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TOC Graphical abstract

Rinse-Resistant  Superhydrophobic Block Copolymer Fabrics by
Electrospinning, Electrospraying and Thermally-Induced Self-Assembly

We present an efficient approach for the fabrication of superhydrophobic fabrics with great
rinse-resistance by electrospinning and electrospraying an elastomeric block copolymer to give a
morphologically composite material. Self-assembly of the block copolymer domains was then

used to provide long-lasting superhydrophobic property.
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Highlights

Fabrication of superhydrophobic fibrous fabrics by exploiting block copolymer self-

assembly to bind electrosprayed beads within a nanofibrous electrospun mesh

Effects of type and density of beads on the surface morphology and wetting properties

were elucidated

Superhydrophobic fibrous fabrics with great rinse-resistance retained after 200 hours of

water flushing



Abstract: An inherent problem that restricts the practical application of superhydrophobic
materials is that the superhydrophobic property is not sustainable; it can be diminished, or even
lost, when the surface is physically damaged. In this work, we present an efficient approach for
the fabrication of superhydrophobic fibrous fabrics with great rinse-resistance where a block
copolymer has been electrospun into a nanofibrous mesh while micro-sized beads have been
subsequently electrosprayed to give a morphologically composite material. The intricate nano-
and microstructure of the composite was then fixed by thermally annealing the block copolymer
to induce self-assembly and interdigitation of the microphase separated domains. To demonstrate
this approach, a polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene (SEBS) nanofibrous
scaffold was produced by electrospinning before SEBS beads were electrosprayed into this mesh
to form a hierarchical micro/nanostructure of beads and fibers. The effects of type and density of
SEBS beads on the surface morphology and wetting properties of composite membranes were
studied extensively. Compared with a neat SEBS fibrous mesh, the composite membrane had
enhanced hydrophobic properties. The static water contact angle increased from 139° (+3°) to
156° (£1°), while the sliding angle decreased to 8° (£1°) from nearly 90°. In order to increase the
rinse-resistance of the composite membrane, a thermal annealing step was applied to physically
bind the fibers and beads. Importantly, after 200 hours of water flushing, the hierarchical surface
structure and superhydrophobicity of the composite membrane were well retained. This work
provides a new route for the creation of superhydrophobic fabrics with potential in self-cleaning

applications.

Keywords: superhydrophobic; composite membrane; rinse-resistance; block copolymer; self-

assembly



1. Introduction

Superhydrophobic materials have surfaces with water contact angles (CAs) larger than 150°
and sliding angles of less than 10°. They have been used in many applications including self-
cleaning,[1-5] oil-water separation,[6-9] antifreeze,[10, 11] and antibacterial materials[12-14].
Two of the most important factors governing the wettability of materials are surface energy and
surface roughness, with hierarchical micro/nanostructures and low surface-energy materials
being essential in achieving superhydrophobicity.[1, 15] Various methods have been explored to
fabricate superhydrophobic surfaces, such as inorganic nanoparticle surface coatings,[16]
electrochemical  polymerization,[17]  plasma-etching,[18] template/mold  methods,[19]
electrospinning[ 1, 20-25] and others.[26]

Electrospinning is a relatively simple, efficient and versatile way to fabricate continuous fibers
from a variety of materials for wide ranging applications.[23, 27-34] Fibers, beads or beaded
structures can be electrospun or electrosprayed from polymer solutions with low concentrations
or low molecular weight,[35] or via specialized self-assembly driven electrospinning.[36] Both
electrospinning and electrospraying operate using the principles of electrohydrodynamics, and
are widely applied to fabricate superhydrophobic surfaces. For example, Jiang et al.[1] prepared
a lotus-leaf-like superhydrophobic surface from a composite film consisting of electrosprayed
polystyrene (PS) microspheres (beads) and electrospun nanofibers. The hierarchical
micro/nanostructure of the composite film displayed stable superhydrophobicity, with the water
CA of the composite film (162°) being much larger than that of the spin-coated film (95°). Zheng
et al.[22] used electrospinning and electrospraying to produce composite membranes with

different surface morphologies, including: beads and fibers of different sizes and shapes, bead-
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on-string structures with different aspect ratios. It was shown that morphology greatly influenced
the wettability of the membranes, ranging from hydrophobic (CA ~ 143°) to superhydrophobic
(CA ~ 160°). Numerous other reports confirm that electrospun/electrosprayed composite
membranes incorporating hierarchical micro/nanostructures can display
superhydrophobicity.[37-41] However, an inherent problem that restricts the practical
application of these materials is that the superhydrophobicity property is not sustainable. It can
be diminished, or even lost, when the surface is physically damaged. In particular, electrosprayed
beads or particles can be removed from the attached or connected surface by certain aggressive
treatments, such as ultrasound, scotch tape, water flow or rubbing.[42] Thus, to retain the
integrity of the surface and the interconnection between the fibers and the beads, further
stabilizing treatments are required. One way to combine the components is to fabricate fibers and
beads using the same thermoplastic polymer and thermally anneal them together.

Herein we introduce a method to fabricate rinse-resistant superhydrophobic fabrics with
micro/nanostructural features using a combination of electrospinning, electrospraying and
thermal annealing. A triblock copolymer, polystyrene-b-poly(ethylene-co-butylene)-b-
polystyrene (SEBS) was first electrospun to fabricate fibers as a base supporting mesh.
Subsequently, two different types of SEBS beads were electrosprayed onto the fibrous SEBS
mesh to form a morphologically composite membrane with a hierarchical micro/nanostructure.
The effects of type and density of the SEBS beads on the surface morphology and the
hydrophobicity of composite membrane were studied via scanning electron microscopy (SEM),
water CA and sliding angle, optical microscopy and 3D morphology measurements. In order to
increase the rinse-resistance of the composite membrane, a thermal treatment was applied to

entangle (or physically crosslink) the fibers and beads. Importantly, after 200 hours of water



flushing, the hierarchical surface structure and superhydrophobicity of the composite membrane

were well retained, thus highlighting their promise in self-cleaning applications.

2. Experimental

2.1. Materials

Polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene (SEBS) triblock copolymer [Mn = 7.06
x 10* g mol?, polystyrene (PS) volume fraction: ¢ = 0.30, also known as Kraton G1726M], was
obtained from Kraton Performance Polymers, Inc. Tetrahydrofuran (THF) and N,N-

dimethylformamide (DMF) (Laboratory Grade) were purchased from Aladdin and used as

received.

2.2. Fabrication of SEBS fibers, bead-fiber composite membranes and thermal annealing

treatment

2.2.1. Electrospinning: The SEBS triblock copolymer was dissolved in THF at a concentration of
14 wt%.[36] The solution was then stirred continuously for 24 h prior to electrospinning at 25
°C. Electrospinning was performed at 25 in air, suing homemade apparatus similar to that used in
the literature.[31, 43] SEBS polymer solution was drawn into a 1 mL syringe connected to a 0.62
mm inner diameter flat-ended metallic needle. The solution was fed at 2 mL h™ using a syringe
pump (LSPO1-1A, Longer precision pump Co., Ltd., China) in a horizontal mount and the needle
was connected to a high voltage supply (DW-P303-1ACF0, Dongwen high voltage power supply
Co., Ltd., China), fixed at 20 kV. An aluminum flat sheet (10 cm x 10 cm) was grounded and

used as the collector. The distance between the needle and collector was fixed at 15 cm. Ambient



humidity was controlled at RH30%, RH50% and RH70%. The electrospinning time was kept

constant at 10 min.

2.2.2. Electrospraying: The SEBS triblock copolymer was dissolved in THF at a concentration of
8 wt% or THF/DMF mixed solvent (THF/DMF = 80/20) at 14 wt%.[36] The solutions were then
stirred continuously for 24 h prior to electrospraying at 25 °C. The setup and the parameters of
electrospraying were exactly same as those used for electrospinning, except the pre-prepared
electrospun SEBS fibrous mesh on aluminum sheet was grounded and used as the collector.
Ambient humidity was controlled at RH30% and RH70%, respectively. In order to achieve
different densities of beads on the fibers, the electrospraying process was undertaken for
different time periods (10 min, 20 min, 30 min and 40 min, respectively).[44] For analysis, the
electrospun fibers and beads were dried under reduced pressure at room temperature for 24 hours

to remove any residual solvent.

2.2.3. Thermal annealing: After electrospraying, the composite membranes comprising fibers and
beads, were heated at 170 °C for 3 h to thermally anneal the fibers and beads. [45] The samples
were heated without removing the aluminum sheet in order to prevent folding of the SEBS

fibrous mesh during the annealing process.[46]

2.3 Flushing experiment

The composite membranes (with size 10 cm x 10 cm) before and after thermal annealing were
placed under a faucet at a distance of 20 cm from the source and flushed by swift water flow (1.2

m s1) for different time periods (between 0-200 h).



2.4. Characterization

Relative number-average molecular mass (Mn) and dispersity (Mw/Mn, D) were measured by
Gel Permeation Chromatography (GPC) (flow rate 1 mL min™?, 40 °C) using a Varian GPC
spectrometer comprising three PL gel 5 um 300 x 7.5 mm mixed-C columns and a degassed THF
eluent system containing triethylamine (2 % v/v) and BHT (0.05 % w/v). The samples were
calibrated with narrow polystyrene standards (Mp range = 162 to 6 x 10 g mol™?) and analysed
using PL Cirrus software (version 2.0) supplied by Agilent Technologies. The traces and data are
provided in the Electronic Supporting Information (ESI), Fig. S1. The surface morphologies of
the SEBS fibers and beads were characterized by scanning electron microscopy (SEM), using a
Phenom Pro G3 (Phenom, Holland) (operating at 10 kV for gold-coated samples). Average
diameters of the fibers and beads produced from each solution were obtained using Imagel
software at least five SEM images. Thermogravimetric analysis (TGA) measurements were
conducted by a TG209 F1 (NETZSCH) thermo-analyzer instrument. The heating rate was set at
20 °C mint, and the TGA curves were recorded from 50 to 600 °C under 25 mL min™ flow of
nitrogen. Approximately 10 mg of sample was used for a single TGA analysis. The errors

associated with the temperature and mass measurements were +2.0 °C and £2.0%, respectively.

The wettability of the SEBS fibrous mesh, beads and composite membranes were determined
by static water contact angle (CA) and sliding angle measurements performed in open air using
an OCA20 contact angle system (Dataphysics, Germany). The CA was measured after the DI
water droplet (5 pL) had rested for 5 s on the SEBS membranes. All measurements and
experiments were performed under ambient conditions (room temperature, 25 °C). The average
water CA and sliding angle and their standard deviation were calculated from measurements

taken at seven different positions on the same sample.
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The surface roughness and topography of SEBS fibrous mesh and composite membranes were
measured by a white light interferometer, BMT SMS Expert 3D (BMT, Germany).
Interferometry is a non-destructive and non-contact measurement with extremely high sensitivity
in Z-direction (vertical resolution of 30 nm).[47] Generally, the scanning area was set at area of 3
mm x 3 mm with a scanning speed of 1 mm s, The surface roughness was calculated from the

measurements using the BMT system software.

The nanomorphologies of the untreated and thermally annealed SEBS composite membranes
(with Type 1l Beads, 30 min electrospraying) were revealed via small-angle x-ray scattering
(SAXS). SAXS measurements were performed at the Shanghai Synchrotron Radiation Facility
(SSRF), Shanghai, China, on station BL16B[48] (wavelength of x-ray radiation, A = 1.24 A, at
10keV) over a g-range of 0.008 - 0.36 A at sample-to-detector distance of 2m (modulus of the
scattering vector ¢ = 4 «t sind /A, where @ is half of the scattered angle) using a two-dimensional
(2D) area detector (SX-165 CCD Detector by Rayonix, LLC, USA.). Peak positions of wet rat-
tail collagen were used to calibrate the g-axis. 2D SAXS patterns have been reduced to one-
dimensional (1D) profiles by a standard procedure available in the SAS software package.[49]
The 2D patterns, and their corresponding 1D profiles, have been subjected to incident beam

intensity and background corrections.
3. Results and discussion

Wettability is one of the most important properties of solid surfaces for both academia and
industry. For example, there have been numerous reports concerning the development of
artificial superhydrophobic surfaces for self-cleaning applications that are inspired by the lotus

leaf.[50] Among the various methods used to make superhydrophobic surfaces, electrospinning
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is a particularly promising technique to fabricate micro- and nanoscale fibers, as well as different
structures and assemblies[51] that display great complexity in terms of surface morphology and
topology.[52, 53] Moreover, the fibrous materials obtained from electrospinning can provide
porosity for the transport of vapor, essential in a number of applications.[52, 54] Meanwhile,
electrospraying, which may be considered a variant of the electrostatic spinning process, is also
widely used for generating superhydrophobic surfaces.[37, 38, 41] When polymer or inorganic
particles are electrosprayed onto a solid substrate, superhydrophobicity can be achieved as a
consequence of merely increasing the surface roughness.[18, 38, 42, 55] However,
electrosprayed particles can be removed from the surface by various aggressive treatments, such
as: ultrasound, scotch tape, water flow or surface rubbing.[42] Thus, to retain the integrity of the
surface and the interconnection between the fibers and the beads, further modification is
required. Herein we report a method to fabricate rinse-resistant superhydrophobic fabrics with
hierarchical micro/nanostructure using a combination of electrospinning, electrospraying and
thermal annealing (a schematic is given in Fig. 1). SEBS beads were electrosprayed onto SEBS
fibers to form a composite membrane with a hierarchical micro/nanostructure first, and then
thermal treatment was applied to increase the rinse-resistance of the composite membrane by

physically binding the beads to the fibrous mesh.
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Fig.1 A schematic illustration of the fabrication process of rinse-resistant superhydrophobic

fabrics.

3.1. Fabrication of SEBS fibers and beads

In our previous study, SEBS was dissolved in neat THF across a concentration range of 8 - 20
wt% to produce beads or fibers.[36] Based on this work, a solution of 14 wt% SEBS was
selected as an optimum concentration to make fibers. It had been reported that high humidity in
addition to high solvent volatility often leads to the formation of pores on electrospun fibers.[22]
Since surface roughness is key to the fibers’ superhydrophobicity, we performed electrospinning
at relative humidities of 30, 50 or 70% in order to control the surface morphology of the SEBS
fibers. As shown in Fig 2a and 2b, all of the SEBS fibers possessed a cylindrical shape with an

average diameter approximately 8 ~ 9 um (with average diameter approximately 8.3 + 1.1 um at
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RH30% and 9.3 + 1.5 um at RH70%, respectively). However, the surface morphology of the
fibers changed from smooth to rough (tiny pores appeared on the fiber surface) with increased
humidity. In particular, the water CA of the SEBS fibrous meshes increased from 134° to 142°
(Fig. 2c). Similar results were reported by Kurusu and Demarquette,[33] with the water CA of
the electrospun SEBS fibrous mat was 139° (£2°). It is believed that the micro/nanostructure of
the fibrous meshes (arising from the micrometer-sized fibers and gaps between the fibers, and
the nanometer-sized pores on the fiber surface) generates a rough surface, which increases the
solid-liquid interfacial area, and therefore increases the apparent surface hydrophobicity. In
contrast, SEBS films prepared by casting were smooth (Fig. S2a) and the water CA was much
smaller (95°, as shown in Fig. S2b) than that of the electrospun SEBS fibrous mesh. According
to the surface topography measurements, the roughness of the electrospun SEBS fibrous mesh is

12.1 um while that of the cast film was an order of magnitude smaller at 1.2 um (Fig. S3).
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Fig. 2 SEM images of SEBS fibers electrospun at different humidity; (@) RH30% and (b)
RH70%; alongside their water contact angle data (c). Parts (d) to (i) are SEM images of SEBS
beads electrospun at different humidity RH30 and RH70%. Type | Beads were fabricated from 8
wt% SEBS/THF solution, while Type Il Beads were produced from 14wt% SEBS/THF-DMF
(THF/DMF = 80/20) solution. The SEM images shown in (d) and (g) are at low magnifications

to provide a larger sample size for the reader.

There are two types of beads that can be prepared from SEBS via electrospraying. As shown in

Fig. 2d-i, the first type is fabricated from a SEBS solution with low concentration (8 wt%),
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named Type | Beads. The second type is produced from the self-assembled block copolymer in a
co-solvent system of THF/DMF (80/20) at a high concentration (14 wt%), named Type Il
Beads.[36] This co-solvent system allows a relatively high polymer concentration to be used, yet
with a low degree of entanglement between polymer chains due to microphase separation of the
block copolymers (BCP), SEBS, in this selective solvent system.[36] It was noted that Type Il
Beads were more uniform in size and shape (with an average sphere diameter of approximately
8.9 £ 1.8 um at RH30% and 9.7 = 2.3 um at RH70%, respectively) than those produced from
THF solutions of low concentration (Type | Beads, size range from 2 ~ 30 um, with an average
diameter of approximately 21.2 £ 6.6 um at RH30% and 22.3 + 7.1 um at RH70%, respectively).
The effect of humidity on the surface morphology of Type | Beads, was similar to that observed
for electrospun SEBS fibers, in that some nanometer-sized pores were generated on the surface
of the beads at high humidity (Fig. 2d-f). In contrast, rough surface morphology was always
observed for Type Il Beads, regardless of humidity (Fig. 2g-i), which was due to the different
solvent volatility of THF and DMF and the vapor-induced phase separation effect.[22]
Consequently, conditions used to produce Type Il Beads were selected for further investigation
in the production of hierarchical micro/nanostructure of fiber/bead composite membranes. The
effects of the bead density and type on the surface morphology and the superhydrophobic

properties of composite membranes are investigated sequentially in the following parts.

3.2. Effects of bead density and type on surface morphology and superhydrophobic

property of bead/fiber composite membranes

16



Bead density has a great effect on the overall surface roughness of composite membranes. The
electrospraying process was therefore performed at constant RH30% for different time periods,
ranging from 10 min to 40 min, in order to generate membranes consisting of pre-prepared
electrospun SEBS fibers (RH70%) and Type Il Beads (RH30%). Morphologies of the resulting
composite membranes are shown in Fig. 3a-e. The SEM micrographs reveal that beads were
stacked on the fibers, and the SEBS composite membranes possessed a hierarchical
micro/nanostructure. Fig. 3a shows the bare SEBS fibers without Type Il Beads. Images obtained
for the membranes prepared by electrospraying for different time periods (10, 20, 30 and 40 min)
are shown in Fig. 3b-e, respectively. As expected, the number of beads, counted from the SEM
images, confirmed that the density (beads per mm?) of Type 1l Beads on the SEBS fibrous mesh
increased with electrospraying time (Fig. 3f), from 86,000 mm2 for 10 min electrospraying to

345,000 mm2 for 40 min electrospraying.
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Fig. 3 SEM images of SEBS composite membrane with different bead density (Type Il Beads);
(@ 0 min, (b) 10 min, (c) 20 min, (d) 30 min, (e) 40 min and (f) beads density with
electrospraying time. Parts (g) and (h) show the corresponding static water contact angle and
sliding angle data of the composite membrane of SEBS fibers with Type 11 Beads, respectively.
Parts (i) and (j) show the corresponding static water contact angle and sliding angle data of the

composite membrane of SEBS fibers with Type | Beads, respectively.
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There are two critical measurements in determining how well the hydrophobic substrate is
performing (in self-cleaning); the contact angle and the sliding angle. A higher contact angle
means that the surface is more repellent to water, thus requiring less cleaning and maintenance.
Lower sliding angles shows that the surface has the ability to allow liquid to be released more
quickly, thereby improving cleanability. The water CA and sliding angle data of the composite
membranes prepared using Type Il Beads are given in Fig. 3 [part (g) and (h)] as a function of
electrospray time (i.e. bead density). The static water CA of the bare SEBS fibrous mesh was
139° (£3°), and the sliding angle was nearly 90°. The introduction of SEBS beads caused an
increase in the static water CA (Fig. 3g) and a decrease in the sliding angle (Fig. 3h). When Type
Il Beads were electrosprayed for 30 minutes, the static water CA increased to 156° (£1°), while
the sliding angle decreased to 8° (+1°), indicating excellent superhydrophobic properties and
good for application in self-cleaning. However, continuous packing of the beads did not appear
to improve the superhydrophobicity further. Referring to Fig. 3g, the static water CA increased at
low-to-moderate bead densities, but reached a plateau at higher bead densities (corresponding to
electrospray times of 20/30 min in Fig. 3g). This trend was also reflected in the sliding angle
data, except that the sliding angle reduced initially, and reached a minimum at around 8° at
higher bead density. These findings imply that the ratio of the wetting phase (beads) to the
nonwetting phase of the SEBS composite membranes (air and fibers) was similar for membranes
with moderate-to-high bead densities. An electrospray time of 30 mins was found to be optimum
in terms of maximum static water CA and minimum sliding angle (Fig. 3h). The SEBS
composite membranes with Type | Beads show similar tendency of the effect of the bead density

on the superhydrophobic properties of the fibrous membranes (Fig. 3i and 3j). In contrast to
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Type Il Beads, the static water CA measurements performed on composites with Type | Beads
were more broadly distributed (shown in Fig. 3i). It is believed that the nonuniform morphology
of the Type | Beads caused greater surface heterogeneity and thus a slightly larger deviation in
the water CA measurements (approximately 155° + 4° for the sample electrosprayed for 30
minutes in Fig. 3i, while that of Type Il Beads electrosprayed for 30 minutes was 156 ° + 1°in
Fig. 3g). The results confirmed that the SEBS composite membranes with Type Il Beads have
homogeneous surface morphology and more stable performance (superhydrophobicity and

wettability).

In order to explain this phenomenon in more detail, a 3D morphology tester was utilized to
characterize the roughness of the SEBS fibrous mesh (electrospun fibers only) and composite
membranes[47]. The 3D morphology measurement presents a vivid image to reveal the surface
morphology with high spatial resolution. Fig. 4a shows the 3D morphology of SEBS fibrous
mesh, the violet/blue areas indicate higher sites in the image (showing the arrangement of the
fibers on the top of the sample (depicting the stacking of the fibers), while the red/yellow areas
show the lower sites or voids. Those measurements revealed a roughness of 12.1 um for the
SEBS fibrous mesh. Fig. 4b-d show 3D morphology images of SEBS composite membranes
comprising fibers and Type Il Beads. Due to the introduction of beads, the roughness of these
composite membranes increased with bead density (14.7 um, 19.4 ym and 21.8 um for 10, 20
and 30 min electrospraying, respectively. From these data, it appears that the increase in surface
roughness arising from incorporation of beads is the main reason for the observed improvements
in superhydrophobicity. Meanwhile, the 3D surface topography images show the SEBS
composite membranes with Type Il Beads had a surface morphology with uniform roughness

(over a wide scanning range of 3 mm x 3 mm) than that of the SEBS composite membranes with
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Type | Beads (21.5 um for 30 min electrospraying, Fig. S4b), which coincide the result of static
water CA data. According to the Cassie-Baxter model, increases in surface roughness and

entrapped air lead to a reduction in the ratio of the wetting phase to the nonwetting phase.[37,
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Fig. 4 3D surface topography measurements of SEBS composite fibrous membranes with

different bead density of Type Il Beads (prepared by varying the different electrospraying time).

3.3 Flush Properties of SEBS Composite Membrane

It was anticipated that the structure (and therefore superhydrophobicity) of the SEBS composite
membranes would not be stable during practical application of the materials because of poor
chain entanglement between the fibers and beads. To investigate this, the composite membranes
consisting of Type Il Beads (electrosprayed for 30 min) were tested in flush property trials. Fig.
5c¢ and 5d shows that static water CA of the original composite membrane is about 156°, and the
sliding angle is 8°. The membrane was then flushed by swift water flow (1.2 m s, for various
time periods (between 0-200 h), and the static CA and sliding angles were measured. After

flushing for 200 h, the static CA decreased to 141° and the sliding angle increased to 77°, which
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indicated that the membrane lost its superhydrophobicity. SEM revealed that the beads that
stacked on the untreated composite membranes (Fig. 5a) were removed after water flushing for
200 h, and only a few beads were retained on the fibrous surface (Fig. 5b). This vast reduction in

bead density explains the observed transformation in the membrane’s wettability and

superhydrophobicity.
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Fig. 5 SEM images of the untreated (a and b) and thermally annealed (e and f) SEBS composite
membranes (with Type Il Beads) before and after washing with water (200 h). Parts (c), (d), (9)
and (h) are static water contact angle and sliding angle data with different rinse time of the
untreated (c and d) and thermal annealed (g and h) SEBS composite membranes (with Type 11
Beads), respectively. Part (i) shows optical photograph of the thermal annealed SEBS composite

membrane with different colored ink droplets.

In order to increase the stability of the composite structure and thus control the surface
properties, thermal annealing (170 °C for 3 h) was utilized to increase the mobility and
entanglement of molecular chains linking the fibers and beads. Small angle x-ray scattering
(SAXS) confirmed that the SEBS chains rearrange (self-assemble) to form a regular
nanostructure within the fibers and beads after thermal annealing (see Fig. 6). Moreover,
annealing promotes the interdigitation of the SEBS chains, a process which creates physical
cross-links between the fibers and beads. This works because the fibers and beads are fabricated
from the same polymer; a strategy which has been shown to produce physical crosslinks in
various triblock copolymer systems.[57-59] The TGA experiments confirmed that there were no
obvious changes in thermal properties following thermal annealing (Fig. S5). After thermal
annealing, the composite membrane was subjected to a similar flush experiment. Fig. 5g and 5h
show the changes in static water CA and sliding angle of the annealed membrane over the 200 h
flushing period. Only minor variations in these angles were detected; after flushing for 200
hours, the static water CA was 154°, and sliding angle was 9°. As revealed by SEM, clearly, the
beads and fibers are more intimately linked, which qualitatively supports the concept of

physically-crosslinking via entanglement of the polymer chains across the fiber-bead interface
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(Fig. 5e). Most of the beads remained on the membrane after water flushing (Fig. 5f).
Consequently, as shown by our results the structure and superhydrophobicity of the thermally

annealed membrane was retained, highlighting their promise as self-cleaning materials.

S

before thermal annealing after thermal annealing

—— after thermal annealing
---- before thermal annealing

N

Intensity (a.u.)

Figure 6. Small angle x-ray scattering (SAXS) data of untreated and thermally annealed SEBS
composite membranes (with Type Il Beads, 30 min electrospraying), where (a) and (b) show the

2D SAXS images and (c) shows the corresponding 1D data of intensity versus g.

As aforementioned, SAXS was used before and after thermal annealing to further probe the
self-assembly/physical crosslinking process of the block copolymer fibers and beads. The almost
featureless scattering pattern (Fig. 6a) of the untreated composite membrane indicates that the

SEBS chains have been effectively vitrified during the electrospinning (fibers) and
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electrospraying (Type Il beads) quench processes, as expected. After thermal annealing, the
presence of three clear peaks in the SAXS data show that the SEBS chains self-assembled to
form a more ordered, regular nanostructure (Fig. 6b). It was found that the relative positions of
the first three diffraction peaks (g/g* approximately equal to 1, 2, 3, where g* is the first peak
position in Fig. 6¢, which is indicative of a lamellae morphology within the fibers and beads,

with an inter-domain spacing of 31 nm).

4. Conclusion

Commercially available Kraton triblock copolymer (SEBS) composite membranes, which
consist of fibers and beads, were successfully fabricated by electrospinning and electrospraying.
More importantly, block copolymer self-assembly was exploited in the electrospraying process
to produce more compact, intact beads with a relatively even size distribution. The introduction
of beads successfully increased the static water contact angle of the composite membrane, whilst
decreasing the sliding angle dramatically, characteristic of a superhydrophobic material. An
increase in density of the SEBS beads on the fibrous mat significantly improved the
superhydrophobic properties, while the type of beads dictated the spatial homogeneity of the
surface properties. Type Il Beads (created through block copolymer self-assembly) were more
uniform than Type | Beads in size and shape, which thus led to more homogeneous wettability
across the sample surface. After thermal annealing, the composite membrane maintained its
superhydrophobicity with physical cross-links between the fibers and beads providing structural

integrity, and displayed excellent flush resistance due to the stabilized composite structure.
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Supporting Information

Further experimental data and explanations are given upon (1) the GPC traces and corresponding
molecular mass data of the SEBS, (2) SEM image of SEBS film by casting and its water CA
measurement, (3) optical images and 3D surface topography images of a SEBS film and an
electrospun SEBS fibrous mesh, (4) SEM image and 3D surface topography image of composite
membrane consisted of fibers and Type I Beads, (5) TGA data of untreated and thermally

annealed SEBS composite membranes (with Type II Beads).
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