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Controllable superhydrophobic and lipophobic properties
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Abstract

Using the polystyrene (PS) colloidal monolayers as templates, ordered indium oxide pore array films with different morphologies were prepared
by sol-dipping method. These porous films took on hydrophilicity, however, after chemical modification, such pore array films displayed both
superhydrophobicity and lipophobicity due to rough surface and low surface free energy materials on their surfaces. Interestingly, with increase of
the pore size in the films, the superhydrophobicity could be controlled and was gradually enhanced due to the corresponding increase of roughness
caused by nanogaps produced by the thermal stress in the annealing process with increase of film thickness.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Surface wettability is an important index depending on two
factors: the chemical property and the geometrical micro- or
nanostructure of surface materials. Superhydrophobic (water
contact angle >150◦) and lipophobic surfaces have many ap-
plications in fundamental research and practical uses, including
self-cleaning surfaces, the prevention of the adhesion of snow,
fog, raindrops and other contamination to antennas and win-
dows, antioxidation, microfluidic devices, etc. [1–3]. The lotus
effect, a self-cleaning effect of the lotus leaf reveals that such
property is attributed to both the enough roughness and low
free energy materials on its surface [4,5]. Based on these facts,
various techniques have been developed to fabricate the su-
perhydrophobic surfaces, such as a rough polymer surface by
argon plasma etching [6], a hierarchical micro/nanostructured
film by the wet chemical method [7], ZnO films by chemi-
cal vapor deposition [8], a binary structure by colloidal as-
sembly [9], and a transparent boehmite/silica film by sublima-
tion [10], superhydrophobic rough surfaces by electrochemical
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deposition [11], polymer patterns by the polymerization on the
etched silicon substrate [12], stable bionic superhydrophobic
surfaces by solution-immersion process [13] and porous films
by electron irradiation or template techniques [14]. Generally,
the fluorocarbon compounds, low surface free energy materials,
are introduced to make material surfaces water or oil repellent.
Using the fluorocarbon compounds, several superhydrophobic
and lipophobic surfaces have been prepared, including rough
polymer films [15], a carbon nanotube film [16], an anodically
oxidized aluminum surface [17], etc. In this work, the mor-
phologies of indium oxide macropore array films by sol-dipping
colloidal monolayer template method significantly changed and
became much rougher with increase of pore size. After chemi-
cally modified by a kind of fluoroalkylsilane, we found super-
hydrophobic and lipophobic properties of such pore array films.
Importantly, the superhydrophobicity can be well controlled by
changing the periodicities of colloidal monolayers and the su-
perhydrophobicity increases with increase of sphere size.

2. Experiments

Ordinary glass or silicon substrates were ultrasonically
cleaned in acetone and then in ethanol for 1 h, polystyrene
sphere (PS) (4.5, 2.0 and 1.0 µm in diameter) suspensions
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(2.5 wt% in water, surfactant-free) were purchased from Alfa
Aesar Company and standard deviation of the diameter for the
PSs with different sizes is less than 5%). The colloidal mono-
layer with a large area of 1 cm2 was fabricated on the cleaned
substrate by spin coating on a custom-built spin coater [18].
The monolayer colloidal crystals were formed based on self-
assembly process induced by a capillary force between neigh-
boring PSs on the substrate with a smooth and hydrophilic
surface. The preparation of indium oxide pore array films was
described as following. Briefly, the In(OH)3 precursor sols were
prepared by following steps: NH3·H2O solution was added into
the 0.5 M InCl3 solution slowly until the In(OH)3 precipitated
completely. The In(OH)3 precipitate was rinsed several times
with Millipore water until all Cl− ions were removed. A certain
amount of the In(OH)3 powder was dispersed in 0.25 M nitric
acid and its pH value was controlled at 2.4–2.5 by gradually
adding NH3·H2O solution [19]. We thus obtained stable, homo-
geneous, and translucent precursor sols and average sol particle
size was 23 nm determined by TEM. A droplet of precur-
sor sol was then dropped onto the colloidal monolayer, which
could infiltrate into the interstices between the substrate and the
colloidal monolayer, followed by drying at 110 ◦C and ultra-
sonically washing in methylene chloride (CH2Cl2) for 2 min to
remove the template. Finally, the sample is annealed in air at
400 ◦C for 1 h for the decomposition of In(OH)3 into In2O3.

For chemical modification with low surface free energy ma-
terials, the as-prepared samples were immersed in a methanol
solution of 1.0 wt% (heptadecafluoro-1,1,2,2-tetrahydrodecyl)
triethoxysilane (ABCR GmbH & Co., KG, Germany) (mole-
cular formula: CF3(CF2)7(CH2)2Si(OCH2CH3)3) for 8 h and
subsequently dried at 50 ◦C for 30 min.

The synthesized samples were characterized by field emis-
sion scanning electronic microscopy (FE-SEM) (JEOL 6700).
X-ray diffraction (XRD) was performed on a Philips X’Pert
using the CuKα line (0.15419 nm). Transmission electron mi-
croscopy (TEM, JEM-200CX) was used to measure the precur-
sor sol particle size. The X-ray photoelectron spectrum (XPS)
was characterized by an Escalabmk2 spectrophotometer. The
static CAs of the water were measured on a homebuilt con-
tact angle meter at room temperature. The weight of the water
droplets used for the static CA measurements was 5 mg. The
values of the CAs were obtained by averages of five measure-
ments made on different areas of the sample surface.

3. Results and discussion

Using the PS colloidal monolayers as templates, the ordered
macropore array films could be fabricated on the substrate af-
ter removal of the PSs and annealing at 400 ◦C in air for 1 h.
Fig. 1 shows the FE-SEM images of macropore array films pre-
pared using the colloidal monolayer with different PS sphere
sizes ((a) 1; (c) 2; (e) 4.5 µm). The XRD pattern indicates that
such pore array films are composed of indium oxide crystal
with body-centered cubic structure (see Fig. 2). We can see that
macropores exhibit the orderly hexagonal arrangement, which
corresponds well to the colloidal monolayer template.
When the diameter of PS sphere is 1 µm in the colloidal
monolayer, by the sol-dipping method, after removal of PS
sphere template and annealing at 400 ◦C for 1 h, honeycomb
structured, ordered indium oxide macropore array films with
hexagonal alignment are formed, as shown in Figs. 1a and 1b.
If the size of PS sphere increases to 2 µm, indium oxide pore ar-
ray film also can be formed and pore shapes are close to hollow
hemispheres (Figs. 1c and 1d). However, most walls between
the two neighboring pores cracked and many nanogaps were
produced, which could be clearly observed in the magnified im-
age (Fig. 1d). Further increasing the PS sphere size to 4.5 µm,
we find that the macropore shapes were seriously deformed and
changed from hollow hemisphere shape to irregular shape. Ad-
ditionally, many nanogaps with big size were also produced
on the walls between the two neighboring pores, as shown in
Figs. 1e and 1f.

Generally, thermal stress will be produced in the annealing
process of film materials. With increase of the film thickness,
the influence of thermal stress on the film morphology is be-
coming more serious, especially for the rupture behavior of
film. In our case, with increase of PS sphere size in the colloidal
monolayer template, the thickness of macropore array film fab-
ricated using such template will correspondingly increase. With
PS sphere size is relatively small (1 µm), the height or thickness
of pore array film is about half of sphere size and the thermal
stress nearly has no influence on pore array films in the anneal-
ing process at 400 ◦C for 1 h, so the morphology of the pore
array film correspond perfectly to that of the colloidal mono-
layer template and exhibit hexagonally arranged regular pore.
However, when a colloidal monolayer with PS sphere diame-
ter of 2 µm is used as a template and the thickness of pore array
film correspondingly increases, the thermal stress begins to play
an important role in formation of pore array film and leads that
many nanogaps are produced on the pore walls. If the thickness
of pore film is increased further by the colloidal template with
sphere size of 4.5 µm, influence of thermal stress become more
serious, resulting in the deformed pore shapes and nanogaps on
the pore wall.

In addition, for the pore array film, it belongs to a kind
of rough surface in essence. According to our results, we can
clearly see that roughness of pore array film increased with in-
crease of the PS sphere size in the colloidal monolayer template
due to the effect of thermal stress.

After chemical modification with fluoroalkylsilane, the sur-
face chemical composition of pore array film can be charac-
terized by X-ray photoelectron spectroscopy (XPS). The XPS
spectra of the as prepared sample indicate that the sample is
composed of the elements of silicon, carbon, fluorine, oxygen
and indium, as displayed in Fig. 3. The indium and partial oxy-
gen originate from the indium oxide pore array films. The other
elements of silicon, carbon, fluorine and small part of oxy-
gen come from (heptadecafluoro-1,1,2,2-tetrahydrodecyl) tri-
ethoxysilane. The XPS spectra indicate the low surface free
energy material (fluoroalkylsilane) has been effectively intro-
duced on the indium oxide pore array films.

The wettability of as prepared samples was evaluated by the
water contact angle (CA) measurement. Before modified with
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Fig. 1. FE SEM image of indium oxide pore array films after removal of the PS sphere and annealing at 400 ◦C, based on the colloidal monolayer templates by
sol-dipping method. The diameter the PS sphere in the colloidal monolayer: (a–b) 1, (c–d) 2, (e–f) 4.5 µm. The images of (b), (d) and (f) are the magnification of
(a), (c) and (e), respectively. The precursor concentration: (a) 0.2, (c) 0.4, (e) 05 M. The insets in (a), (c) and (d) are photographs of the water droplet shapes on
corresponding pore arrays after chemical modifications with fluoroalkylsilane and corresponding water contact angle are 155◦ , 158◦ and 163◦ , respectively.
fluoroalkylsilane, all samples took on the hydrophilicity (water
CA <90◦) and the water CA decreased with increase of pore
size, as shown in curve b in Fig. 4. Surprisingly, after modified
with fluoroalkylsilane, the morphologies of such ordered pore
arrays were nearly unchanged, however, the wettability was
changed from the original hydrophilicity to superhydrophobic-
ity. Moreover, with increase of the pore size from 1 µm, to
2 µm and finally to 4.5 µm, the water contact angle increased
from 155◦, 158◦ and 163◦, respectively, as shown in curve b in
Fig. 4. Additionally, the water droplet on them was gradually
close to spherical shape with increase of pore size in the films,
as shown in insets in Figs. 1a, 1c and 1e, reflecting that the
superhydrophobicity was enhanced with increase of pore size.
Our results indicate that the superhydrophobicity can be well
controlled by change the periodicities of colloidal templates.

Generally, the wettability of a certain material is closely
associated with its roughness on its surface. For the rough sur-
faces, Wenzel presented a model describing the water dewetting
behavior on porous films as following [20],

(1)cos θr = r cos θ,

where r is the roughness factor, which is the ratio of total sur-
face area to the projected area on the horizontal plane, and θr

and θ are the CAs on a porous film and a native film with
smooth surface, respectively. For a Wenzel type surface, ob-
viously, high roughness can enhance both hydrophobicity of
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hydrophobic surface and hydrophilicity of hydrophilic surface.
The θ value, a relative flat indium oxide film prepared by dip-

Fig. 2. XRD spectrum of the ordered pore array film annealing at 400 ◦C cor-
responding to the sample in Fig. 1a. The marked indices correspond well to
indium oxide crystals.
coating method without using colloidal monolayer template,
was 85◦, indicating that the wettability of a flat film is hy-
drophilic. In our work, these indium oxide pore array films are

Fig. 4. Curves of water contact angles on indium oxide pore array films with
different pore size before and after modified with fluoroalkylsilane.
Fig. 3. XPS spectra of the indium oxide pore array films modified with fluoroalkylsilane (a); (b), (c) and (d) are corresponding XPS spectra of F1s, In3d5/2 and C1s,
respectively.
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Fig. 5. The photographs of rapeseed oil droplet on the indium oxide pore array
films after modification. Pore size: 1, 2, 4.5 µm for (a), (b) and (c), respectively.

much rougher than the relative flat surface, and the roughness
of pore array films increases with increase of pore size duo
to many nanogaps produced on the pore walls as mentioned
above. So the Wenzel model can well explain why such pore
array films exhibit hydrophilicity and the hydrophilicity was
enhanced with increase of pore size. Additionally, the relative
flat indium oxide film displayed the hydrophobicity with water
CA of 115◦ after chemical modification. According to Wenzel
model, for the same reason, the indium oxide pore films are so
rougher that the hydrophobicity is enhanced to water superre-
pellence and all such films displayed the superhydrophobicity.
The superhydrophobicity increases with increase of pore size
due to corresponding increase of roughness.

For the pore film with high roughness obtained by the col-
loidal template with PS size of 4.5 µm, air can be trapped in
pore or nanogaps on pore walls at the films. In this case, Cassie
and Baxter presented a model to describe the wettability as fol-
lowing [21]:

(2)cos θr = f1 cos θ − f2,

where f1 is the area fraction of a water droplet in contact with a
pore film, and f2 = 1−f1 is the area fraction of a water droplet
in contact with air on such a surface. Because the water CAs
of a relative flat indium oxide surface and the pore film modi-
fied with fluoroalkylsilane are 115◦ and 163◦, respectively, f2 is
calculated to be 0.93. This indicates that such pore film pro-
duces a large amount of air traps in macropores and nanogaps
in pore walls, and hence, a strong superhydrophobicity could be
induced.

Interestingly, such indium oxide pore array films exhibited
not only water repellence but also oil repellence after chemical
modification by low surface free energy materials. The rape oil,
a kind of lipophilic solvent, displayed contact angles larger than
140◦ for these porous film and lipophobicity increase with in-
crease of pore size controlled by the colloidal monolayer with
different periodicities, as shown in Fig. 5.

4. Conclusions

In conclusion, large-scale ordered macropore indium oxide
array films were synthesized based on colloidal monolayer tem-
plates and the sol-dipping method. Such pore array films exhib-
ited both water superrepellence and oil repellence after chemi-
cal modification. And their superhydrophobicity could be well
controlled by changing the periodicities of colloidal templates
Additionally, because the superhydrophobic surface consists of
ordered pore structured array, the whole surface has uniform
superhydrophobicity and lipophobicity. Such pore array films
have potential applications in microreactor, microseparator and
microfluidic devices.
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