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ABSTRACT: Superoleophobic surfaces possessing static contact angles greater than
1408 with organic liquids are extremely rare. A simple approach has been developed
to fabricate an extremely superamphiphobic coating material based on fluorinated
silica nanoparticles resulting contact angles of water and diiodomethane at 167.58
and 158.68, respectively. The contact angle of diiodomethane at 158.68 is substan-
tially higher than the highest literature reported value we know of at 1108. In addi-
tion, this developed film also possesses extremely high contact angles with other or-
ganic liquids such as soybean oil (146.68), decahysronaphthalene (142.58), diesel fuel
(140.48), and xylene (140.58). This developed superamphiphobic organic–inorganic
hybrid film possesses unique liquid repellency for both water and organic liquids
that can be used as functional coatings on numerous substrates by a simple coating
process. VVC 2008 Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys 46: 1984–1990, 2008
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INTRODUCTION

Liquid repellency is an important property for a
solid surface in many industrial and biological
applications.1–6 Lotus leaves naturally repel
water and have inspired development of many
synthetic water-repellent surfaces. Numerous
studies have suggested that the superhydrophobic
character of the lotus leaf surface is attributable
to a combination of surface chemistry and rough-
ness on multiple scales. However, a liquid with a
markedly lower surface tension spreads rapidly
across the lotus leaf leading to a contact angle of

� 08,7 and there are few approaches to fabricate
superamphiphobic surfaces.8 The wettability of a
surface is determined by a combination of its
chemical properties and topographical microstruc-
tures. The chemical modification of a surface can
alone lead to water contact angles of up to 1208 by
using fluoropolymeric coatings or silane layers.9

However, it is still insufficient to produce a super-
amphiphobic surface, which usually requires the
contact angles of water larger than 1508. One
method to improve the liquid repellency of a sur-
face is to combine a suitable chemical structure
(low surface energy) with a topographical micro-
structure (roughness). Previous attempts included
preparing a fractal surface,10 plasma treating
polymer surfaces,11,12 functionalizing roughened
substrates with perfluoroalkyl groups,13 prepar-
ing gel-like roughened polymers through solvent
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processing,14 phase separating polymer blends,15

densely packing aligned carbon nanotubes,16–18

self-assembling monolayers of n-alkanoic acids on
electrochemical deposition copper films,19 and
other approaches.20

Because of its mild operative conditions, sol-gel
process21 has been employed to prepare the inor-
ganic network from liquid precursors such as
metal alkoxides and organic oligomers, preferably
with suitable reactive groups. In fact, the covalent
bonding between organic and inorganic compo-
nents can lead to the formation of a crosslinked
structure in which the organic and inorganic moi-
eties are phase separated on a micro- or nano-
scale, but the resulting material is macroscopically
uniform. Perfluoropolyether-based organic–inor-
ganic hybrids prepared by sol-gel process possess a
strong hydrophobic and oleophobic character and
have been applied as functional coatings onto glass

substrates.22 However, there are few reports that
have revealed the superamphiphobic character for
organic–inorganic hybrids prepared from sol-gel
reaction. In this context, we discovered that the
silica nanoparticles prepared by sol-gel process
modified with 1H,1H,2H,2H-perfluorodecyltrie-
thoxysilane (PFTS) possessing extremely super-
amphiphobic character. In addition, these fluori-
nated silica nanoparticles can be used as functional
coatings to prepare water- and oil-repellent glasses
or other substrates by simple coating process.

EXPERIMENTAL

Materials

All chemicals were used as received. Tetraethoxy-
silane (TEOS) was supplied by the Aldrich

Scheme 1. Preparation of the fluorinated silica nanoparticle. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 1. Relation between silica nanoparticle size
and sol-gel reaction time.

Figure 2. Hydrodynamic diameter distribution of
the silica nanoparticle after being fluorinated. [Color
figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Chemical Company. PFTS was supplied by the
Degussa Chemical Company. Isopropyl alcohol
(IPA) and ammonium hydroxide (28 wt %) were
supplied by the Tedia Chemical Company.

Preparation of Fluorinated Silica Nanoparticles

About 2.0 g of TEOS were added to 21 mL IPA
and mixed until a homogeneous solution was
obtained. Then 0.8 g ammonium hydroxide (28 wt
%) was added under vigorous stirring and
refluxed at 60 8C. Finally, PFTS was added to ter-
minate the reaction until the time of sol-gel reac-
tion was 100 min.

Fabrication of Super-Amphiphobic Surfaces

Superamphiphobic coating on a glass slide was
performed through spin-coating process. Fluori-
nated silica nanoparticles dispersed in IPA as 10
wt % mixture was spin-coated on a glass slide
(100 � 100 � 1 mm3) at 1500 rpm for 45 s.

Dynamic Light Scattering

The size and distribution of silica nanoparticles
and fluorinated silica nanoparticles were meas-
ured by dynamic light scattering (DLS). DLS
measurement was performed on a Brookheaven
90 plus model equipment (Brookheaven Instru-
ments Corp., USA) with a He-Ne laser with a
power of 35 mW at 632.8 nm. The temperature
was controlled at 20 8C, and the measurement
was done at an angle of 908.

Scanning Electron Microscopy

The microstructure of the fluorinated silica nano-
particle films was characterized using a JOEL
JSM 6500-F scanning electron microscopy (SEM)
instrument.

Atomic Force Microscopy

Atomic force microscopy (AFM) images were
acquired using a Veeco MultiMode scanning probe
microscope. Damage to both the tip and the sam-
ple surface was minimized by employing the AFM
in the tapping mode. The values of root-mean-
square (rms) roughness were calculated over scan
area of 10 lm � 10 lm.

Fourier Transform Infrared Spectroscopy

All infrared spectra were recorded at using a
Nicolet Avatar 320 Fourier transform infrared
spectroscopy (FTIR) spectrophotometer, 32 scans
were collected with a spectral resolution of 1
cm�1. Infrared spectrum of the polymer film was
determined with the conventional potassium bro-
mide (KBr) plate method. The sample was pre-
pared by casting the IPA solution directly onto a
KBr plate.

Electron Spectroscopy for Chemical Analysis

Chemical composition in the substrate surface
was analyzed using a VG Scientific Microlab 310F
spectrometer using a monochromatic Al Ka X-ray
source (1486.6 eV photons) and the vacuum in the
analysis chamber was maintained at about 10�9

Torr or lower.

Contact Angle Measurement

The static contact angles of the fluorinated silica
nanoparticle films were determined by contact
angle goniometry at 25 8C using a Krüss GH-100
goniometer interfaced with image-capture soft-
ware by injecting a 5 lL liquid drop. To obtain
reliable contact data, at least three droplets were
dispensed at different regions of the same piece of
film, and at least two pieces of film were used to
obtain reliable contact angle data.

Figure 3. The infrared absorption spectra of the (a)
1H,1H,2H,2H-perfluorodecyl-triethoxysilane and (b)
the silica gels with treatment of 1H,1H,2H,2H-per-
fluorodecyltriethoxysilane.
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RESULTS AND DISCUSSION

The process of preparation of fluorinated silica
nanoparticles is shown in Scheme 1 and the DLS
and FTIR were carried out to confirm the charac-
ter of the fluorinated silica nanoparticle. The rela-
tionship between the average silica nanoparticle
size and sol-gel reaction time is shown in Figure
1, the silica nanoparticle size increases as sol-gel
time is increased. After the addition of the PTFS
to terminate sol-gel reaction, the sizes of the fluo-
rinated silica nanoparticles are found at 165 nm

as shown in Figure 2. The multifunctional groups
of the terminal agent induce some aggregation of
those fluorinated silica nanoparticls; therefore,
the size of the fluorinated silica nanoparticles is
significantly larger than the original silica nano-
particles. Figure 3 shows the infrared absorption
spectra of the (a) PFTS and (b) the silica gels
treated with PFTS. According to previous
report,23 absorption peaks at 1000–1400 cm�1 are
attributed to the fluorocarbon molecules, the
bands at 3200–3800 cm�1 are assigned to silanol
groups, and the bands below 1100 cm�1 are

Figure 4. Liquids on fluorinated silica nanoparticle film (a) 5 lL water, (b) 5 lL
diiodomethane optical images of liquids, (c) water, (d) diiodomethane.

Figure 5. Five microliter liquids on fluorinated silica nanoparticle film (a) decahy-
dronaphthalene, (b) soybean oil, (c) diesel fuel, (d) xylene and optical images of
liquids, (e) decahydronaphthalene, (f) soybean oil, (g) diesel fuel, (h) xylene.
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attributed to the vibrations of both SiAOASi
bonds and polyfluorocarbon chain. From Figure 3,
it is obvious that the silica gels are coated with
PFTS.

Static contact angle analyses were applied to
characterize the hydrophobicity and oleophobicity
of the organic–inorganic hybrid film. As shown in
Figure 4, the static contact angles of water and
diiodomethane are 167.58 and 158.68 (sliding
angles were less than 38). According to previous
reports,22,24 the highest static contact angles for
water and diiodomethane for thin films prepared
by sol-gel process are 146.88 and 1108. In addition,
the static contact angles of other organic liquids,
soybean oil, decahydronaphthalene, diesel fuel,
and xylene are 146.68, 142.58, 140.48, and 140.58
as shown in Figure 5. Contact angle measure-
ments reflect the characteristics of the interface
between coating film and the probe liquid, includ-
ing both thermodynamic interactions and surface
roughness. Thermodynamic interactions are
related to the composition of the surface but con-
tact angle analysis does not give direct informa-
tion about relative concentration of different
atoms; therefore, an independent evaluation of

Figure 6. ESCA spectrum of the fluorinated silica
nanoparticle film.

Figure 7. SEM images with different magnification of fluorinated silica nanopar-
ticle film. (a) 1 k, (b) 5 k, (c) 30 k, (d) 50 k.
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surface characteristics of the hybrid material was
obtained by electron spectroscopy for chemical
analysis (ESCA) analysis to elucidate the compo-
sition of the outermost layer (2–3 nm) of the coat-
ings. Figure 6 shows ESCA overview scan on the
fluorinated silica nanoparticle hybrid film. The
calculated relative elemental contents are
C(1s):O(1s):F(1s):Si(2p) ¼ 37:19:13:31, implying
that a strong surface enrichment of organic phase
with respect to the inorganic silica phase (Si and
O atoms). It has been reported and accepted that
the low surface energy behavior of a fluoro-con-
taining polymer is caused by segregation of the
fluorinated segment on the surface and thus cre-
ates a hydrophobic surface. As a result, the sur-
face of silica nanoparticle modified by PFTS (the
C% and F% for fluorinated silica nanoparticle
were 37 and 31%) display the unique hydropho-
bicity and olephobicity behavior.

The topographical microstructure of a surface
is the other important factor to affect the wettabil-
ity of a surface in addition to its chemical proper-
ties. Combination of a suitable chemical structure
(surface energy) with a topographical microstruc-
ture (roughness) leads to the static contact angles
of this organic–inorganic hybrid film greater than
1508. From SEM images shown in Figure 7, this
superamphiphobic surface gives a rough surface
possessing both micro- and nanoscale binary
structures. The root-mean-square roughness of
this fluorinated silica nanoparticle film is 280.1
nm calculated from AFM image as shown in Fig-
ure 8. Combined micro- and nanoscale binary
structures and chemical composition, the static

contact angles for hydrophilic and hydrophobic
liquids are larger than 1408 with sliding angles
less than 38.

CONCLUSIONS

A simple method has been developed to modify
the surface of silica nanoparticles with PFTS
using sol-gel process. The coated film of this or-
ganic–inorganic hybrid possesses unique liquid
repellency for water, diiodomethane, soybean oil,
decahydronaphthalene, xylene, and diesel fuel.
Furthermore, this extremely superamphiphobic
film can be prepared by simple coating process,
which could have an impact on a wide range of
phenomena, including biofouling by marine
organisms, loss of self-cleaning ability of plant
leaves in polluted waters, and swelling of elasto-
meric seals and O-ring.
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