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Superhydrophobic nanocomposite coatings were fabricated by incorporating hydrophobically modified silica (HMS) nanoparti-
cles in polytetrafluoroethylene (PTFE) emulsion. Hydrophobicity of the coating was dependent on the concentration of HMS.
Coatings containing optimum amounts of PTFE and HMS exhibited superhydrophobic property with high water contact angle
(WCA) of 165◦ and low sliding angle <2◦. Scanning electron microscopic (SEM) studies have shown a binary surface topography
composed of microbumps and nanoscale granules. The synergistic effect of the micro-nano-binary structure and low surface
energy of PTFE was responsible for the superhydrophobicity of the coating. The method is simple and cost-effective and can be
used for preparing self-cleaning superhydrophobic coatings on large areas of different kinds of substrates like glass, metal, and
composites.

1. Introduction

Superhydrophobic (SH) surfaces have attracted a lot of
attention because of their unique properties such as
self-cleaning, antisticking, and anticontamination [1–10].
Although research on water-repellent surfaces began many
decades ago, it was only recently a lot of papers on
superhydrophobicity appeared in the literature especially
after the micro-nano-binary microstructure of lotus leaf
was studied [5]. Some of the recent reviews describe the
rapid progress in the preparation of SH surfaces and their
functional applications and also on the theory relating
roughness and wettability [1–4]. The hydrophobicity of
solid surfaces is influenced both by the presence of binary
geometric structures at micronanometer scales and the
chemical composition [6]. Therefore, SH surfaces can be
prepared either by creating roughness on the surface of low
surface energy materials or by lowering the surface energy of
a rough material.

Fluorinated polymers are of special interest in the
creation of superhydrophobic surfaces due to their extremely
low surface energies [7–20]. Among the fluorocarbons,
polytetrafluoroethylene (PTFE) is widely used as coatings

for antiadhesion agents and chemical insulators because
of its very low surface energy. However, many fluorinated
materials have not been used directly because of their limited
solubility but linked or blended with other materials to
make SH surfaces. Roughening these polymers in different
ways leads to superhydrophobicity directly. For example,
Peng et al. have obtained a highly hydrophobic porous
polyvinylidene fluoride (PVDF) by using a modified phase
inversion method [7]. PTFE surfaces show hydrophobic and
oleophobic characteristics. The hydrophobic properties of
PTFE are caused by the fluorination of the carbon bonds.
Water contact angles (WCAs) on smooth PTFE are found
to be about 100 to 110◦. The hydrophobic properties of
PTFE are caused by the fluorination of the carbon bonds.
Unfortunately, PTFE is difficult to handle because of its
insolubility, viscosity, and melt strength.

Several different approaches were tried to prepare
superhydrophobic PTFE surfaces [8–15]. Zhang et al. have
reported a simple way to achieve an SH film by stretching
a PTFE film [8]. The extended film consisted of fibrous
crystals with a large fraction of void space in the surface
which was believed responsible for the superhydrophobicity.
Recently, SH surface has been created using PEEK/PTFE
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composite coating and the topographical microstructures
are controlled by adjusting the curing temperature [9]. The
microstructure is controlled by curing temperature, and
superhydrophobic surface is obtained when the coating is
cured at 300◦C. The surface consisted of fibrous crystals
with a large fraction of void space. SH surface with WCA
of 167◦ was obtained by electrospraying of an aqueous
suspension containing 60% PTFE with particles ranging
from 0.05 to 0.5 µm on FTO-doped glass [10]. SEM shows
the typical rough micro-/nanostructure required for SH.
Heat treatment and deposition time were critical factors to
attain superhydrophobicity. Lau et al. obtained CNT forest
coated with PTFE using a hot filament CVD process which
has shown high WCA [11]. Minko et al. have reported
oxygen plasma treatment of PTFE for the fabrication of SH
surfaces with WCA of about 160◦ without CA hysteresis
[12]. Fluorocarbon coatings have also been deposited by RF
plasma treatments [13–16]. Sarkar et al. have shown that
the presence of −CF3 radicals along with −CF2 radicals in
the ultrathin rf-sputtered Teflon films contributed to the
lowering of the surface energy on the SH aluminum surfaces
[14].

A simple method to prepare SH surface is by introducing
roughness to a hydrophobic surface with WCA > 90◦.
In many of the reported methods for the preparation of
SH coatings, fluoroalkylsilanes are either incorporated in
the coating or applied as a topcoat in order to decrease
the surface energy [17–19]. Nanosilica particles have been
employed to create roughness on different substrates, and
superhydrophobicity was achieved by subsequent fluo-
roalkylsilane coating [17, 18]. SH properties of polymer-
based nanocomposite coatings prepared by dispersing nano-
CaCO3 in PVDF have been reported [19]. Our previous
studies have shown that polyvinylidene difluoride (PVDF) or
sol-gel can be used as a binder matrix to prepare composite
coatings with SH property [20, 21]. Even though PTFE has
lower surface energy than PVDF, it is difficult to prepare
coatings with it due to its low adhesion to surfaces and
limited solubility in solvents.

In the present work, PTFE-based nanocomposite coat-
ings were prepared by incorporating HMS nanoparticles
in PTFE emulsion. The concentrations of PTFE and HMS
were optimised to achieve superhydrophobic property. Spray
coating was selected for applying the coating because of
its advantages for preparing coatings of desired thickness
with minimum wastage of solution. Therefore, it is a facile
approach for creating superhydrophobic and self-cleaning
surfaces.

2. Experimental

Commercial grade PTFE emulsion, Nimuflon F, was pur-
chased from Grauer and Weil, India. Hydrophobically mod-
ified silica (HMS) was procured from M/s ABCR GmbH,
Germany. These particles are highly hydrophobic in nature
as they are treated with hexamethyldisilazane (HMDS) and
have particle size of 0.02 micron (as per the specifications
given in the Gelest catalog).

Dimethylformamide (DMF) and toluene were purchased
from Sigma Aldrich. PTFE solution (20 wt%) was prepared
by mixing 2.0 g PTFE emulsion in 10 mL DMF to get a
homogeneous solution. To prepare PTFE-HMS composite
coating, a known amount of HMS silica was dispersed in
DMF by ultrasonication for 15 min, mixed with 2.5 mL PTFE
solution, and magnetically stirred for 1 h till a homogenous
mixture was obtained. The mixture was transferred to a spray
gun and sprayed on to clean dry glass slides or aluminium
coupons or other substrates using compressed air pressure of
20± 5 psi. Spraying was done in a number of passes until the
surface was covered with a film of uniform thickness. The
coating was dried at room temperature for 24 h and heated
at 100◦C for 1 h to expel trapped solvents. For comparison,
a smooth PTFE film was prepared by solution casting PTFE
solution on a glass slide.

WCA values of the films were measured by sessile drop
method using a Contact Angle Analyzer model Phoenix 300
Plus from M/s Surface Electro Optics, South Korea. Tangent
fitting mode was used in this instrument to determine CA
values. The water droplet used for measurements was 8 µL.
Five measurements at five locations on the film surface were
taken, and the mean value was reported. The uncertainty in
measurements of WCA was about ±2◦. The contact angle
hysteresis (CAH) of the films was obtained by dynamic
CA measurements, as the difference between advancing
contact angle and receding contact angle. Sliding angle
(SA) measurements were made using a simple instrument
fabricated in our laboratory which consisted of a smooth
and planar platform on which the sample was fixed. The
angle at which the drop slides can be measured by means of
a protractor attached to the instrument. The maximum SA
that can be measured using this instrument was 90◦. Milli-
Q water was used for WCA and SA measurements. Surface
morphology of the composite coatings was examined using
LEO 440I scanning electron microscope. Surface roughness
of the coatings was measured by a roughness profilometer,
model Talysurf Intra from Taylor Hobson. Thickness of
the films was measured using Digimatic Micrometer, model
Mitutoyo 293–805, and was found to be in the range of 10 to
15 µm.

3. Results and Discussion

HMS is hydrophobically modified nanosilica in which the
surface hydroxyl groups are replaced by methyl groups by
treatment with hexamethyldisilazane. Figure 1 shows the
FESEM image of a dispersion of HMS in which the size of
individual nanoparticles was seen to be in the range of 20 to
30 nm.

WCA of a smooth PTFE film was about 110◦ which
indicates the hydrophobic nature of PTFE. The weight % of
PTFE solid in PTFE emulsion was determined by heating
1.0 g PTFE emulsion at 100◦C till constant weight was
obtained. It was found that PTFE emulsion contains 67%
solid. For calculation of the weight % of HMS nanosilica in
PTFE-HMS composite coating, the weight of solid PTFE in
the coating was used. The effect of the concentration of HMS
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Figure 1: FESEM image of ultrasonicated HMS nanoparticles;
magnification, 100 kX.
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Figure 2: Effect of the concentration of HMS nanosilica on WCA of
PTFE-HMS nanocomposite coatings. Insets show images of water
drop on the films.

nanosilica on the hydrophobicity of PTFE-HMS composite
coating was studied. The results are shown in Figure 2. It was
found that WCA increased with increase in concentration
of HMS nanoparticles in the coating. Superhydrophobic
property with WCA > 150◦ was obtained at HMS con-
centrations ≥13%. When HMS concentration was ≥23%,
WCA increased 160◦and SA decreased to <5◦ so that water
drops rolled off the surface. Maximum superhydrophobicity
with a WCA of 165◦ and SA of <2◦ was achieved at HMS
concentrations >30%. The insets in Figure 2 show images
of water droplet on PTFE-HMS composite coatings with
different nanosilica concentrations.

The surface morphology of PTFE-HMS composite coat-
ing was examined by using scanning electron microscopy
(SEM). Figure 3 shows SEM images of the composite coat-
ings with two different HMS concentrations. It can be seen
that the coatings were free from cracks and had a lotus-
leaf-like microstructure with microscale bumps and clusters.
These may be aggregates of HMS nanoparticles. SEM images

at higher magnification exhibited tiny particles of 50 to
200 nm size and also pores of similar size. Similar aggregates
of spherical particles have been reported earlier in the
case of electrosprayed PTFE coatings [10]. At higher HMS
concentrations (37%), the spherical particles appeared to be
merged together but pores of 50 to 100 nm were present.
Thus the surface morphology showed a dual micro-nano-
structure. Hsieh et al. have proposed that water droplets
cannot penetrate easily into micropores on a repellent
surface, and therefore, rough surfaces with a high fraction of
micropores enhance superhydrophobicity [22]. This is found
to be true in the case of PTFE-HMS nanocomposite coatings.

The surface roughness profiles of two PTFE-HMS coat-
ings with nearly same thickness of 10 µm and HMS silica
concentrations of 23% and 37% are shown in Figure 4. The
average roughness (Ra) values for both coatings were in
the same range, 0.69 µm for the coating with 23% silica
and 0.65 µm for the coating with 37% silica. Thus it was
found that surface roughness was not much influenced by
silica concentration. However, Ra values for thicker coatings
(20 µm) were found to be higher.

The surface microstructures of PTFE-HMS coatings were
rough with pores and clusters of nanoparticles. On such
a binary micro-nano rough structure, water drops were
suspended with trapped air between water and the rough
microstructure which is the composite state according to
Cassie’s model [23]. The apparent CA (θc) of a drop on a
rough surface is given by Cassie’s equation

cos θc = f1(cos θe + 1)− 1, (1)

where f1 is the surface area fraction of the solid and θe is
the equilibrium CA. PTFE is a hydrophobic material, and
a flat smooth film shows a WCA (θe) of about 110◦. The
surface area fraction of the solid, f1, was calculated using
(1) by substituting for θe = 110◦ and θc = 165◦ and found
to be 0.052. This low value of f1 indicates that a lot of air is
trapped under the water drop. Thus the coatings exhibited
superhydrophobicity due to the combined effect of micro-
nanostructure and the low surface energy of PTFE and HMS
particles. The large number of methyl groups on the surface
of HMS particles lowered the surface energy.

The usefulness of a superhydrophobic coating is deter-
mined by its stability. The PTFE-HMS coatings had good
stability when stored under ambient conditions. WCA and
SA remained unchanged even after several months. Further,
a simple water immersion test was carried out to assess
the stability of SH property of the PTFE-HMS composite
coating. A minimum requirement for the usefulness of an SH
coating is that the surface should retain its water repellent
properties on contact with the medium itself. Zimmerman
et al. have reported the effect of water immersion on WCA
and SA of SH surfaces made of silicone nanofilaments [24].
Therefore, the coatings were immersed in milli-Q water,
taken out periodically at regular intervals, dried at room
temperature for 1 h, and WCA and SA were measured. The
results are shown in Figure 5 for the coating containing
37% HMS silica. It was found that the composite coating
retained superhydrophobicity even after immersion in water
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Figure 3: SEM images of PTFE-HMS nanocomposite coatings containing different concentrations of nanosilica; (a) and (b) 23%, (c) and
(d) 37%; magnifications (a) and (c) 500 X; (b) and (d) 6.0 kX.

5

4

3

2

1

0

−1

−2

−3

(millimetres)

(m
ic

ro
m

et
re

s)

34.7 34.9 35.1 35.3 35.5 35.7 35.9 36.1 36.3 36.5
−4

(a)

(millimetres)

3.1 3.3 3.5 3.7 3.9 4.1 4.3 4.5 4.7 4.9

5

4

3

2

1

0

−1

−2

−3

(m
ic

ro
m

et
re

s)

(b)

Figure 4: Surface roughness profiles of PTFE-HMS coatings with (a) 23% and (b) 37% HMS nanosilica.

for about 100 h. WCA of the film remained >150◦ but an
increase in SA from 1◦ to 18◦ was observed after 100 h
of immersion. Therefore, a slight tilting of the surface was
needed for the water drops to roll. The increase in sliding
angle may be due to surface defects and inhomogeneities.
It is presumed that hydrophilic defects on the surface are
generated during immersion that lead to an increase in SA
without influencing the static contact angle [24]. The coating
regained the SH property after drying at room temperature.
This high stability of water repellency can be attributed not
only to the rough porous microstructure but also to the low
surface energy of hydrophobic silica and PTFE. Water could

not penetrate into the air gaps in the micropores and crevices
on the rough surface of the coating. It was also found that
coatings with higher HMS concentration (31% and 37%)
showed better water immersion stability than coatings with
lower HMS content (13% and 23%).

The effect of thermal treatment on the wettability of the
PTFE-HMS coating containing 37% HMS nanosilica was
studied. The films were heated at different temperatures, 100,
150, 200, 250, 300, and 350◦C for 1 h, and WCA values were
measured at room temperature after each heat treatment.
The results are shown in Figure 6. It was found that the
coating retained SH property after heating up to 300◦C and
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Figure 5: Effect of water immersion time on WCA and SA of the
PTFE-HMS nanocomposite coating.
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Figure 6: Effect of heat treatment on WCA and SA of the PTFE-
HMS nanocomposite coating.

water drops rolled on the surface of the coating. However,
after heat treatment at 350◦C for 1 h, WCA decreased to
125◦ and SA increased to >90◦, and water drops wetted
the coating surface. Thus superhydrophobic PTFE-HMS
coatings displayed good thermal stability up to 300◦C.

4. Conclusions

A facile approach for the fabrication of superhydrophobic
coating by incorporating hydrophobically modified silica
particles in PTFE matrix is described. The synergistic effect
of the presence of micro-nano-binary microstructure as
revealed by scanning electron microscopy (SEM) together
with the low surface energy of PTFE renders the nanocom-
posite coatings highly superhydrophobic. The method is

simple and cost-effective and can be used for preparing self-
cleaning superhydrophobic coating on large areas of different
kinds of substrates for practical applications.
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