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ABSTRACT We demonstrate the fabrication of solvent-resistant, mechanically robust, superhydrophobic nanofibrous mats by
electrospinning of poly(vinylidene fluoride) (PVDF) in the presence of inorganic silane materials. The solvent resistance and mechanical
strength of nanofibrous mats were dramatically increased through the crystallization of as-spun PVDF fibers or incorporation of a
tetraethyl orthosilicate (TEOS) sol into the nanofibrous matrix. The electrospun nanofibrous mats yielded a water contact angle of
156° that did not vary with TEOS content. The solvent resistance and mechanical robustness of the electrospun mats were significantly
enhanced through extensive cross-linking of TEOS, even after short PVDF annealing times. The interpenetrating polymer network,
which embeds polymer chains in a TEOS network, allows the fabrication of robust functional nanofibers by combining semicrystalline

polymers with electrospinning techniques.
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INTRODUCTION
he textured hierarchical surface structures of lotus

leaves endow them with a surprising ability to resist

droplet adhesion, allowing their surfaces to self-clean
as the droplets glide across the leaves (1). Such superhydro-
phobic surfaces, with water contact angles (CAs) greater than
150°, have been intensively studied in basic research, as
well as for practical applications such as microfluidics,
textiles, and automobiles (2). Superhydrophobic surfaces
have been achieved through the control of both the chemical
composition and morphological structures present on a
surface (3). To date, many fabrication methods have pro-
duced superhydrophobic surfaces, including chemical depo-
sition, layer-by-layer deposition, colloidal assembly, and
lithographic or template-based techniques (4). However,
because these sophisticated fabrication processes are time-
consuming, expensive, and complicated, practical applica-
tions of these methods are restricted. Moreover, practical
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applications of superhydrophobic surfaces require robust
environmental stability with respect to solvent resistance
and mechanical abrasion.

Electrospinning is an efficient and simple tool for the
fabrication of continuous polymeric nanofibrous nanostruc-
tured substrates with a high surface roughness resulting from
a high surface-to-volume ratio (5). Electrospun fibers find
applications in filtration technologies, tissue engineering,
optical devices, and sensors (6). Electrospun nanofibers are
produced by applying an electrical bias from the tip of a
syringe, filled with polymer solution, to a grounded collection
plate. The texture of the electrospun nanofibers can be easily
tuned from bead-like to fibrous by controlling the viscosity
and molecular weight of the polymer solution and applied
voltage (3c, 6). Thus, electrospinning is a versatile and
promising route to developing superhydrophobic surfaces
from polymers that feature low surface energies.

Several types of superhydrophobic surfaces, produced by
electrospinning techniques, have been described recently
(6, 7). Superhydrophobic polystyrene electrospun mats were
produced by controlling the polymer solution properties and
electrospinning conditions (7d). The water CAs of these
polystyrene mats could be varied from 160° to 140° by
tuning the surface morphology from bead-like to fibrous.
Fiber morphological changes were also used to tune the
hydrophobic behavior of polyacrylonitrile fiber electrospun
mats (6b). Superhydrophobic poly(caprolactone) electrospun
mats were prepared by coating polymer fibers with a thin
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layer of perfluoroalkyl methacrylate that was polymerized
by initiated chemical vapor deposition. Perfluoroalkyl meth-
acrylate, which has an extremely low surface free energy
and has been used in surface coatings, yielded a stable
superhydrophobic surface with a water CA of 175° and a
sliding angle of less than 2.5° (7e). However, the solvent
resistance and mechanical strength of these superhydro-
phobic nanofibrous webs, which are important factors for
practical applications, have not been extensively investigated.

In this paper, we introduce a facile method for improving
the solvent resistance and mechanical stability of superhy-
drophobic nanofibrous mats for use in structural material
coating applications. To produce such robust superhydro-
phobic surfaces, we combine two material preparation
techniques: (i) the crystallinity of the semicrystalline poly-
mer, poly(vinylidene fluoride) (PVDF), is tightly controlled
by thermal annealing, and (ii) structural reinforcement is
conferred by the cross-linking of a silane precursor, tetra-
ethyl orthosilicate (TEOS). PVDF is an excellent material for
membrane applications because of its easy processing, high
strength, and good resistance to solvents, acids, and bases
(8). Incorporation of TEOS improves the solvent resistance
and mechanical robustness of the nanofibers because of the
formation of a siloxane network interspersed among the
PVDF chains, which shortens the annealing time required
for PVDF crystallization. The mechanical robustness of the
electrospun mats was investigated by friction tests, which
measured the frictional force produced by the nanofibrous
mat’s resistance to deformation under abrasion. The inter-
penetrating polymer network allows the fabrication of robust
nanofibrous structures by combining semicrystalline poly-
mers with electrospinning techniques.

EXPERIMENTAL SECTION

Materials and Sample Preparation. Poly(vinylidene fluoride)
(PVDF) was purchased from Solvay Solexis (Belgium). Tetraethy!
orthosilicate (TEOS), N,N-dimethylformamide (DMF), and ac-
etone were purchased from Sigma-Aldrich (USA). A 20 wt %
PVDF solution was prepared by dissolving PVDF in a mixture
of DMF and acetone (DMF/acetone = 2:1, volume ratio) with
stirring for 12 h at 50 °C. Subsequently, TEOS was added to
the solution to yield mass ratios of 0%, 30%, or 50% TEOS
relative to that of PVDF (PVDE-TEOSO % , PVDF-TEOS30 %, and
PVDF-TEOS50 %, respectively), and the solutions were stirred
at 50 °C for 4 h. The polymer solutions were electrospun into
fibrous webs using an electrospinning system equipped with a
power supply. A voltage of 16 kV was applied across a fixed
collection distance of 15 cm between the tip of the needle
(diameter 0.61 mm) and the grounded aluminum foil. Nanofi-
bers were spun over the course of 2 h, resulting ~20 x 20 cm?
mats. The electrospun PVDF and PVDF/TEOS hybrid electro-
spun mats were annealed at 100 °C for varying lengths of time
(20, 40, 80, 90, and 120 min).

Characterization. The morphologies of the electrospun PVDF
nanofibrous mats were imaged by scanning electron micro-
scopy (JEOLJSM-6360). X-ray diffraction (XRD) patterns were
collected under CuKa radiation (A= 1.54 A) using a Rigaku X-ray
diffraction spectrometer equipped with an area detector. Fourier
transform infrared (FT-IR) spectra were recorded on an FTIR-
6300 (JASCO) spectrometer in transmittance mode with a
resolution of 4 cm™'. Angle-resolved X-ray photoelectron spec-
troscopy (XPS) was performed at the 4B1 beamline at the
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poly(vinylidene fluoride) (PVDF) nanofibrous mats before and after
exposure to DMF.

Pohang Accelerator Laboratory. Emission angles were varied
from 90° to 30°. Three samples obtained in different batches
were used for XRD, FT-IR, and XPS measurements to minimize
the experimental error. Water contact angle (CA) measurements
were conducted with a drop shape analysis system (Kriss). The
relative changes in frictional properties of electrospun nano-
fibrous mats were characterized on a home-built friction test
machine. To exclude the error induced by the testing conditions,
more than five samples in three different batches were used.

RESULTS AND DISCUSSION

Figure 1 shows SEM images of electrospun pristine PVDEF-
TEOSO % nanofibrous mats without thermal annealing. The
average diameter of each fiber was around 150 nm. The
water CA of the PVDF nanofibrous mat was measured to be
155.5°, which indicated superhydrophobicity. In particular,
the PVDF mat showed gecko-state superhydrophobicity,
which is not only superhydrophobic but also strongly adhe-
sive to water. The water droplet does not easily slide even
when the PVDF nanofibrous mats were tilted vertically or
turned upside down. This high water-adhesive behavior
arose from a large van der Waals force between the nanofi-
brous structures of the PVDF mats and water. After exposure
to DMF (by dropping 1 mL onto the fiber mat), the nanofiber
structure collapsed because of the low crystallinity of PVDF,
yielding a surface water CA of 121.5° (Figure 1).

To enhance the fibrous structure’s solvent (DMF) resis-
tance, solutions containing either PVDF or either of the two
PVDF/TEOS mixtures were electrospun into fibrous mats,
followed by thermal annealing at 100 °C. The average
diameter of the electrospun fibers produced by the PVDF/
TEOS admixtures were comparable to the fiber diameters
of pristine PVDF, as shown in Figure 2a, because the
viscosities of the electrospun solutions were similar (6b, 7e).

Figure 2b shows the SEM images of PVDF and PVDF/
TEOS hybrid electrospun mats, annealed at 100 °C for
varying lengths of time and then exposed to DMF. The
pristine PVDF nanofibrous mats (without TEOS) were thor-
oughly damaged if the mats had not been subjected to
thermal annealing. For annealing times below 80 min, DMF
partially damaged the fibrous structures. However, after 90
min annealing, the PVDF fibrous structures did not conglom-
erate under DMF exposure. Notably, the PVDF-TEOS50 %
nanofibrous mat was stable in DMF, even after only 40 min
thermal annealing, whereas the structural integrity, under
DMF exposure, of the pristine PVDF nanofiber was only
obtained after a minimum of 90 min thermal annealing. The
addition of TEOS to the electrospun nanofibers shortened
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FIGURE 2. SEM images of (a) as-spun and (b) thermally annealed (at
100 °C for 0—120 min, as indicated) electrospun PVDF-TEOS0 %,
PVDF-TEOS30%, and PVDF-TEOS50% after exposure to DMF.
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the annealing time required to preserve the fibrous struc-
ture’s morphology under DMF exposure. Note that the
structural integrity of PVDF-TEOS50 % nanofiber under two
different solvents such as dimethylacetamide (DMAc) and
dimethylsulfoxide (DMSO) was also obtained after only 40
min thermal annealing (Figure S1, Supporting Infromation).

The chemical and physical properties of the PVDF nano-
fibrous mats, with thermal annealing, were investigated by
XRD and FT-IR spectroscopy. Figure 3a shows the XRD
patterns of PVDF-TEOSO % mats submitted to various an-
nealing times. The diffraction peaks at 20 = 17.8°, 18.4°,
20.0°, 26.5°, 36.3°, and 38.6° corresponded to the (100),
(020), (110), (021), (200), and (002) a-phase reflections,
respectively. Distinct 8 diffraction peak also appeared at 20
=20.7°, which corresponded to (110)(200) reflection. These
peak positions agreed well with the values reported in the
literature (9). The XRD patterns indicated the coexistence
of aand f phases in the electrospun PVDF nanofibers, with
the a-type crystal structure present to a larger extent. The
intensities of both ac and /3 phase diffraction peaks increased
for longer annealing times.
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FIGURE 3. (a) XRD patterns of electrospun PVDF-TEOS0% nano-
fibrous mats submitted to various annealing times. (b) Total crystal-
linity of PVDF-TEOS0% and PVDF-TEOS50% nanofibrous mats at
different annealing times. The inset shows the XRD peaks of PVDF-
TEOS0% nanofibrous mats without annealing. (c) FT-IR spectra of
electrospun PVDF-TEOS50% nanofibrous mats submitted to various
annealing times. The inset shows the magnified spectra in the region
of Si—O—Si stretching: (®, 0 min; O, 40 min; 00, 90 min).
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The degree of crystallinity was calculated from the ratio
of the area corresponding to crystalline parts (dark gray) to
the total area (crystalline and amorphous parts, light gray)
(9a). The inset of Figure 3 (b) shows representative XRD
peaks for the PVDF-TEOSO% nanofibrous mats without
annealing. The total crystallinity of PVDF-TEOSO% and
PVDF-TEOS50 % nanofibrous mats, annealed for various
lengths of time, are presented in Figure 3b. The total
crystallinity increased for both PVDF-TEOS0% and PVDEF-
TEOS50 % nanofibrous mats with increasing annealing time.
The crystallinity of PVDF-TEOSO % saturated at 70 % after
annealing at 100 °C for 90 min. It was apparent from the
SEM images shown in Figure 2b that the solvent (DMF)
resistance of PVDF-TEOSO % was obtained only for crystal-
linities above 70 % . The total crystallinity of PVDF-TEOS50 %
nanofibers saturated at 52 %, after 40 min of thermal
annealing, indicating that the addition of TEOS disturbed the
crystallization of PVDF. Despite the lower degree of crystal-
linity, PVDF-TEOS50 % nanofibers displayed solvent (DMF)
resistance after a much shorter annealing time of 40 min.
The hybridized PVDF-TEOS structure, therefore, dramati-
cally enhanced the solvent resistance of the nanofiber,
despite low crystallinity.

The FT-IR spectra for PVDFE-TEOS 50 % nanofibrous mats,
submitted to various annealing times, were measured to
investigate the chemical origin of the solvent (DMF) resis-
tance conferred by TEOS, Figure 3c. The FT-IR spectrum of
PVDF was characterized by distinctive bands at 764, 796,
and 976 cm™!, corresponding to the a-phase, and at 842 and
1279 cm™!, corresponding to the -phase (10). The peak at
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FIGURE 4. Schematic of the cross-linking of TEOS among PVDF
chains.

~1070 cm™! was ascribed to Si—O—Si stretching vibrations.
The shoulder-like peaks at ~945 cm™! were attributed to
Si—OH groups (11). For longer annealing times, the relative
intensity of the Si—O—Si peak increased and shifted to
higher wavenumbers, as shown in the inset of Figure 3¢. On
the other hand, the peak corresponding to the Si—OH
stretches gradually decreased. The IR spectral changes
indicated that, during annealing, the siloxane network grew
by condensation between silanol groups (1 1d).

The chemical changes observed in the FT-IR spectra can
be explained by the formation of a siloxane network inter-
spersed among the PVDF chains. During the preparation of
the PVDF/TEOS solution, prior to electrospinning, water
present in the DMF solvent partially hydrolyzed TEOS to
form silanol groups. Condensation reactions among the
silanol groups produced low molecular weight polymers.
When the electrospun nanofibers were annealed at 100 °C
under ambient conditions, the condensation reaction was
accelerated, forming a cross-linked silica network that em-
bedded the PVDF chains within the TEOS network, as shown
in Figure 4. From thermogravimetric analysis (TGA) as
shown in Figure S2, Supporting Information, the amount of
the siloxane network in PVDF/TEOS hybrid electrospun mats
was found to be 5.1 and 7.9% for PVDFE-TEOS30%, and
PVDFE-TEOS50 %, respectively. Furthermore, PVDF/TEOS
hybrid nanofibrous mats show the better thermal stability
compared to pristine PVDF mats.

Table 1 summarizes the CAs of spin-coated and electro-
spun PVDFE-TEOSO %, PVDE-TEOS30 %, and PVDE-TEOS50 %
nanofibrous mats, prepared with annealing for various
lengths of time. The measured CA of the spin-coated PVDEF-
TEOSO% film was 125.1°, much lower than the superhy-
drophobic CA, 155.5°, of fibrous form of PVDF-TEOSO % .
The measured water CAs were independent of both anneal-
ing time and TEOS content, suggesting that PVDF chains
preferentially partitioned toward the hybrid polymer surface
to lower the overall nanofiber surface energy (12). To
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FIGURE 5. (a) Representative frictional force loop for PVDF-
TEOS50% nanofibrous mats without annealing. (b) Frictional force
versus annealing time for PVDF-TEOS50% nanofibrous mats.

determine the surface chemical composition of the PVDEF-
TEOS nanofibers, angle-resolved XPS measurements were
performed on the spin-coated PVDE-TEOS50% film, as
shown in Figure S3, Supporting Information. As the emission
angle was reduced from 90° to 30°, the Fs peak intensity
from PVDF increased, and the Si;s peak intensity from TEOS
simultaneously decreased. This result indicated that the
topmost layers of the hybrid nanofiber structures were
enriched with PVDF such that the water CAs were indepen-
dent of the TEOS content. Therefore, robust superhydro-
phobic nanofibrous mats were successfully obtained by the
cross-linking of TEOS without altering the water CA. The
electrospun PVDF mats with bead-on-string structures may
have significantly larger CAs because of the fibers’ multiscale
hierarchical morphology.

The improved surface mechanical strength of electrospun
PVDF nanofibrous mats was quantified by measuring the
friction properties of the mats by means of a home-built
apparatus. The nanofibrous mats were loaded under a
constant applied force of 10 g; the applied load was moved
relative to the surface while maintaining the 10 g load, and
the friction experienced during 30 mm trace—retrace cycle
at 1 mm/s was recorded (Figure 5a). The probe contacting
the nanofibrous mats consisted of a stainless steel mass with
a contact area of 50 mm?, length of 10 mm, and width of 5
mm. Figure 5b shows the measured frictional force as a
function of annealing times for the PVDF-TEOS50 % nanofi-
brous mats. At longer annealing times, the frictional force
increased considerably. The frictional force increased by
20% for more extensive TEOS cross-linking. The frictional
force produced by the PVDF nanofibrous mats arose mainly
from resistance to deformation because the surface proper-
ties of all PVDF nanofibrous mats were similar, as shown in

Table 1. Water Contact Angles of Spin-Coated and Electrospun PVDF-TEOS0 %, PVDF-TEOS30%, and

PVDF-TEOS50% at Different Annealing Times

PVDF-TEOSO %

PVDF-TEOS30 %

PVDF-TEOS50 %

spin-coated electrospun spin-coated electrospun spin-coated electrospun
0 min 125.1° 155.5° 130.1° 156.2° 126.3° 157.4°
80 min 123.8° 156.2° 127.7° 156.5° 127.3° 155.7°
120 min 123.5° 155.8° 128.3° 157.1° 126.7° 156.2°
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Table 1. The PVDF-TEOS50% nanofibrous mat, produced
without annealing, deformed easily, providing less deforma-
tion resistance to the probe and yielding a low measured
frictional force. Longer annealing times, which permitted
more extensive condensation and cross-linking of the TEOS,
presumably created a more extensive network throughout
the nanofiber structure, increasing the deformation resis-
tance of each nanofiber in the mats. The high deformation
resistance resulted in a high surface mechanical strength.
In contrast, the frictional force of the PVDF-TEOSO % fibrous
mats slightly increased within the error range with annealing
time, which indicates that the cross-linking of the TEOS is
more dominant than the crystallinity of PVDF in the surface
mechanical properties of PVDF nanofibrous mats.

CONCLUSION
We report a simple method for fabricating structurally

robust and solvent resistant superhydrophobic nanofibrous
mats by electrospinning PVDF in the presence of TEOS.
Thermal annealing at 100 °C increased the PVDF crystal-
linity and simultaneously allowed the formation of an ex-
tensively cross-linked TEOS structural network embedded
among the PVDF chains. The increase in PVDF crystallinity,
produced by annealing for 90 min, resulted in strong solvent
(DMF) resistance of the electrospun PVDF fibrous webs.
Interestingly, although TEOS inhibited the crystallization of
PVDF (a crystallinity of only 53 % was achievable for PVDF-
TEOS50% compared to 70 % for the PVDF-TEOSO % nano-
fibrous mats), solvent resistance of PVDF-TEOS50% was
obtained for much shorter annealing times, presumably by
means of the structural reinforcement conferred by the
siloxane network. The hydrophobicity of the nanofibrous
mats was independent of TEOS content, and all electrospun
fiber samples yielded water CAs of around 156°. Mechanical
strength dramatically increased with the extent of TEOS
cross-linking, as measured by the nanofibrous mats’ resis-
tance to deformation. Solvent resistant and mechanically
robust superhydrophobic nanofibrous mats, fabricated via
optimized PVDF crystallization and TEOS cross-linking, may
be suitable for use in semicrystalline polymer technologies
and engineering plastics applications.
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Supporting Information Available: SEM images of as-
spun and thermally annealed (at 100 °C for 40 min) elec-
trospun PVDF-TEOS50 % nanofibrous mats after exposure
to (a) DMAc and (b) DMSO (Figure S1), weight loss (%) as
function of the temperature of the PVDF/TEOS nanofiber
mats measured by thermogravimetric analysis (TGA) (Figure
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S2), and Fys and Si,, core level angle-resolved XPS spectra
of the spin-coated PVDF-TEOS50 % film (Figure S3). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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