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Introduction

Self-cleaning surfaces have developed since the late 20th century

and are comprised of two main types, superhydrophobic and
superhydrophillic. A surface is generally considered super-
hydrophobic if it has a water contact angle (WCA) of greater than
1508 and a sliding angle of less than 108. Superhydrophillic sur-
faces, which attract water, have a WCA of less than 108, thereby
resulting in the droplet spreading across the surface quite rapidly.
In both cases, the water rolls or slides off the surface at low angle

and high velocity, carrying with it dirt and other contaminants,
which is the basis of the self-cleaning property.[1]

Materials possessing these properties have significant poten-

tial from self-cleaning windows to applications on solar panels
and the reflective mirrors used in concentrated thermal and
photovoltaic (PV) solar plants, whereby vast arrays of mirrors
are used. For example, at the Ivanpah solar tower facility in the

Mojave Desert in California, 173 500 mirrors are used over an
area of 1417 ha.[2] Depending on the nature, size, and density of
coverage, dust accumulation can diminish transmittance and/or

reflectance at a rate 7% per month, with every percentage lost
thorough scattering or absorption, thus reducing the efficiency
of the plant.[3,4] The result is that these systems require almost

constant cleaning in regions where water can be scarce and
expensive. To be effective on mirrors, PVs, and windows, the
superhydrophobic coatings must be transparent and have both

thermal and mechanical durability.[5,6]

Nature is the primary inspiration for this technology as
researchers have investigated the ability of some plants to
self-clean via their hydrophobic properties.[7,8] This is best

presented by the lotus leaf, such that the self-cleaning phenom-
enon of superhydrophobicity is referred as the ‘Lotus Effect’.[9]

Hydrophobicity of a solid surface is a property of a material that

is dependent on both the surface energy and surface rough-
ness.[10–12] The surface energy is inherent to a material and is

therefore difficult to adjust, whereas the surface roughness is
much more variable. Recently, superhydrophobic materials

have garnered interest not only due to their self-cleaning, but
also their anti-fouling, stain-resistant, and ice-repellent proper-
ties.[13–15] Superhydrophobic materials are fabricated through
various approaches such as chemical vapour deposition, tem-

plating, chemical etching, self-assembly, sol–gel, and electro-
spinning.[16–22] One particular method demonstrated by Tserepi
et al. involved plasma treatment of polydimethylsiloxane

(PDMS) in SF6 gas to form superhydrophobic surfaces.[23]

State-of-the-art plasma etching systems have already been used
to process substrates of 1–2m in size for the liquid crystal

display industry, thereby showing the potential large-scale
synthesis of a rough PDMS surface with superhydrophobic
behaviour.

On a flat surface, the contact angle is governed by Young’s

equation and is dependent on the free energies of the solid–
liquid, solid–gas, and liquid–gas interfaces, resulting in a maxi-
mum attainable contact angle of ,1208.[24] However, as the

surface roughness increases, so does the surface area, which in
turn increases the apparent surface energy. The contact angle
must increase accordingly in order to balance the greater surface

energy between the substrate and the droplet in accordance with
Young’s equation.[24] A high contact angle does not, however,
directly relate to the Lotus Effect as low sliding angles are also

required, and these are not necessarily dependent on the contact
angle.[25] On a rough surface, the droplet can typically reside in
one of two states: it can either contact the peaks of the structure
with small pockets of air underneath, forming a liquid–air,

liquid–solid, or solid–air composite interface or it can fill the
grooves having direct contact with the solid substrate, forming a
liquid–solid interface only, as shown schematically in Fig. 1.

These two states are known as the Cassie and Wenzel states,
respectively.[26–29] It is known that the Cassie state is desirable
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to achieve low sliding angles as there is significantly a lower

degree of adhesion of the droplet to the surface due to the smaller
solid–liquid contact area.[30,31]

The sliding angle will increase as the solid–liquid contact

area increases due to greater surface adhesion. However, it has
been shown that when the roughness factor exceeds a critical
level, the WCA will increase further, while the sliding angle
begins to decrease.[30] The reduction in sliding angle is the result

of the transition of the dominant hydrophobicity mode from
Wenzel’s to Cassie’s, due to an increase in the amount of air
being trapped between the solid surface and droplet. The

relationship between the WCA and the surface free energies in
this case is less related to Young’s equation and more to the
Cassie–Baxter equation, which describes the interaction

between a droplet and a heterogeneous surface consisting of
two materials, in this case, solid and air.

The impact of surface roughness has been extensively
studied. In contrast, there have been few studies systematically

investigating the effect of roughness on both the WCA and
sliding angle. One such study carried out by Miwa et al.
employed the sublimation of aluminium acetylacetonate and

varied ratios of boehmite powder and ethanol to form a rough
surface.[25] Although Miwa et al. showed control in varying the
topography, and in turn the level of roughness, the surface

topography was quite random with no consistent periodicity.
In this paper, we examine the effect of regular controlled

surface roughness on the water contact angle and sliding

angle by systematically varying the periodicity of a surface
by incorporating silica nanoparticles of varying sizes of
58–1428 nm into a coating.

Results and Discussion

Highly monodisperse, spherical silica particles with thiol sur-

faces were synthesized using the modified Stöber process
employing (3-mercaptopropyl)trimethoxysilane (MPTMS), as
used by Mangos et al., and shown in Fig. 2.[32] By using this

method, the particle size can be controlled from 50 to over

1000 nm by controlling the reactant concentrations, where the
mercapto moiety maintains dispersibility during synthesis and
in a range of solvents used for spin coating.

The weight ratio of 3 : 7 for PDMS/silica was chosen to
achieve minimum void space, while ensuring that the surface is
dominated by the silica spheres to achieve the desired rough-
ness. Themaximum theoretical packing density of equal spheres

ranges from 64% to 74% depending on the randomness of the
packing, and in this case, the lower binder concentration results
in the desired surface topography as can be seen in Fig. 3, which

shows a cross-section image of the surface.
TheWCA decreased when the final film concentration of the

water-repellent polymer reaches 40wt-%, and above which is

due to the surface topography becomingmore planar and the top
surface approaching that of pure PDMS, which has a contact
angle of ,1058.

A standard concentration of silica suspension and spin rate

were used for most samples. In contrast, a lower concentration
and amuch higher spin ratewere used for the 58-nmparticle film
as the small particles formed a significantly thicker paste, which

resulted in a thicker film with more contours, as consistent with
the observations of Timofeeva et al.[33] The slower spin rate for
films prepared with particles of .1mm in size was required to

ensure complete and uniform coverage of the surface.
The spin coating conditions chosen result in a ‘monolayer’ of

particles on the surface with PDMS as the binder as can also be

seen in Fig. 3. The impact of the surface roughness on optical
properties can be seen in Fig. 3b, d, which shows that the coating
employing the 1050-nm particles results in significant haze
when compared with that prepared from the 58-nm particles.

Atomic forcemicroscopy (AFM) analysis (Fig. 4) shows that
the average distance between peaks were 58, 505, and 1006 nm,
for films A, B, and C, respectively, corresponding to the particle

size measured from dynamic light scattering (DLS), and indi-
cating close-to-ideal packing of the particles on the surface.

The average trough-to-peak height from the measured AFM

data was 15, 83, and 173 nm for films A, B, and C, respectively.
Lotus leaves have a peak-to-trough height of 780 nm for
the nonacosanol tubules (which are 0.3–1.1mm in length and
0.1–0.2mm in diameter), and this is within the range of surface

topography obtained in this study.[34,35] By increasing the size of
the particles, we are able to control the peak-to-trough height
and peak-to-peak distance, which influence the sliding angles of

the films.
Interestingly, the WCA does not change significantly across

the range of surface topography produced by the 58–1428-nm

particles, as shown in Fig. 5.

(a) (b)

Fig. 1. Droplet in (a) Cassie state and (b) Wenzel state.
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Fig. 2. Scheme for thiol particle synthesis. The blue sphere represents a silica particle.
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The sliding angle decreases monotonically from complete
adhesion at 908 for the 58-nm particle film to 228 for the 1428-nm
particle film for 20mL droplets, as shown in Fig. 5. The lower
sliding angles for the larger particle films can be attributed to
the droplets transitioning from the Wenzel to Cassie state as

the particle size increases, whereby pockets of air are more
likely to be trapped between the droplet and the substrate,
thereby increasing the liquid-to-air interface. However, the data
in Fig. 5 do not show a sharp transition to a Cassie-dominant

hydrophobic mode.
The sliding angle does not decrease to less than 108, indicat-

ing that the droplet has not completely transitioned to the Cassie

state even when the larger particles are used.

Conclusions

Films with controlled surface roughness periodicity were cre-
ated by forming a ‘monolayer’ of particles ranging in size from
58 to 1428 nm in a PDMSmatrix. TheWCA increased from1058
for a smooth PDMS surface to 1408 for the roughened surfaces.
However, this value remained approximately constant for all
nanoparticle-roughened surfaces.

The sliding angle decreased monotonically from a pinned
droplet at 908 for the 58-nm particle film to a sliding angle of 228
for films comprising 1428-nm particles. The transition from the
Wenzel to Cassie state was not sharp, and instead indicated a

gradual change across the entire range of topography created in
this report. By improving our understanding of the relationship
between surface topography and WCA and sliding angles, we

can further develop easy cleaning and self-cleaning technolo-
gies, which have a broad range of applications from medical to

power generation.

Experimental

Thiol-Functionalized silica nanoparticles were synthesized via a
revised Stöber method shown by Mangos et al. and presented in
Fig. 1.[32] MPTMS was supplied by Sigma-Aldrich and 30%

ammonia was supplied by Chem Supply. The concentration of
MPTMS was varied in an ammonia solution and gently mixed
for 1–3 days depending on the particle size being synthesized as
presented in Table 1. These samples were vacuum-filtered with

11-mm filter paper to remove any agglomerates, and then par-
ticles with sizes greater than 200mmwere centrifuged at 2550 g
for 60min, washed with water, and dried. Particles with sizes of

less than 200mmwere bubbled with air overnight to remove any
ammonia, and 5mL of hydrochloric acid was added to lower the
pH and force the particles to crash out. The particles were then

easily centrifuged at 2550 g for 5min, washed, and dried in an
oven at 458C overnight. Upon collection, the samples were
dispersed in acetone to make a 20% w/v suspension which was

then sonicated. Chlorobenzene was then added to make a 10%
w/v suspension to improve the dissolution of PDMS in solution.
The 58-nm particle suspension was made to 5% with acetone
and then 2.5% with chlorobenzene to improve final film con-

sistency. A solution of 12% by weight PDMS in chlorobenzene
was added to achieve a PDMS-to-silica ratio of 3 : 7 in the final
dry film. This suspension was spin-coated onto cleaned glass

(a) (b)

(c)
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Fig. 3. SEMand photographs of silica/PDMS films, with associatedWCA images (insets), prepared using varying particle

sizes of (a, b) 58 nm (film A) and (c, d) 1050 nm (film C).

1230 J. Toster and D. Lewis



substrates with a ramp speed of 300 rpm for 1 s and 2500 rpm
for 30 s (4000 rpm for 58-nm particle film and 2000 rpm for
films with particles of$1 mm in size). Samples were then dried

at 1408C in air.
Contact angles were measured on a Sinterface Profile

Analysis Tensiometer 1.
Topography was analyzed using the Inspect FEI F50 scan-

ning electron microscope and VEECO multimode atomic force
microscope in tapping mode.
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Table 1. Silica particle synthesis parameters
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(30%) [mL]
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[mL]

MPTMS
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Time
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510 6.8 60 0.3 0.5 1 day
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1428 3.4 30 0.6 1.7 1 day
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