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Abstract

Polymers can be prepared into textiles via electrospinning. However, high overall property of outdoor clothing is necessary.
In this work, hybridization and electrospinning were employed to fabricate fluoropolymer @bentonite hybrid textiles. Com-
pared with fluoropolymer textile, hybrid textiles exhibit a surface superhydrophobicity ascribed to the significantly improved
surface roughness of hybrid fibers, and they display high thermal stability attributed to inorganic bentonite. After acid/alkali
immersion, ultraviolet radiation, or mechanical abrasion, hybrid textiles still show high water resistance, indicating strong
weathering resistance. Rational material selection and electrospinning result in low surface energy, high surface roughness,
and binary micro/nano hierarchical structure. Hybrid textile (with 10 wt% bentonite) shows high overall property (water
contact angle of ~ 155°; thermal stability up to ~400 “C; superhydrophobicity after 48 h exposing to acid, alkali, or radiation;
hydrophobicity after 100 abrasion cycles). This work might pave a road for large-scale preparation of high-performance

textiles for waterproof garments.
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Introduction

Practicability, comfort, economy, and esthetic are considered
when clothing materials are studied [1]. Advantages of cloth-
ing materials should include structural stability, mechanical
strength, flexibility, breathability, and light-weight feature
[2]. Outdoor suits should show good waterproofness and
weathering resistance (thermotolerance, acid/alkali resist-
ance, ultraviolet (UV) resistance, and abrasion resistance)
[3]. Polymeric fibers are good candidates for fabricating
garment fabrics [4]. Chemical fiber fabrics are made from
polyethylene terephthalate, polyamide, and polyacrylonitrile
[5]. They can show some advantages (wear-resistant; not
moldy) [6]. Material processing is essential to macroscopi-
cal properties of garment fabrics. Electrospinning plays a
key role in preparing fiber textiles (the ordered or complex
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components) [7]. For high-performance outdoor fabrics, the
selection and processing of materials are vital.

The lotus-leaf bionic superhydrophobic trait of the sur-
faces of outdoor fabrics has been desirable in clothing indus-
try [8]. Based on substantial research on superhydrophobic
surfaces, both of low surface energy (relying on surface
elemental composition) and high surface roughness (relying
on binary micro/nano hierarchical structure) are compulsory
[9]. Polymeric fibers have been confirmed to be leading can-
didates for preparing garment fabrics. The low-roughness
surfaces consisting of water-repellent fluoropolymers can-
not show a superhydrophobicity but a hydrophobicity [10].
Using fluoropolymers, the surfaces cannot obtain a super-
hydrophobicity in most cases. Therefore, the hybrid strategy
has been adopted to fabricate fluoropolymer/particles hybrid
surfaces for achieving superhydrophobicity [11].

With respect to material selection, the polyvinylidene
fluoride (PVDF) with ultra-low surface energy from F ele-
ment [12] and the bentonite (BT) particles with lamellar
morphology and low surface friction coefficient [13] can
be promising. In detail, PVDF is hydrophobic and semi-
crystalline [14], and it can possess outstanding piezoelec-
tricity, chemical resistance, thermal stability, hydrophobic
stability, mechanical property, and film-forming property
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[15]. Compared with the other commercialized hydropho-
bic polymers such as fluorinated copolymers, easy synthe-
sis of PVDF (simple homopolymer) for a low cost can be
followed [16]. In detail, BT material can have 2:1 layered
silicate structure (bearing silicon-oxygen tetrahedrons and
aluminum-oxygen octahedrons) [17]. BT can show several
advantages such as low cost (traditional and easily avail-
able nonmetallic ore), high stability, and easy dispersibility
(large specific surface area and interlayer structure) [18].
Compared with the other materials used in the same con-
text (such as carbide particles), abundant -OH groups at the
surface of BT can provide a possibility of introducing novel
active functional groups and improving BT/matrix interface
compatibility (high dispersibility of BT) [19].

To realize superhydrophobicity and high weathering resist-
ance, in this work, the PVDF@BT hybrid fiber textiles have
been prepared via electrospinning. Employing high-efficiency
electrospinning can favor the hybrid fibers to achieve an ultra-
high aspect ratio. First, the BT suspension containing the dis-
solved PVDF was electrospun to form the hybrid fiber textiles.
Then, the overall property (static water contact angle, thermotol-
erance, and weathering resistance under various factors of dam-
age) of hybrid textiles was studied. In the end, a superior overall
property of hybrid fiber textiles to neat PVDF fiber textile was
clarified based on several factors (surface energy, surface rough-
ness, and binary micro/nano hierarchical structure). The hybrid
fiber textile with 10 wt% BT can show a high overall property
(water contact angle of ~ 155°; thermal stability up to~400 C;
superhydrophobicity after 48 h exposing to acid, alkali, or ultra-
violet radiation; good hydrophobicity after 100 abrasion cycles).
The innovation of this work should lie in an excellent synergy
between high-aspect-ratio PVDF fibers and lamellar BT parti-
cles in hybrid fiber textiles. This work might pave a road for a
large-scale preparation of the high-performance textiles appli-
cable in the advanced long-life waterproof garments.

Experimental
Materials

Polyvinylidene fluoride (PVDF, 99.9%, AR grade,
M, ~100 kDa) powder was purchased from Alfa Aesar

oL

PVDF/BT in DMF

Fig.1 Schematic diagram to
show the fabrication route of
hybrid textiles
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(Tianjin, China). Bentonite (BT, AR grade) powder was
purchased from Aladdin. N,N-dimethylformamide (DMF,
99.5%, AR grade) was obtained from Zibo Nature Inter-
national Trading Co., Ltd. (Zibo, China). All the materials
were used as received, without any pretreatment.

Preparation of PVDF@BT hybrid textiles

Here, the film-shaped PVDF@BT hybrid textiles were
fabricated by electrospinning process [20]. In the resultant
hybrid textiles, the mass fractions of BT component were
designed to be 0 wt%, 1 wt%, 2 wt%, 5 wt%, and 10 wt%,
respectively. Firstly, PVDF powder and BT powder with the
designed feed ratio (PVDF 1.5 g and BT 0-0.15 g) were
added into DMF of 10 mL. Later, a fierce magnetic stir to
the mixture was performed at 120 °C for 2 h, leading to a for-
mation of the even particle-suspension. At last, the particle-
suspension was transferred into an injector (the volume of
20 mL) followed by carrying out electrospinning over time
at 25 °C (process conditions: special syringe needle with
pinhole diameter of 1.25 mm; operating at 15 kV; adopting
the plate-type receiving device covered with aluminum foil;
the distance between needle head and receiving plate was
15 cm; spinning speed of 1.00 mL/h) to yield the PVDF@
BT hybrid fiber cloth (quadrate; the area up to 30 x50 cm;
the thickness can be controlled by electrospinning time).

In Fig. 1, the schematic diagram for showing the fabrica-
tion route of hybrid textiles was given.

Characterization

X-ray diffraction (XRD) data were obtained based on a
Rigaku D/max 2400 diffractometer (Japan) with X-ray
wavelength of 1.542 A (Cu Ka radiation; 40 kV; 100 mA),
scanning speed of 5°/min, and scanning step of 0.02°.
Proton nuclear magnetic resonance ("H NMR) data were
achieved based on a Bruker (Advance II1) 400 MHz spec-
trometer (taking acetone-dy as the solvent and tetramethyl-
silane as the inner standard). Field-emission scan electron
microscopy (FE-SEM) images were obtained from a ZEISS
EVOI18 (Germany) at 5 kV. Transmission electron micros-
copy (TEM) images were collected from a JEM-200CX with
200 kV. The static contact angle (CA) data were obtained
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based on a dynamic static state surface contact angle instru-
ment (PG-X) (the volume of the deionized water droplet
was ~5 pL). Thermogravimetric analysis (TGA) was exe-
cuted on a NJKHTG-1. The surface abrasion treatments
(with various abrasion cycles; using a sandpaper) were
performed based on the “paint/double-sided tape”-treated
glass [10]. Fourier-transform infrared (FT-IR) spectra were
recorded on an IR spectrophotometer (Bruker-Tensor 27).
The pore-size distribution results were collected from a pore
size analyzer PMI CFP-1100Al (Porous Materials Inc.).

Results and discussion
Characterization of original materials

To verify the crystal form of BT, its XRD curve is shown in
Fig. 2a. Based on diffraction peaks, bentonite can be veri-
fied to have the chemical formula of Al,054(Si0,)'H,0
and show a dioctahedral smectite structure (layered struc-
ture; lamellar crystal; silicate clay ore; monoclinic sys-
tem) [21]. To confirm the chemical composition of PVDF,
its "H NMR spectrum is displayed in Fig. 2b. The peaks
at 2.2-2.7 ppm and 2.7-3.2 ppm should be respectively
attributed to the head-head (-CF,-CH,-CH,-CF,-) and

head-tail (-CF,-CH,-CF,-CH,-) connections of VDF
structural units in PVDF [22]. The peaks from solvent and
inner standard are found as well. The chemical composi-
tion of PVDF can be confirmed to contain 90 mol% of
head-tail connection and 10 mol% of head-head connec-
tion (VDF structural units) based on areal integrals.

To confirm the micro-morphology of BT particles,
SEM and TEM images of them are presented in Fig. 3a
and b, respectively. According to SEM result, the particle
sizes of BT particles can be found to vary between 200
and 800 nm, and the average particle size of them can be
verified to be 500 nm. The lamellar two-dimensional mor-
phology of BT particles can be confirmed. Based on TEM
result (see gray-level), the lamellar trait of BT particles is
further verified.

Crystalline property and surface morphology
of PVDF@BT textiles

To confirm the crystallization capacity of PVDF@BT hybrid
textiles, the XRD result of PVDF@BT hybrid (with 10 wt%
BT, the representative sample) is given in Fig. 4. For com-
parison, the XRD result of neat BT sample is exhibited again
in the figure. Differing from a strong crystalline capacity of
neat BT material discussed above, the hybrid is found to

Fig.2 a XRD curve of BT and

b 'H NMR spectrum of PVDF (a) (b)
Bentonite PVDF
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Fig.3 a SEM and b TEM
images of BT sample

@ Springer



1512

Journal of the Australian Ceramic Society (2022) 58:1509-1517

show a weak crystalline capacity based on the blunt wide
peak (between 10° and 40°). This wide peak can suggest the
predominant beta crystalline phase in the electrospun PVDF
component in PVDF@BT hybrid [23]. Because of the rela-
tively low content for BT particles in the hybrid, the high-
intensity sharp peaks of BT component in the hybrid have
been covered. Moreover, the surface transfer of PVDF can
lead to the efficient coating of PVDF to BT surfaces, further
resulting in the covered BT signals. In a word, PVDF@BT
hybrid can show the notably reduced crystallization capacity
compared with neat BT material. In Fig. S1, the XRD results
of all hybrids (different BT contents) can be achieved.
Now, the surface micro-morphology of PVDF@BT
hybrid textiles should be researched. First, the SEM images
of neat PVDF textile (PVDF@BT hybrid with 0 wt% BT)
are displayed in Fig. 5. In Fig. 5a, the low-magnification
SEM image of pure PVDF textile is shown. The relatively
uniform size distribution of PVDF fibers in the textile can
be observed. In terms of the applications of clothing mate-
rials (the strong structural stability and good permeability/
perspiration traits), the favorable interpenetrating network
structure and porous structure in neat PVDF textile can be
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Fig.4 XRD result of PVDF@BT hybrid with 10 wt% of BT

Fig.5 SEM images of neat
PVDF fiber textile with various
magnification. a Low-magnifi-
cation, b middle-magnification
and ¢ high-magnification SEM
images of PVDF fiber textile
without bearing BT

@ Springer

PVDF fiber-textile

verified [24]. The threadlike one-dimensional feature of each
PVDF fiber in the textile film can be justified ascribed to the
employed electrospinning technology [25]. The electrospin-
ning can serve a large-scale fabrication of various fibers. In
the present case, the PVDF solution (high-polarity DMF as
solvent) can be sprayed under a high external electric field.
Driven by the electric field, the droplets at the tip of needle
can change from sphericity to “Taylor cone” [26], and then
they can extend from the tip of the “Taylor cone” to form
PVDF fiber filaments. Furthermore, in Fig. 5b, the locally
amplified SEM image of neat PVDF textile is achieved. The
observed PVDF fiber with a high uniformity can show a
diameter of ~800 nm. Owing to the single-component trait,
the surface of the observed fiber is relatively smooth. In
the end, in Fig. 5c, the high-magnification SEM result of
neat PVDF textile is provided. The surface roughness should
stem from the fine crystalline grains of PVDF fiber surface
[27].

In Fig. 6, the SEM images of PVDF@BT hybrid textile
with 10 wt% BT are presented. Based on low-magnification
SEM result in Fig. 6(a), the homogeneous distribution of
diameters of those hybrid fibers can be confirmed, and the
woven morphology (the interpenetrating networks and the
pores) of sample can be verified as well. Those hybrid fibers
can have huge length-diameter ratios. The inset of Fig. 6a
exhibits the photo of film-like material object. Moreover, the
further amplified SEM result of hybrid textile is exhibited
in Fig. 6b. For dress fabric, the observed micro-structure
here is favorable. Furthermore, in Fig. 6¢, the SEM image
of the sample for observing more details is provided. The
electrospinning can guarantee the homogeneity in diameters
(~800 nm) of hybrid fibers with BT particles. In comparison
with neat PVDF fibers discussed above, PVDF@BT hybrid
fibers can exhibit a significantly improved surface rough-
ness, ascribed to the lamellar granular trait of BT [28] as
well as the migration of partial F atoms of PVDF compo-
nent towards the surface of hybrid fibers (decreasing surface
energy) [29]. At last, the high-amplification SEM image of
hybrid fiber is shown in Fig. 6d. The high surface rough-
ness of hybrid fiber can be observed. Compared with neat
BT particles, the BT particles at the surface of PVDF@BT
hybrid fiber can be well encapsulated by PVDF component

PVDF fiber textile (c) : PVDEF fiber textile
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Fig.6 SEM images of PVDF@BT hybrid with 10 wt% BT with vari-
ous amplification. a Low-magnification SEM image (the inset for film
photo), b further amplified SEM image, ¢ middle-magnification SEM

based on the present image. This can be explained by the
fact that the electrospinning has been performed to the uni-
form mixture of PVDF and BT materials in DMF. The SEM
image of hybrid fibers with 20 wt% BT is given in Support-
ing Information (Fig. S2). More SEM images are given in
Fig. S3, and the optimal BT content can be confirmed as
10 wt%. In Fig. S4, FT-IR spectra of pristine PVDF fibers
and PVDF@BT hybrid fibers (10 wt% BT) are given, and
the pore-diameter distribution diagrams of two samples are
also given.

Water repellency and thermotolerance of PVDF@BT
hybrids

Usually, outdoor clothing materials are required to show
a high water repellency and thermotolerance [30]. Herein,

>

PVDF@BT hybrid

image, and d high-magnification SEM image of PVDF@BT hybrid
with 10 wt% BT

the water repellency and thermotolerance of the as-prepared
PVDF@BT hybrid textiles are researched. In Fig. 7a, the
static water contact angles of the surfaces of PVDF@BT
hybrid textiles with various BT contents are achieved. The
neat PVDF fiber textile is measured to have a contact angle
of ~110.7 + 2 degrees (hydrophobic), attributed to the mas-
sive F atoms (ultra-low surface energy) at the surfaces of
neat PVDF fibers [31] as well as the porous structure (hold-
ing air mattress) at the surface of the whole textile [32]. The
SEM result in Fig. 5a can verify the porous structure at the
surface of neat PVDF fiber textile. When the BT content
in hybrid increases, the water contact angle of the surface
of hybrid fiber textile can be increased. From 0 to 2 wt%
(BT content), the contact angle of sample surface is quickly
improved ascribed to the notably increased surface rough-
ness of hybrid fiber textile from the addition of lamellar

@ Springer
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Fig.7 a Water contact angles a PVDF@BT hybrid textiles _(b) -
and b TGA results of PVDF@ 160-(@) 100 75—
BT hybrid textiles o% 150 / 90
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BT particles [33]. From 2 to 10 wt% (BT content), the con-
tact angle of sample surface is slowly elevated attributed to
the slowly increased surface roughness of textile (possibly
approaching a saturation of surface roughness at 10 wt%)
[34]. At 5 wt% and 10 wt% (BT contents), the superhydro-
phobic properties (> 150 degrees) of two surfaces in hybrid
fiber textiles can be confirmed [35].

Differing from neat PVDF fibers with low surface energy
and low surface roughness (see Fig. 5¢), PVDF@BT hybrid
fibers can possess both of the low surface energy and high
surface roughness (referring to Fig. 6d), which can clarify
the superhydrophobicity of the two surfaces in hybrid tex-
tiles aforementioned [36]. In detail, the partial F element
(ultra-low surface energy) in PVDF can spontaneously
migrate to the surface of PVDF@BT hybrid fibers (a good
coating of PVDF to the surfaces of BT particles in Fig. 6d),
which can result in a favorable low surface energy of hybrid
fibers for strong water repellency. More importantly, the
well-coated lamellar BT particles (neat BT particles with
some flexibility; see Fig. 3a) at the surfaces of hybrid fibers
can lead to a favorable high surface roughness of hybrid
fibers for strong water repellency as well. In fact, hybrid
fiber textiles (see Fig. 6a) should consist of hybrid fibers
(forming the interpenetrating networks) and massive air mat-
tresses (in the micro-pores), indicating a favorable binary

micro/nano hierarchical structure [37] at the entire surface
of hybrid fiber textile. This hierarchical surface structure is
very helpful to achieving a superhydrophobicity at textile
surface. To sum up, the introduction of BT particles and
the electrospinning of hybrid are of great importance, for
a superhydrophobicity. In Fig. 7a, the microscopic photos
of the two samples (0 wt% and 10 wt%) during the tests of
contact angles are given in the insets. When BT content is 10
wt%, the highest static water contact angle of textile surface
can reach~ 155.6 +2.3 degrees.

In Fig. 7b, TGA results of all hybrid fiber textiles are
displayed. While the temperature is improved from 100 to
400 °C, the extremely slow decrease of the weight of all the
samples can be found due to the evaporation of the adsorbed
impurities with the extremely low contents as well as the
removal of crystal water in crystalline BT component [38].
From 400 to 600 °C, a rapid decrease of the weight of all
samples can be confirmed owing to a quick degradation
of macromolecular chains in PVDF component (organic
nature) [39]. Moreover, in the range of 400-600 C, the
hybrid fiber textile with more BT particles (compared with
the textile with fewer particles) can show the same weight
loss (in percentage) at a higher temperature, which can
be due to a far higher decomposition temperature of inor-
ganic BT component than organic PVDF component [40].

Fig.8 a Water contact angles (@) 160 (b) 160
of the surface as a function of PVDF@BT-10% PVDF@BT-10%
exposing time to various harm-
ful factors, and b water contact % 1551 % 155
angles of the surface after vari- ™ E
ous abrasion cycles S 1501 =

<o 1=

£ £ 150

=] (=3

; 145 = pH=1 ;

= pH=14 = 1451

2 140 —A— UV-365 nm z

135 T T T T T T T T 140 -—— T T T —T T —T T
0 6 12 18 24 30 36 42 48 0 10 20 30 40 50 60 70 80 90 100
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Fig.9 Schematic diagram to

exhibit the micro-mechanism of

good comprehensive property in

hybrid textiles

Micro-scale

Compared with pure PVDF fiber textile, those PVDF@BT
hybrid fiber textiles can exhibit the improved high thermo-
tolerance for clothing applications, indicating the advantage
of organic—inorganic hybrid fibers [41]. To sum up, in the
light of water resistance and thermotolerance, PVDF@BT
hybrid fiber textiles are more promising than neat PVDF
fiber textile in practical applications of outdoor clothes.

Weathering resistance of the representative PVDF@
BT textile

Actually, the state-of-the-art outdoor clothing fabrics are
often required to exhibit a strong weathering resistance
(considering acid corrosion, alkaline corrosion, ultraviolet
radiation, and surface abrasion) [42]. Here, the weathering
resistance of the representative PVDF@BT hybrid fiber
textile (with 10 wt% BT) is investigated via the change
of static water contact angle of the surface of this textile
under various external environments. In Fig. 8a, the water
contact angles of sample surface are achieved as a func-
tion of the exposing time to various external environments
(pH=1, pH=14 and 365 nm ultraviolet (UV) radiation,
respectively). The original contact angle of the surface can
reach~155.6 +2.3 degrees to mean a superhydrophobic-
ity. When the exposing time is increased from O to 48 h,
the contact angle of the surface which is exposed to strong
acid, base, or UV-radiation can be found to slowly reduce
to generally maintain a superhydrophobicity. That can
suggest a robust acid-resistance, alkali resistance and UV
resistance (a good weathering resistance) of textile surface.
Based on superhydrophobicity of the initial surface, either
the acidic substance or the alkaline substance dissolved in

Nano-scale

PVDF
BT filled

the water cannot strongly corrode the soaked textile [43],
which can explain the robust acid/alkali resistances of tex-
tile surface discussed above. Furthermore, the ultrahigh C-F
bond strength in PVDF component should be responsible for
robust UV resistance of hybrid textile analyzed above [44].

In Fig. 8b, the water contact angles of textile surface after
various abrasion cycles are obtained. The initial surface
(abrasion cycle=0) can display the highest water contact
angle. With an increase of abrasion cycle number from 0
to 100, the contact angle of textile surface can be gradually
reduced. After 100 abrasion cycles, a high water contact
angle of ~145.6 + 1.1 degrees (strong water repellency)
can still be maintained at surface, which should stem from
a loose micro-structure (containing lots of air mattresses;
buffering to absorb the energy) of PVDF@BT hybrid fiber
textile as well as the layered micro-structure of BT particles
with a low surface friction coefficient (a strong lubricity).
To sum up, the as-prepared PVDF@BT hybrid fiber textiles
can possess a strong weathering resistance for applications
in outdoor clothing fabrics, and meanwhile, a high structural
stability of PVDF@BT hybrid fibers (based on well-main-
tained surface hydrophobicity) can be confirmed.

In Fig. 9, the schematic diagram to exhibit the micro-
mechanism of a good comprehensive property of PVDF@
BT hybrid fiber textiles is provided. In addition to F element
at the surface of hybrid fibers, the high micro-scale surface
roughness of textiles and the high nano-scale surface rough-
ness of hybrid fibers can jointly contribute to superhydro-
phobic properties of textile surfaces. Moreover, filling BT
into PVDF matrix compared with neat PVDF textile can lead
to high thermal stability of hybrid textiles. Finally, the high
weathering resistance of hybrid textiles should be attributed
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to the rationally selected ingredients and the electrospin-
ning-induced favorable micro-morphology.

Conclusion

In this work, the highly waterproof PVDF@BT hybrid fiber
textiles applicable for weathering-resistant outdoor clothing
fabrics have been fabricated through electrospinning of parti-
cle suspension. The PVDF@BT hybrid fiber textiles can show
a strong surface hydrophobicity (superhydrophobicity at the
high BT contents), and the hybrid fiber textiles have a remark-
ably improved water repellency compared with neat PVDF
fiber textile. Both of the low surface energy (F element from
PVDF component) and high surface roughness (from lamellar
BT particles) should be responsible for the superhydrophobicity
achieved at the surfaces of hybrid fiber textiles. The electrospin-
ning can induce a formation of the favorable micro-structure
of hybrid textiles consisting of the interpenetrating networks
(hybrid fibers with an ultrahigh aspect ratio) and abundant
tiny air mattresses (in the micro-pores), suggesting a forma-
tion of binary micro/nano hierarchical structure at the surfaces
of PVDF@BT hybrid fiber textiles. The hybrid fiber textiles
are found to show a higher thermal stability than neat PVDF
fiber textile, ascribed to inorganic BT component. The high
weathering resistance of hybrid textiles has been verified based
on good maintenance of surface water contact angle (damage
factors: acid, alkali, UV radiation, and mechanical abrasion). As
a result, the PVDF@BT hybrid textile (with 10 wt% BT) can
exhibit a promising overall property (static water contact angle
of ~155.6+2.3 degrees; heat-resistant upper limit of ~400 °C;
superhydrophobicity maintenance after 48 h of the exposing
to acid, alkali, or UV radiation; strong hydrophobicity after
100 abrasion cycles) for outdoor clothing applications. This
work might open up a way for a large-scale preparation of the
organic—inorganic hybrid fiber textiles with a high overall prop-
erty for the applications in modern waterproof garments.
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