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Superhydrophobic surfaces, with a water contact angle (CA)
greater than 1508, have attracted great interest for both
fundamental research and practical applications.[1] Conven-
tionally, superhydrophobic surfaces are fabricated by com-
bining appropriate surface roughness with low-surface-energy
materials (hydrophobic materials, CA greater than 908).[2–18] It
has been commonly acknowledged that it is impossible to
obtain superhydrophobic surfaces from amphiphilic materi-
als. Herminghaus reported that it was theoretically possible to
construct a water-repellent surface from a material with a CA
less than 908,[19] however, this has never been proven by
experimental results. Herein, we report the creation of a
superhydrophobic surface (CA= 171.28) consisting of nano-
fibers fabricated from amphiphilic poly(vinyl alcohol) (PVA).
The PVA nanofibers were prepared using the template-based
extrusion method,[2] namely, the extrusion of a PVA precursor
solution through a template composed of a nanoporous
anodic aluminum oxide membrane. This phenomenon is
attributable to the rearrangement of PVA molecules during
the initial stage of the extrusion process, which is accompa-
nied by the reorientation of hydrophobic groups (�CH2�) at
the air/solid interface. This method can be extended to
prepare superhydrophobic surfaces using many types of
materials.

The templates of anodic aluminum oxide membranes
were prepared by a published route,[20] with pore diameters in
the range of 20–500 nm. Control of the diameters and
densities of the prepared PVA nanofibers can be easily
achieved by using templates with different pore diameters. In
the present study, a template with an average pore diameter
of 68.7 nm, and a density of approximately 1.23 2 1010 pores
per square centimeter was used. Figure 1a shows a typical
scanning electron microscopy (SEM) image of the substrate,
as viewed from above, coated with well-spaced PVA nano-
fibers. The average diameter of the nanofiber tips is 72.1 nm,
which is in good agreement with the pore diameter of the

template. The average interfiber distance is 361.8 nm, while
the nanofiber density is approximately 7.07 2 108 fibers per
square centimeter. Figure 1b shows a cross-sectional SEM
image of the as-synthesized PVA nanofibers, which shows that
the length of the fibers is approximately 14.3 mm. The ends of
the aligned nanofibers are very sharp, although there are
often some aggregations along their length.

PVA is an amphiphilic material, with a water contact
angle on native PVA films with smooth surfaces of only 72.1�
1.18 (Figure 2a). However, the PVA nanofibers reported
herein have rough surfaces, and can be shown to be super-
hydrophobic. Figure 2b shows the shape of a water droplet on
the surface of a PVA nanofiber, where the water contact angle
is 171.2� 1.68. These results confirm that nanostructure has a
profound effect on superhydrophobic properties.

There have been numerous reports over the past 60 years
describing the preparation of superhydrophobic surfaces
using hydrophobic materials (q> 908).[2–18] For example,
Onda et al.[7] have demonstrated a superhydrophobic fractal
surface formed from an alkylketene dimer (AKD, q= 1098),
while <ner and McCarthy reported the preparation of a
rough surface that exhibited superhydrophobic properties,
through the silanization of silicon wafers (qA= 1078, qR=

1098 ; qA and qR are the advancing and receding contact
angles, respectively).[8] We have also prepared a superhydro-
phobic surface of aligned nanofibers using polyacrylonitrile
(PAN, q= 100.88) as the precursor.[2] In addition, there have
been many other reports concerning the preparation of

Figure 1. a) SEM image of a substrate coated with PVA nanofibers, as
viewed from above; b) cross-sectional SEM image of the as-synthe-
sized PVA nanofibers.
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superhydrophobic surfaces that have been modified by
hydrophobic materials, such as polytetrafluoroethylene
(PTFE, q= 1088)[9, 10] and various fluoroalkylsilanes (FASs,
q= 1078).[11–18] Wenzel[3] first derived Equation (1) to show

cosqr ¼ r cosq ð1Þ

the relationship between the contact angle of a liquid on a
smooth surface (q) and on a rough surface (qr) made of the
same material, where r is the roughness factor.

This equation indicates that a rough surface can be
superhydrophobic when the surface is composed of hydro-
phobic materials. From this point of view, it is very surprising
that superhydrophobic surfaces can be synthesized from an
amphiphilic polymer. We know that PVA is an amphiphilic
molecule composed of both hydrophilic (�OH) and hydro-
phobic (�CH2�) groups. It has been proposed that when the
precursor of the PVA solution is compressed into the
nanometer-scale pores of the template, strong orientation of
the PVA molecules can be induced, and intermolecular
hydrogen bonds are created.[21–25] Furthermore, most of the
hydrophobic groups may be exposed at the surface, which
would minimize the free energy of the system. Figure 3
represents the possible conformation of PVA molecules at the
air/solid interface, where �CH2� groups are present at the

surface, and hydrogen bonds are formed in the interior. It has
been shown that angle-resolved X-ray photoelectron spectro-
scopy (XPS) can provide useful information about the
conformation of the polymer at the surface.[26] Figure 4a
shows the results of an angle-resolved XPS study of the PVA
nanofiber/air interface, where the detection angles are 5, 30,
60, and 908, respectively. Figure 4b shows the effect of varying
the detection angle on the ratio of carbon (both�CH2�and >

CH�) to oxygen atoms that were detected. The ratio of
�CH2�:O decreases while that of >CH�:O increases as the
detection angle is increased. Since the detected thickness will
be greater upon increasing detection angle, it can be deduced
that the PVA backbone at the surface is mainly composed of
�CH2�groups. As a result, the surface free energy of the PVA
nanofibers decreases. In contrast, angle-resolved XPS results
of native PVA films (See Supporting Information) indicate
that the content of hydrophobic and hydrophilic groups is
almost the same in the surface as in the interior, which is a
result of the free arrangement of PVA molecules at the
initiation of the spin-coating process. These results demon-
strate that the conformation of molecules at the surface plays
the most important role in surface activity.

In conclusion, a superhydrophobic surface of aligned PVA
nanofibers has been prepared, even though the PVA molecule
is inherently amphiphilic. We believe that a reorientation of
the PVA molecules occurs when they are confined to a
nanosized space. Since the hydrophobic groups in this case are
located at a rough surface, the surface free energy decreases.
This is the first example of an amphiphilic material being used
to prepare a superhydrophobic surface. The method might
successfully be used to prepare superhydrophobic surfaces
from a wide variety of materials.

Figure 2. Pictures showing the water contact angles of a native PVA
film with a smooth surface (a) and the synthesized PVA nanofibers
with a rough surface (b).

Figure 3. Possible conformation modes of the PVA molecules at the
air/solid interface.
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Experimental Section
The precursor was prepared by dissolving polyvinylalcohol (8.823 g,
atactic, MW= 1750� 15) in stirred deionised and deaerated water
(50 mL) at 90 8C, which formed a 15 wt% aqueous polyvinylalcohol
solution. Aqueous solutions of sodium sulfate (400 g L�1) were
prepared for use as the solidifying solution. A commercial anodic
aluminum oxide membrane with a pore diameter of 68.7 nm was used
as the template. The synthesis and characterization process were the
same as that reported in Ref. [2]. The native PVA film was prepared
by spin-coating the PVA solution on a clean glass slide. XPS results
were recorded using a VG ESCALAB MKII spectrometer with an
AlKa monochromatic X-ray source.
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Figure 4. a) X-ray photoelectron spectra illustrating the dependence
of the detection angle for the C1s-core spectra of PVA nanofibers
(c real XPS spectra; a fit to a Gauss–Lorenz function); b) chart
showing the relation between the �CH2�:O and >CH�:O ratio to the
detection angle.
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