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Nanostructured superhydrophobic surfaces
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Superhydrophobic surfaces play an important role in
many applications, such as contamination prevention,
biocompatibility, enhanced lubricity and durability of
materials [1-9]. Hydrophobicity is measured by the
contact angle of pure water on a clean solid surface.
When the contact angle is greater than 150°, the sur-
face is considered to be superhydrophobic. The water—
solid contact angle varies with the surface energy and
roughness of the solid surface. The surface energy of a
solid is determined by the surface chemistry, which in
turn depends on the chemical composition and atomic
arrangements at or near the surface. Structure relax-
ation, surface restructuring, and composition segrega-
tion all can reduce the surface energy and, thus, re-
sult in an increase in contact angle. However, such a
reduction in surface energy would result in a limited
increase in contact angle, and is insufficient to make a
surface superhydrophobic. Usually trifluoromethyl car-
bon (—CF3) containing diblock polymers, surfactants,
or coupling agents are self-assembled on the solid sur-
face to form a monolayer [10]. Surfaces terminated
with trifluoromethyl carbon ligands possesses highest
electron—fluorine affinity and consequently the lowest
surface energy. Contact angle decreases when the —CF3
monolayer is less than close-packed, but even on the
fully packed monolayers, contact angle on a smooth
surface generally does not exceed 120°. A further in-
crease in contact angle and hydrophobicity, will require
an increase in surface roughness [11].

The idea is conceptually straightforward; increased
roughness will result in an increase in true surface area
and, thus, lead to an increased nominal surface en-
ergy. Accordingly, the contact angle varies as dictated
by Young’s equation. It has been demonstrated that
the contact angle will increase with increased rough-
ness of a hydrophobic surface, whereas the contact an-
gle will decrease with increased roughness of a hy-
drophilic surface. This relationship was established by
Wenzel and referred to as Wenzel’s law [12, 13]. How-
ever, Young’s equation and Wenzel’s law can only be
used if the water droplet has complete contact with the
rough surface. In reality, the contact between water
and a hydrophobic rough surface cannot reach 100%
and some air bubbles will be trapped at the interface.
Consequently, the Young’s equation should be modified
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accordingly [14]:
€08 Orough = Dy(1 + €08 Oyrye) — 1 (1)

where ®; is the fraction of the solid surface in con-
tact with water, 6yougn is the nominal contact angle of
a rough surface, and 6y is the contact angle with no
trapped air bubbles. From this equation one can see
that two interfaces are attributed to the contact be-
tween a droplet and a rough surface. One is the inter-
face between the droplet and the solid surface, and the
other is the interface between the droplet and trapped
air bubbles. The more air trapped between the rough
surface and the water, the larger the contact angle
will be.

Significant research has been reported on the study
and synthesis of superhydrophobic surfaces that com-
bine self-assembled trifluoromethyl monolayers and
introduce surface roughness. Various techniques have
been developed for creating the desired surface rough-
ness. Examples include selective etching of grain
boundary phases [15], inclusion of nanoclusters [16],
using highly porous films [3, 17], and plasma-enhanced
chemical vapor deposition of films [18]. Superhy-
drophobic surfaces have also been synthesized by py-
rolysis of metal phthalocyanines, resulting in the for-
mation of highly porous carbon nanotube and nanofiber
films [6, 19, 20].

In this communication, we report a study on super-
hydrophobic silica surfaces based on roughness created
by assembling various nanostructure materials. The
objective of the present work is to relate the surface
structure with superhydrophobicity as indicated by
static and dynamic contact angles. Four different sur-
face structures were created (as shown schematically in
Fig. 1): (1) a smooth surface achieved by dip-coating
sol-gel films, (2) an assembly of uniformly sized
spherical nanoparticles, (3) a uniformly sized nanorod
array unidirectionally aligned perpendicular to surface
and (4) an open mesh of nanofibers lying parallel on
a substrate. All the surface structures are created on
a silica base material, which is subsequently covered
with a self-assembled monolayer of tridecafluoro-
1,1,2,2-tetrahydrooctyldimethylchlorosilane  (TFCS,
CF3(CF,)s(CH2)2(CH3),SiC).
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Figure 1 Schematically shows the four types of surface morphologies.
A'is smooth surface, B is assembly of uniformly sized spherical nanopar-
ticles, C is uniformly sized nanorod array unidirectionally aligned per-
pendicular to surface, and D is open mesh of nanofibers lying parallel
on substrate.

The smooth sol-gel coating (film A) was prepared
from a sol (sol A) consisting of linear oligomers
and formed a smooth surface upon removal of
the solvent. This sol was prepared by admix-
ing tetraethylorthosilicate (TEOS, Si(OC;Hs)4)
and  methacryloxypropyltrimethoxysilane  (MPS,
H,CC(CH3)CO,(CH;)3Si(OCH3)3) and an HCI cata-
lystatamolarratio of 95/5. First TEOS was partially hy-
drolyzed with a deficient amount of water and HCI in a
solution at a molar ratio of TEOS/MPS/EtOH/H, O/HCl
of 0.95:0.05:3.8:1:1.2x 1073 at 60°C and stirred for
90 min. Then more water and HCI was added into the
solution so that further hydrolysis and condensation
reactions could proceed at 60 °C for another 30 min.
The final sol had a molar ratio of TEOS/MPS/EtOH/
H,O/HCI of 0.95:0.05:3.8:5:4.8 x 1073. This method
follows the same procedure as described by Chan
et al. [21]. The film was made by dip-coating the sol
on a glass substrate (micro slides, VWR Inc.), using
a withdrawal speed of approximately 14 cm/min. The
glass substrates were cleaned in excess ethanol by
sonication for 10 min and rinsed with deionized water
before coating. After coating, the sample was dried un-
der ambient condition for 5 min and then heat-treated
at 110°C in air for 1 hr to remove the residual solvent.

The nanoparticle film (film B) was made from sol
B—a mixture of TEOS and ethanol with NH4,OH (30%
in water) as a catalyst. First 3 ml of NH4OH was added
into 50 ml of ethanol and stirred vigorously at 60 °C
for 30 min, then 3 ml of TEOS was added dropwise.
After 90 min of stirring the final sol B was obtained.
These prepared sols consist of monosized spherical sil-
ica nanoparticles approximately 100 nm in diameter
[22]. The film was made from the same procedure as
film A, i.e., dip-coating and low-temperature sintering.

The nanorod array film (film C) was made from the
same sol as that of film A, but the procedure used for
making the film was a template-based capillary force
approach. First, one drop of sol A was dropped on a
cleaned glass substrate. Next a polycarbonate mem-
brane consisting of pores 200 nm in diameter and 10 mi-
cron in length was placed on top of the sol. The sol
was drawn into the pores by capillary force and solidi-
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fied as the solvent evaporated. The filled membrane on
the glass substrate was subsequently heated to 110°C
in air overnight and then sintered at 500 °C in air for
1 hr to remove the polycarbonate membrane. The re-
sulting uniformly sized nanorod arrays adhered well to
the substrate and were almost unidirectionally aligned
perpendicular to the surface.

The nanofiber film (film D) was achieved through
electrospinning. In a typical procedure, 1 ml of
tetraethylorthosilicate (TEOS) was mixed with 1 ml of
acetic acid, 7 ml of ethanol, 2 ml of water, and 0.42 g of
poly(vinyl pyrrolidone) (PVP) (Aldrich, Mw = 1300,
000). The solution was stirred for 5 hr in a capped bottle
at room temperature before electrospinning. The elec-
trospinning procedure was similar to the one previously
reported by Dan Li [23, 24]. The PVP solution contain-
ing hydrolyzed TEOS was loaded into a plastic syringe
equipped with a 23-gauge stainless steel needle. The
needle was connected to a high-voltage power supply
(ES30P-5W, Gamma High Voltage Research Inc., Or-
mand Beach, FL). The feed rate of the solution was set
at 0.3 ml/hr using a syringe pump (KDS-200, Stoelt-
ing Co., Wood Dale, IL). The spin voltage was set at
7.5 kV. A piece of silicon wafer was placed 7.5 cm be-
low the tip of the needle to collect the nanofibers. The
collection time was 200 s. The as-spun nanofibers were
left in air overnight to allow the hydrolysis of TEOS
to complete. Finally, the PVP was selectively removed
from these nanofibers by treating them in air at 500 °C
for 1 hr. The resulting silica fibers are dense and ap-
proximately 100 nm in diameter.

The surface chemistry of all films was modified
with a self-assembled monolayer (SAM). Prior
to self-assembly, O, plasma etching was applied
to remove organic components from the surface
and to activate the surface sites through forma-
tion of hydroxyl groups after the material was
subsequently submerged in water. The SAM was
achieved by dipping all the films into a tridecafluoro-
1,1,2,2-tetrahydrooctyldimethylchlorosilane  (TFCS,
CF;(CF»)5(CH»)»(CH3),SiCl) hexane solution with
a concentration of 0.1 M. After 10 min the films
were taken from the TFCS solution and washed
with distilled water. The contact angle of distilled
water was measured at room temperature (25°C)
directly after self-assembly with a manual contact
angle goniometer (Model 100-00, Ramé-Hart, Inc.).
The pictures of the contact angle were taken by a
computerized microscope (QX3™, Digital Blue). The
surface morphologies were characterized by SEM
(JSM 5200, JEOL) and AFM (Digital Nanoscope I1I,
Veeco Metrology Group).

Fig. 2 shows the scanning electron microscopic
(SEM) surface morphologies of four different films,
which all closely mimic the schematic drawings pre-
sented in Fig. 1. For the sake of clarity and ease of
comparison, all four pictures have the same magnifica-
tion. Film A, made by dip-coating of a silica polymeric
sol, is very smooth even at high resolution. Such sol—-
gel derived silica coatings are fairly dense and have
pores inaccessible to nitrogen gas [21]. Film B is de-
rived from the packing of uniformly sized spherical
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Figure 2 Contact angles and surface morphologies of four silica films with TFCS self-assembly monolayer. A, B, C, and D are smooth surface,
nanoparticles surface, nanorods surface, nanofibers surface and their corresponding contact angles after self-assembly respectively.

silica nanoparticles. This method was first developed
by Stober [25]. Although the dip-coating process was
not optimized to ensure perfect coverage and an even
distribution of the close-packed monolayer, the film is
reasonably flat macroscopically with nanoparticles rel-
atively evenly dispersed and covering most of the sub-
strate surface. Film C consists of nanorod arrays aligned
almost perpendicularly to the surface. All the nanorods
have the same diameter ~200 nm and are almost in-
dividually dispersed. The density of the nanorods is
~10° nanorods per square centimeter as estimated from
the pore density of the membrane. The resulting gap
between adjacent nanorods is significantly greater than
that of the nanoparticle film. Film D is made by packing
the nanofibers lying on the surface of the substrate. The
largest gap between adjacent nanofibers exceeds 1 mi-
cron. Such a significant difference in surface morphol-
ogy is better discussed in terms of surface roughness.
The surface roughness of four films were denoted by
root mean square (RMS) roughness which was deter-
mined directly from an AFM roughness analysis and
summarized in Table I. The RMS of A is 0.5 nm, which
is nearly a smooth surface, and B is 15 nm. Because the
particles in film B are closed packed, the AFM tip can
only measure the roughness of the packing surface, and
can not go to the bottom of particles. This is the reason
why the observed surface roughness is much smaller
than the particle size which is ~100 nm. As for films C
and D, the roughness can not be measured accurately
because the surface roughness of these two is far greater
than that which can be determined by AFM. Not only

are the gaps between adjacent nanorods or nanofibers in
the micrometer range, but the differential height in these
two films also exceeds 1 um. However, AFM analyses
do indicate unambiguously that the roughness of film C
is smaller than that of film D, which corroborates very
well with the SEM observation.

Fig. 2 also includes optical micrographs of water
contact angles on four different nanostructured sur-
faces covered with a self-assembled TFCS monolayer
(TFCS SAM) and clearly shows that the contact an-
gle is strongly dependent on the surface morphology.
Table I summarizes the contact angles measured be-
fore and after self-assembly of the TFCS monolayer.
Prior to applying a TFCS SAM, all four films are
hydrophilic with contact angles ranging from 10° to
17°. This observation can be explained qualitatively by
Wenzel’s law; increased surface roughness is expected
toresultin a decreased contact angle when the surface is

TABLE I Comparison of four surface structure morphologies and
their corresponding contact angles

Films Bs (°) 9;‘ ©) RMS (nm) [N
A 17 118 0.5 1

B 15 145 15 0.34
C 14 152 150-300 0.22
D 10 160 300-500 0.11

Note. 6s: Contact angles before self-assembly; 9; : Contact angles after
oxygen plasma etching and self-assembly; ®g: fraction of the solid in
contact with water (calculated based on the 9;‘ ).
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hydrophilic and the surface chemistry is identical. The
difference in contact angle may also be attributed, at
least in part, to the different surface chemistry. Since
the initial silica precursors and other chemicals used in
making sol-gel films (spherical nanoparticles, nanorod
arrays, and nanofibers), were different, the chemistry of
all four different surfaces would vary when no further
thermal or chemical treatment was applied. However,
the surface should be rather similar after oxygen plasma
etching which removes all the organic components on
the surface and etches some surface layers of the sil-
ica, subsequently resulting in the formation of hydroxyl
groups on the surface when submerged into water. The
contact angles after oxygen plasma etching are smaller
than 2°, which is less than the detection limit.

All of the four films changed from hydrophilic to hy-
drophobic with static contact angles ranging from 118°
to 160° when a TFCS-SAM was applied to the surface.
The contact angles increased respectively in films A B,
C, and finally D. Such increased contact angles are in
accordance with the increased surface roughness. Hy-
drophobic surface, roughness will prevent water from
contacting the solid surface completely by trapping air
bubbles at the water—solid interface. From the static
contact angle, the fraction of solid surface in complete
contact with water, @y, is calculated using Equation 1,
and the results are also included in Table I. One can
see that ®; decreases in the order of A > B > C >
D films, which is in good qualitative agreement with
the surface roughness as determined by AFM. An in-
creased surface roughness results in a reduced con-
tact area between solid and water due to an increase
in air bubbles trapped at the interface, thus leading to
increased static contact angles. This observation is in
good agreement with the literature. For example, car-
bon nanotube and nanofiber films are reported to have
achieved contact angles higher than 170° [6, 19, 20].
It should be noted that the present research is focused
on the demonstration and comparison of the hydropho-
bic properties of various nanostructured surfaces. The
optimization and formation of surface roughness and
self-assembled monolayers are all expected to further
improve the contact angles, but are beyond the scope
of this communication.

A water droplet on a surface with a large static contact
angle may remain pinned until the surface is tilted to a
significant angle, and the difference between dynamic
contact angles (advancing 84 and receding 6r contact
angles) presents a clear indication of how stable the
water droplet is on that solid surface. The contact angle
hysteresis is more important in determining hydropho-
bicity than the maximum achievable static contact angle
[1]. The following equation describes the force needed
for a water droplet to start moving over a solid surface
[26]:

F = yy(cosOg—cosf4a) )

where yLy is the water surface tension. Table Il presents
the results from our further study of contact angles 94
and 6r for these four different hydrophobic films as
well as the forces calculated from the dynamic contact
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TABLE II Comparison of advancing and receding contact angles and
force needed for a water droplet to start moving over a solid surface

Films 0a (°) NG F (mN/m)
A 125 85 54.43
B 150 113 34.60
C 156 123 26.83
D 165 120 33.91

Note. O5: Advancing contact angles after self-assembly (SA); 6r: Re-
ceding contact angles after SA.

angles. Advancing and receding contact angles were
measured with the dispensing needle embedded in the
sessile drop. Water was continuously supplied to the
drop through the embedded needle until the sessile drop
reached the maximum volume allowable for the liquid—
solid interfacial area. At this point, any additional water
would make the drop expand and increase the liquid—
solid interfacial area. This contact angle is the advanc-
ing contact angle. As for the receding contact angle,
water was removed from the drop until the liquid—solid
interfacial area decreased. One can clearly see from
the table that both advancing and receding angles in-
creased in the same order as that of static contact an-
gles, i.e., both advancing and receding contact angles
increased with an increased surface roughness. How-
ever, the forces required to dislodge the water droplet
varied in a slightly different pattern. The force required
to move the water droplet on film A was more than
twice of that of film C. The most noticeable difference
is that film C has a smaller force than that of film D,
though film D has a larger static, advancing, and reced-
ing contact angle than that of film C. This observation
may be attributed to the different surface structures.
The surface structures of the four films presented in
this study can be divided into two groups: one surface
is discontinuous in two dimensions and is formed by
isolated building blocks (films B and C) without con-
nection at the top of the surface, and the other pos-
sesses one or two dimensional continuity (film A with
two dimensional continuity and film D with one dimen-
sional continuity). In the cases of films B and C, when
a water droplet rests on the surface, it is impossible
to form a continuous contact line between liquid and
solid. However in the case of film D, the surface con-
sists of nanofibers lying parallel, and thus the liquid—
solid contact is semi-continuous. This kind of continu-
ous line can deviate from a circular shape as the droplet
size increases to maximize contact with the solid and
minimize the non-contact length. The result is the hys-
teresis effect of the surface which is an indicator of the
larger difference between advancing and receding con-
tact angles [27]. For a continuous contact line, when the
volume of the drop is increased to advance the contact
line, the drop will remain pinned until the contact an-
gle is close to 180°, at which point the drop will jump
from one metastable state to another. For a discontin-
uous contact line, the drop will not remain pinned (in
a metastable state) and would move spontaneously on
the surface by small incremental advances and reces-
sions with no contact angle hysteresis [27]. In film C,
because of discontinuous structure there is little or no



difference in energy between different states; thus there
are no stable metastable states. As a result the force
needed to let the droplet slide down is much smaller
than that of film D.

In summary, four different kinds of silica-based sur-
face morphologies have been synthesized by the as-
sembly of various nanostructured building blocks and
their respective hydrophobicity has been studied. Sur-
faces consisting of a nanofiber mesh demonstrated the
highest static contact angle when covered with TFCS
monolayers. However, surfaces consisting of nanorod
arrays possesse the best dynamic hydrophobicity due
to their discontinuous surface structure.
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