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Abstract

Polycrystalline alumina substrates were dip-coated in dilute suspensions formed with
dispersed, nano-silica particles. The fractional surface coverage of the alumina substrate was
varied between » 0.05 to » 0.4 by changing concentration of particlesin the silicaslurry. After a
heat treatment to partially sinter the particles to the surface, the surface was made hydrophobic
by areaction with a solution containing fluorosilane molecules. Wetting measurements showed
that the contact angle between the surface and water droplets increased with decreasing area
coverage of nano-silica spheres, consistent with a previous theory, modified here to include the
pressure of the water droplet. The modification of the theory predicts that the super-hydrophobic
effect disappears when the particles become too widely spaced, causing the pressure of the water

droplet to spontaneously wet the substrate.



1 Introduction

For centuries, eastern religions have recognized the purity of the lotus leaf. Its purity is
caused by its super-hydrophobic surface, which alows water drops to form nearly spherical balls
that collect water-loving dust particles as they roll off with very little contact resistance. 1n 1997,
biologists Barthlott and Neinhuis [1] showed that small, waxy bumps on the lotus leaf produced
this super-hydrophobic effect.

Prior to the understanding this biological cleaning method, several physical scientists
correlated surface roughness to increased hydrophobicity exemplified by the pioneering work of
Cassie and Baxter [2] and Wenzel [3] in the early ‘40s.

More recently, Onda et a. [4] produced one of the first synthetic super-hydrophobic
surfaces (wetting angles > 140°) by anodically oxidizing an aluminum surface and treating the
oxidized surface with a fluorosilane. They suggested that the hydrophobicity was due to the
fractal nature of the rough surface. Tadanaga et a. [5] produced a super-hydrophobic surface
with a specia heat—treatment of an aluminum oxide surface film formed by a chemical precursor
method. When heat-treated, the aluminum oxide crystallized to form a topography that
resembled tall hills and deep valleys. This special surface became super-hydrophobic after being
coated with a monolayer of fluoroalkyltrichlorosilane molecules. Tadanaga et a. [5] were the
first to recognize that the water only wetted the tops of the hills and that air must be trapped in
the valleys. They modeled the textured surface as periodic flat plateaus and deep channels to
hypothesi ze that the liquid would only wet the plateaus as shown in Fig. 1, while gas was trapped
within the channels. Assuming that the liquid and gas would form a wetting angle of q and p
with the solid, respectively, they related the area fraction of the surface (plateaus) wetted by the

liquid, f, to the apparent contact angle, g*, of aliquid drop by

cosq =-1+f (L+cosq): (1)



which is valid for % £q £ p. Bicoeta [6], who derived the same relation using a free energy

argument, verified this relation by texturing a surface with periodic, micron-size silica features
(e.g., wells, plateaus and channels, flat mesas) produced on a substrate with a micro-molding
technique. The textured surfaces were aso treated with a monolayer of
fluoroalkyltrichlorosilane molecules.

In the current work, we further explore the relation between the fraction of wetted surface
and the apparent contact angle of a water drop using relatively rough, polycrystalline surfaces
that are textured with nano- silica spheres. In addition, we modify the current theory to include
the pressure exerted on the meniscus to show that the super-hydrophobic surface is best achieved
with very small fraction of nano-particles.

2 Experimental

The *as received’ silica dlurry (Snowtex-OL, Nissan Chemicals, Tokyo, 20 wt%, particle
size 45+5 nm, pH 3+1) was diluted with deionized water to concentrations as low as 0.025 wit%.
The pH was adjusted to 6.0 + 0.2 with tetramethylamonium hydroxide (TMAOH) to produce a
well-dispersed slurry. At pH 6, the silica particles were expected to be attractive to the alumina
substrates. [7]

Polycrystalline alumina substrates (Superstrate 996, CoorsTek, Golden, Colorado,
thickness 0.51mm, unpolished) were cut into 1x1 cm pieces. The substrates were cleaned by
ultrasonication in acetone, then in a cleaning solution (90% of 98% H,SO,, 10% of 30% H,0,),
and finally in a 1% HF solution, after which they were rinsed in deionized water.

Different substrates were immersed into the different silica durries for 20 min, and
slowly removed and allowed to dry in a vertical position. The coatings produced with low
concentration slurries were not visible to the unaided eye. Slurries containing > 0.5 wt % of
silica produced visible surface variations and were deemed too concentrated to produce

macroscopically regular surface coverage on the alumina.



The coated substrates were heat treated to 400°C for 20 min to partially sinter the silica
spheres to the alumina surface. After heating, the specimens were placed in deionized water for
15 minutes to ensure that the surfaces were sufficiently hydrated to allow a reaction with the
fluoroalkyltrichlorosilanes [8].

To obtain a hydrophobic surface, the silica-coated alumina samples were dried and
placed in a mixture of 04 mL fluoroakyltrichlorosilane (1H,1H,2H,2H-
perfluorodecyltrichlorosilane, Lancaster Synthesis, Windham, NH), 3 mL chloroform, and 30
mL hexadecane under an argon atmosphere for 12 hours [8], after which they were rinsed in
chloroform. Contact angle measurements were made using a contact angle goniometer (NRL
CA Goniometer, Ram-Hart, Mountain Lakes, NJ), with deionized water droplets of diameter 1.0
to 5.0 mm.

Images of the surface were obtained with a scanning electron microscope (JSM
6300FEG, JEOL). The area fraction of the silica spheres on the alumina substrates was
determined by counting the number of silica spheres per unit area and multiplying this number
by the cross-sectional area of an average silica sphere (diameter = 45nm). Silica spheres
observed in deep crevices were omitted from the analysis.

3 Results

Figures 1a,b,c illustrates the typical particle distribution on the polycrystalline alumina
surfaces coated with slurries containing 0.05, 0.10, and 0.40 wt % silica respectively. One can
observe that the spheres have a somewhat larger size distribution than reported by the
manufacturer, and many of the spheres are agglomerated. Since the particles form well-
dispersed dlurries, it is assumed that the agglomerates are produced after dip-coating as the
meniscus moves during evaporation. The micrographs aso illustrate the alumina grains and the
surface topography they form, namely, deep irregular channels and nearly flat tops. At low
slurry concentrations, the silica spheres appear to only cover the raised portions of the grains,

while at higher concentrations, the coverage becomes more irregular, with some areas exhibiting



full surface coverage. Figure 2 plots the fraction of area covered vs. the weight percent of silica

spheresin the slurry used to dip-coat the substrate.

Figure 1. a), b), and c) are SEM micrographs illustrating the surface coverage of the of the » 45
nm silica spheres on the polycrystalline alumina substrate produced by dip-coating with slurries
containing 0.05, 0.10 and 0.40 wt % silica spheres.
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Figure 2 Experimental relation between wt % of silica spheres in the slurry vs fraction of

surface area covered on polycrystalline alumina surface.
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Figure 3. Measured contact angle ¢ as a function of the area fraction, f, of the 45 nm silica
spheres. The solid line shows the predicted contact angle, as per eqg. (2), for g = 98°. The vertical
line shows the area fraction where the super-hydrophobic effect disappears.

Figure 3 plots the average contact angle, g*, determined for each of the different surfaces
against the fraction of area covered by the silica spheres. Although apparent contact angles of up
to 165° were observed for area fractions less than what is shown in Fig. 3, these data were not
reproducible, and thus, not shown.

4 Discussion

The apparent contact angle for water drops on a hydrophilic surface textured with
randomly distributed spheres increases with decreasing area fraction of spheres. This
observation is consistent with that found by Bico et a. [6] who studied surfaces with three
different textures with micron dimensions, namely, holes, plateaus & channels, and mesas. The

Appendix treats the partial wetting of spheres that form a simple square lattice on the surface for



a liquid with a wetting angle, g > p/2. When the liquid/gas meniscus between the partially
wetted spheresis flat (the pressure exerted by the water drop is neglected), the relation between
the apparent contact angle g*, the projected area fraction of the sphere on the substrate surface,
f, and the wetting angle formed by awater drop on aflat surface, q, is given by
cosq =-1+ 2f (1+ cost)? 2

(Bico et al. [6] report a similar calculation, but miss the factor 2 in the second term.) Table |
shows that when the experimental values of g* and f are used in eg. (2) to determine the wetting
angle of a flat surface. The predicted and experimental values of the wetting angle of a flat
surface are in reasonable agreement. The calculated value of g for the polycrystalline alumina
substrates assumes a flat surface, whereas, due to its polycrystalline nature, the surface (see Fig.
1) aready has hills and valleys. This is consistent with the higher experimental value of q
relative to the calculated value (105 ° vs. » 94 °, respectively). For aflat silica surface q was

found to be 98°, closer to the predicted values.

Table1l. Wetting angel, g, predicted using eg. (2) with experimentally determined variables (q*
and f) for hydrophobic surfaces textured with silica spheres, compared to the experimental value
of q determined on aflat surface.

Slurry, wt % f g* (degrees) q, predicted with g, experimental
€q. (2) (degrees) (degrees)

0.05 0.085 150.1 96.6 105

0.10 0.120 141.0 921 105

0.20 0.173 1331 925 105

0.40 0285 1229 96.0 105

The Appendix describes the effect of the pressure exerted by the water droplet on the

meniscus. This pressure has two effects. First, because the meniscusis no longer flat, thereisan



increase in both the wetted area of the solid, and the area of the liquid/gas interface. Second, and
more important, the pressure can exceed a critical value where the minuses either has a sufficient
curvature to touch substrate between the spheres or produces an instability where the liquid
spontaneously wets all surfaces.

Either event will eliminate the super-hydrophobic effect. As detailed in the Appendix,
the critical pressure depends on the mass of the water droplet, the spacing and size of the
spheres. For 45 nm silica spheres and size of the water drops used in the current experiments, the
relations given in the Appendix suggest that the super-hydrophobic phenomena is expected to be
loss for an area coverage f £ 0.001. Thislower limit was calculated for a period, square array of
spheres and is much smaller than obtained here f » 0.08. It appears that the random spacing, or
the fact that some areas are without spheres at lower area fractions, causes the critical area
fraction to be larger than reported in the Appendix.

5 Conclusion

Super-hydrophobic surfaces were obtained by simply dip-coating a substrate with a slurry
containing nano-silica spheres, which adhered to substrate after a low temperature heat
treatment. After reacting the surface with a fluoroalkyltrichlorosilane, the hydrophobicity
increased with decreasing area fraction of spheres. These data support the theory of Tadanaga et
al., [5] who hypothesized that a gas is trapped between the raised portions of the substrate to
minimize the solid area in contact with the liquid. We have added to this theory to show that
when the distance between the raised portions of the surface becomes too large, the mass of the

droplet will cause spontaneous wetting to eliminate the super-hydrophobic effect.



Appendix: Conditions for Spontaneous Wetting

We assume that the breakdown of the super hydrophobicity effect results from one of two
phenomena. Both are caused by the finite weight of the droplet causing the meniscus to have a
finite curvature. The first mechanism occurs when the pressure differential, P, across the
meni scus becomes greater than a critical value, P,. When P23 P_, the liquid will no longer wets
the tops of the spheres, but the meniscus will spontaneously move to the substrate, thus wetting
most of the spheres and the substrate. The second mechanism occurs when center of the curved
meniscus touches the substrate, which will cause the shape of the meniscus to change and
partialy wet the substrate.

Let us begin by idealizing the randomly distributed particles, of diameter 2r, as a
periodic, square array with spacing 2l, as shown in Fig. A-1. Relative to the atmospheric
pressure, the liquid will expert a pressure forcing the meniscus between the spheres and thus
forcing it to have afinite curvature. Fig. A-2 depicts the geometry of the liquid meniscus and its
contact with the particles. The contact angle is denoted by g, while b is angle between the
tangent of the particle surface at the point of contact and the horizon, and a is the angle between
the air/liquid interface and the horizon.

One can shown that

a=q+b-—p. (A-1)

f isthe projected areafraction of the spheres on the surface expressed as

pr
f = —. A-2
AP (A-2)

And d, the diameter of the wetted area of each sphereis given by

d = 2rsib (A-3)



Fig. A-1. Top view of particles of Fig. A-2. Geometry of the meniscus wetting particles spaced

diameter 2r, placed in a sguare adistance 2|, with a contact angle g. The angle b defines the

matrix of spacing 2I. tangent of the sphere with the horizon. The diameter of the
wetted areais d.

As first taught be Laplace, for a given differential pressure, P, the equilibrium position of
the meniscus can be determined by equating the vertical (y direction) force where the spheres
support the meniscus to the opposing force exerted by the differential pressure on the meniscus.

At equilibrium, the sum of these forces are
pd9

2 F = pdgsina - Pgal - P92 - g (A-4)
v = PAd g 49

where gis the surface energy per unit area of the meniscus.

Using the above equations, one can show that

2f gsinbsin(q + b)

" T fsnh)

(A-5)

Equation (A-4) is equivalent to the Laplace equation, relating the differential pressure, P, across
the meniscus to the geometry, defined by r, f and b, and to the specific surface energy (g) and
wetting angle (q).

Inspection of eq. (A-4) shows that the maximum pressure the meniscus can sustain
without being forced to the substrate occurs when b = p/2. Thus, the largest and thus critical

pressure the meniscus can support is given by

é U
, - 2foosg 8 21 90os e <oat (A-6)
r(i- f) e r g
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Eqg. (A-5) shows that, for a given size droplet, spontaneous wetting will occur below a critical
volume fraction, i.e., the wetted particles become too widely spaced to support the meniscus.
This relation also shows that the critical pressure for spontaneous wetting is inversely related to
particle size.

The force exerted by a drop of diameter D is given by

F=2grp?, (A-7)
6

where g is the acceleration of gravity and r is the density of the liquid. This force acts on a

contact area (O.25pDzsin2 q*) to produce a pressure on the meniscus that can be estimated, for

g* >135 °, to be
29Dr

P, = ,
¢ 3sin’gq*

(A-8)
One determines the critical area fraction for spontaneous wetting by equating egs. (A-6) and (A-

8)

i gDrr
3g cosg sin“g*

f =

Cc

(A-9)

To test the second mechanism, the equilibrium shape of the meniscus was determined
using the finite element package FEMLab™ (http://www.comsol.com). For the range of
parameters of interest here, the results of the simulation showed that the contact line reaches the
critical point on the particles (i.e. b = p2 ) before the center of the meniscus touches the

substrate.
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