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ABSTRACT: Large-scale superhydrophobic composite films with enhanced tensile properties were prepared by multinozzle conveyor
belt electrospinning. First, a strategy of conveyor belt electrospinning was introduced for large-scale fabrication since the conveyor
belt can expand the electrospinning area unlimitedly. During the electrospinning (or electrospraying) process, certain kinds of fibers
are combined on the conveyor belt in one electrospinning (or electrospraying) step. The superhydrophobicity of electrospun film can
be achieved by the presence of PS beads and bead-on-string PVDF fibers, while submicron PAN fibers are responsible for the
improvement of mechanical properties. The result shows that CA value of the surface comprising of PS beads and bead-on-string
PVDF fibers could reach up to 155.0°. As the submicron PAN fibers increased, the value of CA decreased, changing from 155.0° to
140.0°, meanwhile the tensile strength of composite film was enhanced from 1.14 to 4.12 MPa correspondingly which is beneficial to
putting the films into practice. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39735.
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INTRODUCTION etching,11 phase separation,12 sol—gel methods,"? electrospinning
(or electrospraying),"*'® assembly,'” array of nanotubes/nano-
fibers,"®'® and solution-immersion methods.*” However, most
of them have certain drawbacks which prevent the further appli-
cation such as complex processing, moreover, high cost and
limitation in large-scale manufacture are some other aspects
need consideration. Due to its ease of implementation, its low-
cost, and its applicability to large-scale superhydrophobic surfa-
ces, electrospinning (or electrospraying) has emerged as a
promising and feasible method to produce surfaces with appro-
Recent reports have revealed that the mechanism of this phe-  priate roughness and morphology.*'~**

nomenon proposes is related to a double roughness on their

Wettability is one of the important properties of a solid surface.
A direct expression of the wettability of a surface is the contact
angle (CA) of a water droplet on the surface. Superhydrophobic
surfaces with a CA higher than 150°, very low hysteresis, and low
surface free energy are becoming attractive in recent years due to
their importance in fundamental research and their special prop-
erties such as anti-contamination, self-cleaning, and nonstick,
which are widely used in industrial applications and daily life."*

Electrospinning as a simple and versatile method has been
applied for producing continuous fibers with diameters ranging
from tens of nanometers to submicron scale. The polymer or
composite fibers could be obtained by applying a high voltage
to a viscous solution. Morphology, structure, and property of
fibrous films could be controlled by adjusting the solution
Numerous technologies and methods have been applied to fab-  properties and processing parameters such as solution viscos-
ricate superhydrophobic surfaces which include electrochemical ities, temperature,”** etc. Attracted by its simple process of
deposition,”® lithography,” chemical vapor deposition,'® plasma  production and the ease of controlling surface morphology by

surface (nanostructures on microstructures) and low-surface-
energy coatings,” where surface roughness is the key factor
once the components of materials have been determined, since
a hydrophilic material can produce surfaces with the CA larger
than 150° after surface decoration.’®

© 2013 Wiley Periodicals, Inc.
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varying electrospinning conditions, people attempt to integrate
both the physical and chemical properties of electrospun mat to
mimic the topography of the lotus leaf and to accomplish a
high water CA.>%*’

Polystyrene (PS), one of the most often used thermoplastic
polymer, has been widely explored to fabricate superhydropho-
bic electrospun mat surfaces based on its low surface energy. To
mimic the structure of lotus-leaf, several groups have succeeded
in preparing porous composite films with a superhydrophobic
surface via electrospraying a dilute PS solution. However, in
reality, these electrosprayed composite microsphere/nanofiber
films have their limits because of their mechanical unstability.
The electrosprayed films are fragile. When a water droplet slides
on this PS surface, some clusters of PS microspheres separates
from the substrate spontaneously and floats on the water drop-
let. Moreover, the inadequacy of mechanical stability is also the
restriction of preparing the large-scale superhydrophobic surfa-
ces. To improve the mechanical stability of membranes, polya-
crylonitrile (PAN), as a kind of perfect reinforcement material
due to its strong intrachain and interchain interactions through
secondary bonding,”® could successfully competent for this job.
Besides, PAN is an outstanding hydrophilic material and chang-
ing a hydrophilic material into a superhydrophobic material by
modification or doping is a valuable research.

Poly (vinylidene fluoride) (PVDF) as a new unique material
with extremely low surface energy has come out recently due to
its flexibility and thermal stability. Besides, PVDF is an
advanced material for film application due to its unique advan-
tages such as good processability, excellent mechanical property,
and exceptional chemical stability. Hence, PVDF film is widely
used in structural material coating applications, such as certain
surface materials of vehicle, boots, raincoat, and the cover of
outdoor air conditioner,”*" etc. In recent years, several types of
superhydrophobic surfaces, produced by electrospinning PVDE,
have been reported in the literature.”"*?

In this study, in order to fabricate large-scale superhydrophobic
surfaces, a multinozzle conveyor belt electrospinning device is

Figure 1. The schematic of the large-scale multinozzle electrospinning
process. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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designed to place three (or more) nozzles on the top of the roll-
ing conveyor belt (Figure 1). The first jet is charged with pro-
ducing PS microspheres which play a key role in increasing the
surface roughness of electrospun film. From the second nozzle,
the bead-on-string PVDF is produced to construct the hierarch-
ical microsphere/nanofiber structure and bind the PS micro-
spheres tightly owing to the bead-on-string morphology. The
last nozzle is responsible for introducing submicron-scale PAN
fibers to further strengthen the mechanical stability of the film.
It has been demonstrated experimentally that the precursor sol-
utions in every nozzle have the same charge, and in the electro-
spinning (or electrospraying) process, the mutual Coulombic
interactions between them influence the paths of individual
clectrified jets.”** However, in our experiment, the distance
between each nozzle is not particularly close. Therefore, with
the rapid rolling of conveyor belt, three kinds of beads/fibers
can be superimposed mixed easily. And, at the same time, large-
scale fabrication is achieved which puts our device in advanta-
geous position. The most obvious improvement in our design is
that the collector is refitted into a conveyor belt, which makes
the area of the electrospun mat to be any scale if you want.
Recently needleless electrospinning setups have been reported to
increase nanofiber production rate successfully,”>® but they are
still challenging to electrospin multiform nanofibers with differ-
ent properties and morphologies simultaneously using a needle-
less electrospinning spinneret. In our design, multinozzle can
solve this problem effectively. Under the power of high voltage
supply, different beads/fibers were ejected from their own noz-
zles and subsequently deposited on the collector with the rota-
tion of conveyor belt. Therefore, electrospun film provided with
multiple properties can be obtained.

Herein, a large-scale superhydrophobic film with enhanced ten-
sile properties was prepared easily by multinozzle conveyor belt
electrospinning. A developed multinozzle electrospining device
of large-scale fabrication was designed successfully. We first sig-
nificantly used the bead-on-string PVDF to construct the hier-
archical microsphere/nanofiber structure which is similar to the
surface of a lotus leaf and bind the PS microspheres tightly,
resulting in a superhydrophobic surface. The surface of the
composite mat exhibits a self-cleaning effect. To further rein-
force the mechanical stability of PVDF/PS mats, PAN fibers
were introduced into the mats via a multinozzle electrospinning
process. The composition, superhydrophobicity, and mechanical
properties of electrospun films can be well controlled by adjust-
ing the weight ratio of various polymers. The weight ratio effect
on the morphology and superhydrophobicity as well as the
mechanical stability of the films is investigated in detail.

EXPERIMENTAL

Materials

Polystyrene (PS, M,, = 220,000) was purchased from Beijing
Yanshan Chem. Poly (vinylidene fluoride) (PVDE M, =
400000-600000) was purchased from Shanghai Ofluorine
Chemical Technology Co.. Polyacrylonitrile (PAN, M, =
177,000) was purchased from CNPC Jilin Chemical. Dimethyl-
formamide (DMF) was from Beijing Chemicals Co. China. All
the materials were used without further purification.
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Figure 2. SEM images of electrosprayed mats prepared from (a) 4 wt % PS/DMF solution and (b) 21 wt % PVDF/DMF solution. The insets show the
behavior of water droplets on their surfaces: (a) CA = 158.5°; (b) CA = 139.7°. Fiber diameter distributions of (c) PS and (d) PVDE

Electrospinning (or Electrospraying)

PS solution with the concentration of 4 wt %, PVDF solution
with the concentration of 21 wt % and PAN solution with the
concentration of 12 wt % were prepared by dissolving certain
amount of various polymers to DMF respectively. These precur-
sor solutions were stirred for 12 h at room temperature to
make each of the polymers dissolved completely. Each needle
was connected to a high voltage supply which can generate pos-
itive DC voltages of up to 50 kV. The distance between the nee-
dle tip and the ground electrode was 15 cm. The applied
positive voltages was 16 kV (PS) and 15 kV (PVDF and PAN).
The feed rates of the precursor solutions were controlled by
syringe pumps. Several groups of electrospun films with differ-
ent weight ratios of microspheres/bead-on-string fibers/submi-
cron-scale fibers were prepared. During electrospinning (or
electrospraying), the applied electric field overcomes the surface
tension of the polymeric solution, thereby ejecting a jet, which
produces nanofibers (or microspheres) on the collector surface
upon subsequent solvent evaporation and bending.

Characterization

An FEI XL30 scanning electron microscope was used to observe
the morphologies of electrospun surfaces. The contact angles of
the electrospun mats were measured with a drop shape analysis
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system (Kriiss DSA100) in the sessile mode at room tempera-
ture. Stress—strain analysis was carried out at room temperature
in a material testing station (Instron 5869) using standard pro-
cedures (ASTM standard 882 for thin films and membranes).
Several specimens with lengths of 20 mm and widths of 10 mm
were prepared for each tensile test.

RESULTS AND DISCUSSION

Surface Morphology and Surface Properties of Single PS
Surface and Single PVDF Surface

PS and PVDF were usually used as superhydrophobic materials
due to their low surface energy. In this study, PS film composed
of sole particles was produced from a 4 wt % PS/DMF solution
with enough roughness to form a CA of 158.5°. Figure 2(a)
shows typical SEM picture of porous microspheres with mor-
phology. The diameter of irregular microsphere ranges from 1
to 6 um and the majority fall in the range of 2-5 um [Figure
2(c)]. The surface of PS microspheres we produced was full of
nanoholes so that each PS microsphere exhibited a well-
developed micro/nano rough structure. The nanoholes on the
surface of PS microspheres were gradually formed by a rapid
phase separation during the electrospraying process. This bead
structure and the porous and protuberant structure combined
contributed to the roughness of PS mat. These nanoholes and
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Figure 3. SEM images of electrosprayed composite films comprised of the weight ratio of PVDE/PS: (a) 1.73 : 1, (b) 2.60 : 1, (c) 3.47 : 1, (d) 4.33 : 1,

and (e) 5.20 : 1.

the porous among PS microspheres can be seen as the grooves
that assume the responsibility of trapping air. So they can effi-
ciently reduce the actual contact area between the surface and
water droplet, which makes this type of structure exhibit strong
hydrophobicity. The Cassie-Baxter model’’ relates the surface
wettability to the surface roughness

cosgcp=ficos Os — fo (1)

where f; and £, (= 1 — f;) are the fractions of solid-water and
air-water contact areas, respectively, and 0s and Ocg denote the
apparent contact angles of a water droplet on a smooth surface
and a rough surface composed of a solid and air, respectively.
Given the CA of the flat PS film (96.6°) and the rough PS mats
(158.5°), fps was calculated to be 7.86%, which indicated that
the achievement of superhydrophobicity of PS mats was mainly
a result of the air trapped in the nanoholes on the suface of PS
microspheres and the porous characteristic among PS micro-
spheres of mats. On our electrosprayed PS surface, the water
droplet slides easily and moves in random directions even when
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PS films are slightly tilted. It could be explained that the irregu-
lar nanometer-scaled pores on the surface of beads and this
porous and protuberant structure presented in our research are
able to effectively trap sufficient air, creating a long and discon-
tinuous contact line. However, when a water droplet slides on
this PS surface, some clusters of PS microspheres separates from
the substrate spontaneously and floats on the water droplet
because the density of porous microspheres is lower than that
of water. This drawback prevents its further application.

Accordingly, a stable superhydrophobic film, on which the PS
microspheres cannot be taken away by the water droplet, should
be prepared. Here we introduced bead-on-string PVDF to bind
the PS microspheres tightly, and significantly, the bead-on-
string PVDF could maintain the superhydrophobicity. The
bead-on-string PVDF film as shown in Figure 2(b) was pro-
duced from a 21 wt % PVDF/DMF solution with some rough-
ness to form a CA of 139.7°. The diameters of PVDF
microspheres range from 1 to 5 um and the majority are in the
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Figure 4. Stress—strain behavior of composite films formed with various
weight ratios of PVDF/PS: (a) 1.73 : 1, 0.75 MPa, (b) 2.60 : 1, 1.14 MPa,
(c) 3.47 : 1, 1.32 MPa, (d) 4.33 : 1, 1.86 MPa, and (e) 5.20 : 1, 2.58 MPa.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

range of 1-3 um [Figure 2(d)]. As shown in Figure 2(b), PVDF
nanofibers and PVDF microspheres are interlaced closely, that
was believed to bind the PS microspheres effectively.

Controllable Surface Morphology and Film Properties of
PVDEF/PS Composite Films

Composite films comprised of 21% PVDF solution and 4% PS
solution were prepared by two-nozzle electrospraying, the
weight ratios of bead-on-string PVDF fibers/PS microspheres
varied from 1.73 : 1 to 5.20 : 1. Figure 3 presents the SEM
images of composite mats formed with various weight ratios of
PVDEF/PS. As shown in Figure 3, two types of fibers (or micro-
spheres) were mixed uniformly during the electrospraying. The
introduced bead-on-string PVDF fibers successfully afford the
role of supporting the whole film as the frame. It can be found
that with the increased weight ratio of fibers from 21% PVDF
solution, the film demonstrates an enhanced tensile strength
(Figure 4). Because increasing syringe-pump flow rate of PVDF
can stimulate the PVDF filaments get thicker and larger
amount, which are beneficial to enhance the mechanical proper-
ties. However, as the quantity of bead-on-string PVDF fibers
increases in the prepared film, the CA value of the surfaces
tends to decline from 158.0° at a ratio of 1.73 : 1 to 145.5°
when the ratio up to 5.20 : 1 (Figure 5). Given the CA of the
flat PVDF film (100.2°) and the rough PVDF mats (139.7°),
fovpr was calculated to be 28.84% according to eq. (1). fps is
7.86% that was calculated previously. It can be deduced that the
morphology of electrosprayed 4% PS surface is rougher than
the morphology of electrosprayed 21% PVDF surface. Therefore,
the air trapped in the composite surface declined continuously
when PVDF was introduced. As the weight ratio of bead-on-
string PVDF fibers goes up, the amount of PS microspheres
exposed on the surface of the composite film decreased sharply
so that the surface roughness declined gradually and tended to
the roughness of bead-on-string PVDE. As a result, the capabil-
ity of preventing the surface being wetted by trapped air would
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Figure 5. Variation of CA value of composite films based on different
weight ratios of PVDF/PS: (a) 1.73 : 1, CA = 158.0 = 0.8°, (b) 2.60 : 1,
CA = 155.0 = 1.0° (c) 3.47 : 1, CA = 151.5 = 0.6°, (d) 433 : 1, CA =
148.0 = 0.8°, and (e) 5.20 : 1, CA = 145.5 = 0.5°.

decrease, making the apparent contact angle Ocp decrease as
described by Cassie-Baxter model. When the weight of bead-
on-string PVDF fibers is 4.33 times as big as PS microspheres,
affording a CA value of 148.0° < 150° as showed in Figure 5,
the film cannot still be categorized as superhydrophobic films.

To further verify the effect of binding PS microspheres, the
composite films were tested underwater. We put the various
electrosprayed surfaces in water for 48 h to observe the changes
of their weight. Remaining percentage of composite films
formed with various weight ratios of PVDF/PS is showed in
Figure 6. When bead-on-string PVDF was absent, the weight of
PS film decreased a lot and left 70% only. When PVDF was
introduced, the bead-on-string fibers effectively prevented the
reduction in weight obviously. It can be proved that when the
weight ratio rises up to 2.60 : 1, there was very little reduction
in the weight of the composite films we prepared. Thus when
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L ] [ ]
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Figure 6. Remaining percentage of composite films formed with various
weight ratios of PVDF/PS: (a) 0 : 1, (b) 1.73 : 1, (c) 2.60 : 1, (d) 3.47 : 1,
(e) 433 : 1, and (f) 5.20: 1.
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Figure 7. SEM images of electrospun composite films comprised of the weight ratio of PAN/PVDEF/PS: (a) 0 : 2.60 : 1, (b) 0.30 : 2.60 : 1, (c) 0.60 : 2.60

:1,(d) 0.90:2.60: 1, (e) 1.20 : 2.60 : 1.

the weight ratio is higher than 2.60 : 1, the introduced bead-
on-string PVDF fibers could successfully afford the role of bind-
ing the PS microspheres tightly.

Different Morphologies, Superhydrophobicity, and
Mechanical Properties of PAN/PVDF/PS Composite Films
Prepared by Conveyor Belt Electrospinning

Superhydrophobic surfaces were prepared desirably, nevertheless
the films can break easily in practice because of the unstable
frames which are made of bead-on-string PVDEF fibers, and
their scale constraint is another issue in use. Confronted with
these situations, we actively made some changes with the films.
To make the frame more stable, submicron-scale PAN fibers
were further introduced to the bead-on-string film by the tech-
nique of multinozzle electrospinning, and at the same time
achieved the effect of large-scale production. Different kinds of
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fibers interweave densely on the collector. The advantages of the
new electrospinning device involved the possibility of enhancing
the intensity of electrospun film by introducing large diameter
fibers, the ease of adjusting the thickness and the proportion of
different fibers depending on specific demand, and remarkably,
preparing large-scale composite films.

Composite films comprised of 12% PAN solution, 21% PVDF
solution, and 4% PS solution were prepared, the weight ratios
of PAN fibers/bead-on-string PVDF fibers/PS microspheres var-
ied from 0 : 2.60 : 1 to 1.20 : 2.60 : 1. (PAN is an outstanding
hydrophilic material. There will be definitely a significant reduc-
tion in the superhydrophobicity of the composite electrospun
films when PAN is introduced. So we decided to select a high
superhydrophobic weight ratio of PVDF/PS mat by two-nozzle
electrosprayed for preparation. However, when the weight ratio

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39735
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Figure 8. Variation of CA value of composite films based on different
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of bead-on-string PVDF fibers/PS microspheres is lower than
2.60 : 1, bead-on-string PVDF fibers could not effectively bind
the PS microspheres tightly. Accordingly, we set 2.60 : 1 as a
constant weight ratio of PVDF/PS. The SEM images in Figure 7
further confirm that three types of fibers were mixed uniformly
during the electrospinning. PAN, PVDE, and PS fibers in our
composite films were easily distinguished because of their
obvious morphology distinction. The introduced PAN fibers
with diameters ranging from 0.5 to 0.95 um afford the role of
supporting the whole film as the frame successfully. It could
also be found that with the increased weight ratio of fibers
from 12% PAN solution, the CA value of the surfaces tends to
decline from 155.0° at a ratio of 0 : 2.60 : 1 to 140.0° when the
ratio rises up to 1.20 : 2.60 : 1, because large diameter PAN
fibers are not only hydrophilic, but also not favorable to
increase the roughness and subsequently to form superhydro-
phobic surface. Additionally, increasing the syringe-pump flow
rate of PAN can stimulate the PAN fibers get thicker and more,
which is a disadvantage of making the surface hydrophobic. As
a result, the hydrophobicity of the composite surfaces goes
opposite when the PAN component in the films increases. The
weight ratio of 0.60/2.60/1 (PAN/PVDEF/PS) was a critical ratio
as showed in Figure 8. The composite films lost their superhy-
drophobicity when the ratio was higher than 0.60/2.60/1.

The CA hysteresis is an important factor in determining surface
hydrophobicity as well as the static CA. To make a surface
superhydrophobic and water-repellent, the water CA should be
high enough (>150°) and, more importantly, the CA hysteresis
should be very small, so as to lead to a small roll-off angle of
the water droplet. Sliding behavior of a water droplet is very
crucial in evaluating the contact angle hysteresis. If a water
droplet falls on the rough surface, there will be lots of cavities
as the air pockets between the water droplet and the solid sur-
face. When this water droplet slides on the superhydrophobic
surface, there will be a transition from the Wenzel model®® to
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the Cassie-Baxter model, as the Cassie-Baxter model describes
that, as surface roughness factor keep increasing and passes a
critical standard, the water receding angle increases noticeably
at the same time (water does not penetrate into the surface cav-
ity), thus minimizing the CA hysteresis. In our work, the SA of
the electrospun composite films was tested using a 10 puL water
droplet on their surfaces. When PAN was not introduced into
the membrane (the weight ratios of PAN/PVDF/PS is 0 : 2.60 :
1), the SA is 3.8° so the water droplet could slide easily and
move in random directions on our electrospun surface. The SA
of the composite surfaces increased gradually as the weight
ratios of PAN/PVDF/PS increase. When the weight ratio was
1.20 : 2.60 : 1, the water droplet could not slide anyway and
adheres on the surface of the mat, thus leading to a large CA
hysteresis apparently. Because PAN fibers are so hydrophile that
water droplet cannot roll easily on the surface of the composite
film if the film is full of PAN, and make the surface roughness
decrease extremely. On the other hand, submicron-scale PAN
fibers tend to advance three-phase contact line and make the
three-phase line get continuous since a discontinuous and dis-
torted three-phase contact line is apt to present a small CA hys-
teresis.”® Therefore, as PAN fibers increased gradually, it is more
and more difficult to keep water droplet rolling on the surface
of the composite films.

The tensile properties of electrospun composite films were char-
acterized. All of the electrospun mats were easily removed from
substrate. Stress—strain behavior of composite films formed with
various weight ratios of PAN/PVDF/PS is shown in Figure 9.
The testing result shows that the mechanical properties of elec-
trospun films benefit a lot from the presence of PAN fibers. The
mechanical behavior of electrospun composite films depends on
the properties of the blend components, the structure of various
fibers, and the interaction between each polymer fiber. When
the weight ratio of PAN fibers/bead-on-string PVDF fibers/PS

Stress (MPa)

. T -

0.0 05 1.0
Strain (%)

Figure 9. Stress—strain behavior of composite films formed with various

weight ratios of PVDF/PS: (a) 0 : 2.60 : 1, 1.14 MPa, (b) 0.30 : 2.60 : 1,

1.50 MPa, (c) 0.60 : 2.60 : 1, 2.90 MPa, (d) 0.90 : 2.60 : 1, 3.35 MPa, and

(e) 1.20 : 2.60 : 1, 4.12 MPa. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Figure 10. Variation of CA value and stress of composite films based on
different weight ratios of PAN/PS. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

microspheres varied from 0 : 2.60 : 1 to 1.20 : 2.60 : 1, not only
the amount of PAN fibers increases, but also the diameter of
PAN fibers gets a little bigger. As a result, the film demonstrates
an enhanced tensile strength from 1.14 to 4.12 MPa. In the elec-
trospinning (or electrospraying) process, three types of fibers
could stick together firmly owing to the adhesion force of PAN
fibers and the structure of PVDF bead-on-string fibers could
prevent PAN fibers from moving when the electrospun films
were elongated, so as to achieve the purpose of reducing the
elongation. In addition, when the composite material is
stretched, the PAN fibers which are parallel with the external
force exhibit more effect of the excellent flexible and tensile
characteristics, and the other PAN fibers will be affected by
structure of PVDF bead-on-string fibers more. This dual effects
lead to the mechanical stability enhancement of the composite
material. Consequently, the mechanical properties of composite
films were significantly enhanced by the increase of the content
of PAN fibers. Figure 10 can clearly explain the changes of CA
value and tensile strength of electrospun mat brought by the
various weight ratios of three kinds of components. We take
advantage of all of them, and then integrate their unique merits
together into one prepared mat through electrospinning (or
electrospraying). When the roughness of mat is maintained,
PAN fibers also play an important role in improving the
mechanical property of electrospun membrane. In this way, a
large-scale superhydrophobic surface with mechanical integrity
could be obtained.

CONCLUSIONS

In our research, large-scale superhydrophobic composite films
with enhanced tensile properties were successfully fabricated
through the blending of porous PS microspheres, bead-on-
string PVDF fibers and PAN fibers via an advanced conveyor
belt electrospining device. Large-scale fabrication without limit
puts our conveyor belt electrospining device in advantageous
position. During the electrospining (or electrospraying) process,
three types of fibers were mixed easily. The simultaneous pres-
ence of PS microspheres, bead-on-string PVDF fibers afford the
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role of increasing surface roughness so that the composite film
exhibits a superhydrophobic surface. The later introduced large
diameter PAN fibers significantly improve the mechanical prop-
erties of electrospun sheet owing to the special character of
PAN. The superhydrophobicity and the mechanical properties
of electrospun composite film could be regulated by altering the
weight ratio of PS microspheres/bead-on-string PVDF fibers/
PAN fibers. We believe that this advanced electrospining device
can be further explored to prepare more multifunctional materi-
als with versatile properties desired in the future by mixing vari-
ous substances uniformly.
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