surface energy), see
Figure 41. Surface roughness can also be introduced to a
low-energy material, such as PTFE,[38] and used as-is, or
roughening can be performed on a low-energy material ap-
plied to a substrate by the application of AKD.[121]

The routes have different issues to consider. Route 1 a re-
quires the use of low-energy material that has good adher-
ence to the substrate. If it has no adherence, the film will be
powdery and will be of limited use. Route 1 b only requires
the use of a low-energy material that can be roughened and
has the ability to survive the roughening process. The two-
step formation, 2 a, needs the material used for roughening
to have some affinity for the hydrophobic reagent. If there
is no adherence, the hydrophobic coating will be of limited
use because it will easily separate from the surface features.
A variation of the two-step technique involves the roughen-
ing of an already low-energy surface (2 b), this requires that
the low energy of the material is maintained upon roughen-
ing, and that adherence to the original substrate is also
maintained. If the low-energy material is not maintained,
the introduced roughness will not be benefited from.

Applications of hydrophobic surfaces : Hydrophobic surfaces
have many applications in a wide number of fields. Methods
for fabrication have been described in the previous section,
here we will focus on the range of employment of such sur-
faces.

Figure 40. Top: SEM image of the electro-spun polystyrene surface and
bottom: an atomic force microscopy (AFM) cross-sectional surface pro-
file. Both images are of a surface formed with a THF/DMF ratio of 1:3,
which results in the most hydrophobic surface. Reproduced with permis-
sion from ref. [115].

Figure 41. Schematic showing the four main mechanisms (1a, 1b, 2 a, 2b) for the construction of a hydropho-
bic surface.
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Lotus effect self-cleaning coatings (anti-biofouling): It has
been demonstrated that surface coatings can be designed for
the removal of particles upon treatment with water by dupli-
cating the lotus effect. Figure 42 shows one plain Formica

sheet and one coated with PTFE that have both been
dusted with soot particles. Upon spraying with water, the
particles were completely removed from the PTFE-treated
sheet. The untreated sheet did not demonstrate the lotus
effect and thus did not self-clean on exposure to water. A
paint that dries to form a hydrophobic surface and possesses
significant self-cleaning attributes has also been introduced
into the marketplace (Sto AG).[122] Suppression of bacterial
adhesion to a surface has also been a key goal for self-clean-
ing surfaces; it has been shown that super-hydrophobic sur-
faces can be used not only to clear a surface of dirt particles
and bacteria, but also to severely limit bacterial adhesion
and growth.[123]

There is also a substantial area of research focussed
toward transparent super-hydrophobic self-cleaning coatings.
Transparent films applied to see-through glasses and plastics
could be utilised in industries such as automotives, buildings
and solar panels. This would insure that transparency is
maintained due to the self-cleaning of the surface.[124] Super-
hydrophobic coatings such as the lotus leaf require a rough

microstructure. To generate a transparent coating, the fea-
tures of the surfaces roughness must have dimensions less
than the wavelength of visible light (l�380–760 nm).[125]

Given this, the surface microstructure formation must be
carefully considered if transparency is one of the desired
properties.

Despite these factors, there is a wide range of products on
the market that are aimed toward transparent hydrophobic
applications.[126–128] Hydrophobic surfaces can prevent adhe-
sion of bacteria to surfaces,[123] for example, a commercially
available spray for ship hulls limits biofouling by reducing
the ability of bacteria to stick to the surface.[129] Applications
for windows (domestic and vehicular) are also avail-
able;[126,130] these coatings act to keep the glass free of stick-
ing water droplets and also to produce a window with self-
cleaning properties, so that water droplets carry away dirt
and bacteria. With respect to car windscreens, products aim
to make the glass slippery[131,132] to allow the fast removal of
water. Spectacle glass is also an area of commercial exploi-
tation for hydrophobic coatings.[133]

Surface protection : A super-hydrophobic surface limits the
contact between water and a surface, therefore, if a metal
surface was rendered super-hydrophobic then corrosion
would be limited. Experiments carried out on copper, in
which surface oxidation followed by functionalisation gave
rise to super-hydrophobic copper surfaces, promise corro-
sion prevention.[134] This technology could be applied to
other forms of surface protection from water. Hydrophobic
surfaces not only repel water droplets but show resistance to
humidity. Fluorinated silanes have been used to coat paper
to give a super-hydrophobic surface that rendered the paper
resistant to humidity, that is, its tensile strength was main-
tained up to very high humidity.[135]

Textiles : Textiles such as cotton already have some surface
roughness, so treatments to render them super-hydrophobic
can be performed. Treatments of paper[135] and cotton
fabric[136, 137] have been carried out to make super-hydropho-
bic materials. Changing the textiles from their natural hy-
drophilic form to being extremely water repellent means
that not only will the fabric be kept dry, but the flexibility
and insulating properties can be maintained. Figure 43
shows cotton fibres that have been coated by using a sol–gel
method. Nanosized silver was also incorporated into the
coating to give antimicrobial activity to the cotton. The
roughness brought about by the fibres used in textile design
means that water-repellent fibre can be used and the inher-
ent roughness of fabrics (Figure 43) can help magnify the
surface hydrophobicity. The development of hydrophobic
textiles is known and there are many commercially available
products.[138,139]

Movement of water : The Cassie–Baxter model suggests a
slippery surface that allows water to move across it with
ease, whereas a Wenzel-type surface would be more resist-
ant to water movement. This is because the resistance to

Figure 42. Soot-coated Formica plates. The left plate in each image is an
untreated surface that shows no lotus-effect self-cleaning thus soot re-
moval is inefficient. The right plate in each image is coated with micro-
powdered PTFE to give a super-hydrophobic surface from which soot is
easily removed with water. Reproduced with permission from ref. [122].
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drag is reduced on a Cassie–Baxter-type surface due to the
layer of gas at the liquid–solid interface. Experiments in
which the insides of copper pipes are coated so that they are
super-hydrophobic show that there is significant reduction in
water drag through them (see Figure 44 for the experimen-

tal setup).[140] The super-hydrophobic tube allows a greater
rate of flow through when put under the same pressure of
water. Also, commercially available treatments for boat
hulls can reduce drag in the water and allow the craft to
travel more easily through the water,[129] and the area of
drag reduction has also been academically researched.[141]

Another effect of the layer of gas at the water–solid inter-
face stems from the buoyancy of water. Objects with a
Cassie–Baxter wetting mechanism will have a volume of air
between the surface and the water when floating on a body
of water. This volume of air acts with a buoyancy supporting
force.[142]

The repulsion of water from a super-hydrophobic surface
also has the effect of limiting contact of any components in

the water with the surface. This can be important in areas
such as artificial organ implantation, in which the adhesion
of platelets to blood-containing vessels can cause coagula-
tion or thrombosis.[143]

Microfluidics : Another application of hydrophobic surfaces
is in the movement of water on a microscale. It has been
shown that by altering the wetting properties of a surface,
the ability of water to move on it can be controlled,[144] and
it is possible to manipulate water droplets by controlling the
surface microstructure.[145] Water movement at the micro-
scale is important in areas such as biofluid transport,[146] in
which wetting behaviour and, therefore, water movement
can be controlled by changes in voltage or temperature.[144]

Oil–water separation : Using water-repellent molecules, such
as long alkyl chains, to coat a surface and lower its energy
could not only result in the surface becoming super-hydro-
phobic but could also give superoleophilic properties.[62]

Copper mesh modified to be super-hydrophobic and then
tilted will let water roll off, but substances such as hexane,
petroleum ether, toluene and diesel oil are not repelled like
the water and are allowed to slip through the mesh. Mix-
tures of water and oily substances can thus be separated
with up to and above 99 % efficiency. Super-hydrophobic
nanoporous polymers have been investigated and have been
found to be very effective absorbers of organic com-
pounds.[147] These materials could act to absorb any oil-like
products and leave water behind, and may be able to be im-
plemented in the cleanup of oil spillages at sea.

Summary and Outlook

This review shows that a wide range of methods for forming
super-hydrophobic surfaces are available, and the chosen
method strongly depends on the potential applications of
the surface. For example, transparent coatings must have
surface features that do not interact with light.[125] The wet-
ting mechanism of the surface must also be considered; if
self-cleaning is desired, for example, then Cassie–Baxter
wetting must take place. Some of the examples used in this
review do not try to cover the slip angle of water on the sur-
face, which leaves a gap in the understanding of the surface
interaction with water. To allow super-hydrophobic surfaces
to be directly compared and contrasted through the litera-
ture, similar methods for analysis must be used (e.g., contact
angles). The classification of surface construction methods
into types 1 a, 1 b, 2 a and 2 b allows an understanding of the
design necessary for the formation of super-hydrophobic
surfaces.

Figure 43. SEM image of super-hydrophobic cotton fabric coated with a
fluoroalkyl siloxane. The fibres allow for an initial surface roughness that
then can be coated with a low-energy material (scale bar 10 mm). Repro-
duced with permission from ref. [137].

Figure 44. Experimental setup to demonstrate the faster movement of
water through super-hydrophobic tubing relative to unaltered tubing. The
faster movement is due to the decreased drag force between the water
and the walls of the super-hydrophobic tubes. Reproduced with permis-
sion from ref. [140].
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