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Smart textiles have been enormously developed recently, but attachment of batteries and low washing
resistance are the major challenges in the development of wearable smart textiles. However,
piezoelectric materials harvesting energy from mechanical action can be readily integrated with smart
textiles and can replace conventional batteries. Therefore, energy harvesters with poly(vinylidene
fluoride) (PVDF) were fabricated by the electrospinning process. In addition, simple CF4 plasma etching
followed by water immersion of the electrospun PVDF webs resulted in superhydrophobicity, with
a water contact angle of 169.8 + 1.5°, a water shedding angle of 4.7 + 1.8°, and self-cleaning properties.
This would decrease the number of washing cycles during use and increase the durability of the smart
textile. X-ray photoelectron spectroscopy indicated that metals were co-deposited as etch-resisting
masks to fabricate a nanostructure during plasma etching and were removed by water immersion. The
piezoelectric performance of the superhydrophobic electrospun PVDF web showed a higher peak-to-
peak output voltage of 3.50 V than the untreated electrospun PVDF web (2.86 V). Furthermore, the
breathability of the superhydrophobic PVDF web was remarkably higher than those of the PVDF film.
Therefore, the new flexible electrospun PVDF web with superhydrophobicity and piezoelectricity has
significant potential as energy harvesters in wearable smart textiles.
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Introduction

Smart textiles, which have undergone tremendous growth
recently, are defined as textiles such as fibers and filaments,
yarns together with woven, knitted or non-woven structures,
which can actively sense, react, actuate, and adapt their
behaviors according to the change in environment."* Through
rapid development, smart textiles could be applied in various
applications such as wearable devices, biomedical devices, and
so on.> Most smart textiles are powered by conventional
rechargeable batteries; but there are limitations to integrate
them fully with textiles. To be specific, traditional batteries such
as lithium-ion batteries have concerns about safety relating to
ignition and explosion of the consisting elements by external
forces because of human motion.* In addition, conventional
batteries are hard and bulky to integrate with flexible struc-
tures.® Thus, there is an increasing demand for flexible energy
harvesters in order to withstand mechanical stress and strain
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originating from human body movements such as bending,
twisting and stretching.® Furthermore, some commercial smart
textiles require removal of all electronic components for
washing or need waterproof packaging to protect sensitive
electronics from damage by water. Therefore, two main chal-
lenges need to be overcome for smart textile development:
power supplies and low washing durability.’

Piezoelectric materials have been widely used in the design
of sensors, actuators, resonators, accelerometers, microphones,
and acoustical memory devices for entertainment, health
monitoring, and wireless communication.*” As a piezoelectric
material, especially, poly(vinylidene fluoride) (PVDF) has great
potential for use in wearable energy harvesting textiles, because
PVDF can be easily combined with flexible textile structures.®
Thus, PVDF, exhibiting synergetic effects of flexibility and
piezoelectric properties, is expected to be very useful for the
fabrication of self-powered smart textiles.

Piezoelectricity is a coupling between mechanical and elec-
trical energy in certain types of crystals. The piezoelectric PVDF
polymer exhibits five crystalline phases: a, B, v, 9, and & corre-
sponding to different chain conformations, viz. TTT (all trans)
planar zigzag for B-phase, TGTG (trans-gauche-trans-gauche) for
o and d-phases and T3GT3G for y and e-phases.” The B-phase
exhibits the highest dipolar moment per unit cell, which is
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crucial to piezoelectric properties, when compared to the other
phases.*

The most common method to obtain f-phase of PVDF is uni-
or biaxial drawing of originally o-phase PVDF films with appli-
cation of an electric field on both sides. Mechanical drawing
causes the transition into a crystalline structure, which the
polymer chains are forced to the most extended conformation.
Then, high voltage of electrical field allows them to be oriented
to crystalline polar axis along the field direction.”** Addition-
ally, in casting processes, when controlling the evaporation rate
of the solvent, the polar B-phase could be achieved by crystal-
lization of PVDF."** Many techniques have been utilized to
obtain polar B-phase in PVDF materials by using particles such
as CoFe,0,4,'*" NiFe,0,4,'*" BaTiO;,'* nano-clays,” hydrated
ionic salts,® silicate,” PMMA>»* and anisotropic nano-
structures® that are proposed for the nucleation of B-phase
PVDF in composites. By using these methods, the electrostatic
interaction between the charged surface of the particles and the
polar groups in PVDF chains such as CH, and CF, groups
induces locally oriented dipoles. These are packed in TTT
configuration, which means the formation of B-phase PVDF
during crystallization.*** Electrospinning process can also
provide piezoelectricity by B-phase of PVDF.>** The polar B-
phase of PVDF is formed via physical and electrostatic forces
applied to the polymer solution during the electrospinning
process. The employed high voltage or high stretching ratio of
the polymer solution jet enables formation of B-phase PVDF
through crystallization. Therefore, the electrospinning process
can be efficiently used to prepare piezoelectric PVDF nanofibers
without further treatments such as poling.”” In addition, the
electrospun webs have advantages of breathability due to their
porous structures, and the possible enhancement of anti-
wetting property by minimizing the contact area with a liquid
drop because of nano-scale roughness introduced by the
nanofibers.*®

Piezoelectric polymers, such as PVDF or poly(vinylidene
fluoride-trifluoroethylene) (PVDF-TrFE) that is widely known as
a co-polymer of PVDF, have recently been actively researched as
a nanogenerator for energy harvesting.>*>* Furthermore, parti-
cles of inorganic ceramics such as ZnO,** PZT,* BaTiO; ** and
(Na,K)NbO; ** have been mixed for the fabrication of piezo-
electric composites in order to increase the electrical output
when subjected to mechanical stimulation. However, all these
studies have not considered water repellency and washing
resistance of the piezoelectric materials. As for wearable
devices, especially those using smart textiles, not only the self-
powering system but also superhydrophobicity and self-
cleaning effect are important, because water causes failure
and degradation of piezoelectric devices because of electrolysis
reaction.*® Therefore, it is important to improve the water
repellency of wearable devices.

Superhydrophobic surfaces exhibit a water contact angle
(WCA) larger than 150° and a water shedding angle (WSA) less
than 10°,*** resulting in easy removal of soils from these
surfaces via rolling of water droplets. This phenomenon is
called self-cleaning effect and can be implemented by using low
surface energy surfaces and hierarchical structures consisting
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of dual-scale roughness. Superhydrophobic surfaces have been
fabricated by dip-coating, spray-coating, sol-gel methods, layer
by layer assembly, chemical vapor deposition, etc.***> However,
all these techniques include complicated procedures and
additional coating processes with low surface energy materials.

In this study, we aimed to develop the flexible and breathable
electrospun PVDF web with both piezoelectricity and super-
hydrophobicity for smart textiles by a simple process, plasma
etching and water immersion, without any additional coatings.
Electrospinning was carried out to have not only the piezo-
electric properties by the formation of B-phase of PVDF, but also
the enhancement of breathability and hydrophobicity due to
the introduction of PVDF nanofibers. Furthermore, the elec-
trospun PVDF web was etched by tetrafluoromethane (CF,)
plasma to form an additional nanostructure on the preliminary
roughness by PVDF nanofibers. Then, the electrospun PVDF
web with hierarchical roughness was immersed in water to
lower the surface energy. It was intended that without any
hydrophobic coating, the nanostructured electrospun PVDF
webs exhibited superhydrophobicity as well as piezoelectricity,
which could resolve the issues of power supplies and washing
durability in the development of smart textiles. The piezoelec-
tricity and the wettability were analyzed by measuring the
output voltage, and the WCA and WSA, respectively. The
morphology of the surface was observed using a field emission
scanning electron microscope (FE-SEM). The chemical compo-
sition and the crystallinity were analyzed by X-ray photoelectron
spectroscopy (XPS) and X-ray diffraction (XRD), respectively.
Finally, air permeability and water vapor transmission rate
(WVTR) were examined to evaluate the breathability of the
electrospun PVDF web for use as clothing textiles in practical
applications.

Experimental section
Material

Poly(vinylidene fluoride) (pellet, M,: ~275 000, Sigma Aldrich,
USA) was used as the main material for electrospinning. A poled
PVDF film (40 pm, Piezotech, France) was purchased to
compare its piezoelectricity with that of the electrospun PVDF
web. N,N-dimethylformamide (DMF) and acetone provided by
Daejung Chemicals, Korea were used as solvents. All chemicals
were used without further purification.

Preparation of electrospun PVDF web

The PVDF pellets (25 wt%) were dissolved in a mixture of DMF/
acetone in the volume ratio of 7 : 3 by mixing with a magnetic
stirring bar for 2 h at 70 °C. Subsequently, ultrasonic treatment
was performed for 30 min to obtain a homogeneous transparent
solution prior to the electrospinning process. For electro-
spinning, the dissolved PVDF solution was placed into a 10 mL
syringe equipped with a 22 G blunt end needle. A metallic
collector, which rotated at 100 rpm, was covered with an
aluminium foil and placed 12.5 cm away from the tip of the
needle. The voltage applied between the needle and the
collector was 18 kV, and the solution flow rate was 1.2 mL h™'.

This journal is © The Royal Society of Chemistry 2018
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The electrospinning process was conducted for 3 h at 24 £+ 2 °C
and 10 £ 5% relative humidity (RH). The obtained electrospun
PVDF webs were cured in a vacuum oven at 70 °C for 12 h to
remove the remaining solvent. The detail conditions of elec-
trospinning mentioned above were set in order to fabricate
uniform PVDF nanofibers having higher piezoelectric perfor-
mance according to general processing methods as shown in
Table S1.13%%

Surface modification of electrospun PVDF web

Plasma etching followed by water immersion were conducted to
render superhydrophobic surfaces, as shown schematically in
Fig. 1. The electrospun PVDF webs were covered with a 250
mesh per inch twill weave stainless steel (SUS304) mesh as
a metal source and then etched with CF, plasma by using
a reactive ion etching equipment (RIE 80Plus, Oxford instru-
ment, UK). The plasma power and the substrate bias voltage
were 180 W and —500 V, respectively. The flow rate of the CF,
gas and operating pressure were maintained at 20 sccm and 40
mTorr, respectively. The etching durations were set to 5, 10, 15,
20, and 30 min. The base pressure in the chamber was less than
0.5 mTorr. Subsequently, the plasma etched electrospun PVDF
webs were immersed in deionized water for 30 s and dried in an
oven at 70 °C for 10 min. The sample codes corresponding to
the different experimental conditions are provided in Table 1.

Morphology

The changes in the surface morphology of the PVDF films and
the electrospun webs after plasma etching followed by water
immersion were observed using an FE-SEM (SUPRA 55VP/
SIGMA, Carl Zeiss, Germany) at an acceleration voltage of 2.0
kv. The films and the electrospun webs were coated with a 10
nm-thick Pt film to make the samples conductive and avoid
electron charge accumulation while imaging. The average
diameter of the PVDF nanofibers, and the diameter and the

Electrospinning

—1 |
|
PVDF web

;\( =
T\

Stainless

CF, plasma

Electrospun

G

Plasma Etching

steel mesh

poihay

-
GE

View Article Online

RSC Advances

aspect ratio of the nanostructures were calculated by measuring
ten representative nanostructures using Image ] (image
analyzing software; National Institute of Health, USA).

Crystallinity and chemical composition

X-ray diffraction patterns, to confirm the crystalline structures
of PVDF, were obtained using an XRD analyzer (New D8
Advance, Bruker, USA) with Cu-K, radiation at 40 kV and 40 mA.
The XRD measurements were recorded in the 26 range of 10 to
45°, and the scan speed and the scan size were 0.3° s~ * and
0.02°, respectively. The surface chemical composition and the
bonding structure of the electrospun webs were investigated by
X-ray photoelectron spectroscopy (XPS, AXIS-HSI, Kratos
Analytical, UK) to explain the phenomenon of super-
hydrophobicity observed after plasma etching and water
immersion.

Mechanical properties

To analyze the effect of plasma etching on the mechanical
properties, the tensile strength of the electrospun PVDF web
was studied using a universal testing machine (Instron-5543,
Instron, USA) with specimens sized at 50 x 20 x 0.06 mm?
according to ASTM D5035 strip method. The gauge speed was
10 mm min '. The average value of tensile strength was ob-
tained from five measurements.

Wettability

The WCA of the electrospun PVDF webs was investigated using
a contact angle goniometer (Theta Lite, Attension, Finland), and
the deionized (DI) water droplet had a volume of 3.0 & 0.2 pL.
The average water contact angle was obtained by measuring the
contact angle of the same sample at five different positions. We
examined the self-cleaning performance by analyzing two
properties: WSA and bouncing behavior of water droplets. The

Water Immersion

DI water

U

Fig. 1 Schematic illustration of the surface modification process of the superhydrophobic electrospun PVDF web.

Table 1 Sample codes according to the experimental processes

Code Description

uT Untreated electrospun PVDF web

P5-30 Electrospun PVDF web with plasma etching for 5-30 min

P5-30W Electrospun PVDF web with plasma etching for 5-30 min followed by water immersion

This journal is © The Royal Society of Chemistry 2018
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WSA was measured according to the method of Zimmermann
et al.** After releasing a water droplet with a volume of 12.5 +
0.5 pL at a height of 1 cm, the minimum angle that the droplet
rolled off the surface of the specimens for a distance of 2 cm was
determined. The WSA values reported here are the average of
five measurements. The bouncing behavior of the super-
hydrophobic electrospun PVDF web was recorded using a high-
speed motion camera (NX3, IDT Vision, USA).

Piezoelectricity

The piezoelectric properties of the PVDF film and the electro-
spun PVDF webs were determined as both of the output voltage
and current using a nanovoltmeter (21824, Keithley, USA) and
galvanostat (IviumStat, Ivium technologies, Netherlands). Flex-
ible nanogenerators were fabricated using an indium tin oxide
(ITO) - polyethylene terephthalate (PET) substrate (Fine Chem.,
Korea) as a bottom electrode to detect the piezoelectric perfor-
mance when a regular bending strain was applied onto the
samples. The size of the substrate and the electrospun PVDF
web were 30 x 80 mm?® and 25 x 40 mm?, respectively (Fig. 9a).
The bending motion was performed manually until both sides
of the nanogenerators were matched in half. The bending and
releasing cycle was repeated with a frequency of 1 Hz. The peak-
to-peak voltage and current were calculated as the piezoelectric
response to compare the piezoelectricity of each sample
according to the method of Liu et al.*®

Breathability

The breathability was evaluated using the WVTR and air
permeability. The WVTR, which indicates the amount of water
vapor passing through the web, was assessed using ASTM E96-
80. An electrospun PVDF web with a diameter of 7 cm was
placed on a water vapor permeability cup, which was pre-heated
to a temperature of 40 £ 2 °C and filled with 33 g of anhydrous

f
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calcium chloride (Showa Chemical Co. Ltd, Japan) as a moisture
absorbent. The cups were cured in a conditioned chamber at
40 £ 2 °C and 90 £ 5% RH for 1 h, and the weight of the cups
was measured. The measured cups were placed in the condi-
tioned chamber for another 1 h and then, the weight change
was measured. The average amount of water vapor transmission
per unit area for 24 h was calculated from three measurements.
Air permeability, which denotes the volume of air passing
through the electrospun PVDF webs, was tested according to
ASTM D737-7515 using an air permeability tester (FX3300,
TEXTEST, Switzerland) at a pressure of 125 Pa.

Results and discussion
Morphology

The average diameter of the untreated PVDF nanofibers was
875 £+ 150 nm. As shown in Fig. 2, the smooth surfaces of the
untreated electrospun web were modified to form nano-
structures after surface modification. Nanostructures on the
surface of PVDF nanofibers were formed via co-deposition of
metal compounds from a stainless steel mesh during CF,
plasma etching. This is because metal atoms such as Fe and Cr
were sputtered from stainless steel during plasma etching and
co-deposited on the surface as metal clusters. These clusters
functioned as an etch-resisting mask because of the difference
in the etch rate between the metal clusters and the PVDF
nanofibers.*® Therefore, preferential etching on the surface of
PVDF nanofibers induced by metal co-deposition caused the
formation of nanostructures with a high aspect ratio. In addi-
tion, the surfaces of the PVDF film and the electrospun PVDF
web were similarly etched to form nanostructures, as shown in
Fig. S1b and d.f In the initial stage of metal co-deposition, as
the etching duration was increased up to 15 min, the diameter
of the nanostructures increased from 14.4 nm to 30.3 nm, which

O i S N

Fig.2 High resolution SEM images of the electrospun webs after plasma etching for (a) O, (b) 5, (c) 10, (d) 15, (e) 20, and (f) 30 min. All the samples

were subsequently immersed in water. Each scale bar denotes 200 nm.
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was maintained after 15 min (Fig. 2b-f). This can be explained
by agglomeration of metal clusters during plasma etching.*’**
In addition, the height of the nanostructure significantly
increased from 9.3 nm to 72.2 nm, so that the aspect ratio
increased with increase in the etching duration. As a result, the
aspect ratios were 0.64 £ 0.08, 0.65 £ 0.08, 1.16 £ 0.23, 2.26 +
0.57, and 2.38 + 0.47 for etching durations of 5, 10, 15, 20, and
30 min, respectively. The nanostructures that were created on
the surface of the PVDF nanofibers were maintained after water
immersion (Fig. S1t), giving rise to hierarchical structures,
which are essential for superhydrophobicity. Although the
aspect ratio of the nanostructure was higher at longer etching
duration, decreased diameter and breakage of the PVDF nano-
fibers were observed after plasma etching for more than 20 min,
as shown in Fig. S2.1 Therefore, plasma etching of the PVDF
web for 15 min was regarded as the optimum condition at
which superhydrophobicity was achieved without significant
damage of the nanofibers.

Crystallinity and chemical composition

Fig. 3 shows the XRD patterns of the various PVDF samples. The
presence of two peaks at 18.4 and 19.9° in the XRD pattern
confirms o-phase crystal structure of the PVDF pellet. However,
the PVDF film exhibited B-phase crystal structure, as evident
from the peak at 20.6°.*” In case of the untreated electrospun
PVDF web, the broad peak in the range of 19.9 to 20.6° indicates
that the a-phase of the PVDF structure was partially converted to
the B-phase owing to adequate stretching and application of
high electric voltage during electrospinning; this is similar to
the transition from o-phase to B-phase caused by mechanical
drawing at T < 90 °C."*™" However, the content of B-phase
slightly decreased after CF, plasma etching for 15 min and
water immersion for 30 s.°*** This can be explained by the
increase in the local temperature above 100 °C on the surface of
the electrospun PVDF nanofibers during plasma etching. This
suggests that crystalline structures are easily changed from

——Pellet
——Film

alpha beta

Logarithmic Intensity (arb. units)

3
&
8
&
8
&
8

26 (degree)

Fig. 3 XRD spectra of the PVDF pellet, PVDF film, untreated electro-
spun PVDF web (UT), and electrospun PVDF web with plasma etching
for 15 min followed by water immersion (P15W).
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semi-crystalline B-phase to amorphous a-phase with increase in
the segmental mobility of the PVDF chains.***>** Nevertheless,
the reduction in the content of the B-phase was so small that the
content of B-phase was still sufficient to display the piezoelectric
properties required for energy harvesting textiles.

To analyze the change in the chemical composition after
plasma etching or water immersion, XPS analysis was per-
formed. As shown in Fig. 4a, Fe and Cr atoms were detected on
the surface of the electrospun PVDF web treated with only
plasma etching for 15 min. The two peaks in the Fe 2p spectra
from 705 to 735 eV correspond to Fe 2p1/2 and Fe 2p3/2,
respectively (Fig. 4b). Additionally, peaks related to Cr 2p1/2
and Cr 2p3/2 are located at 587.5 and 577.3 eV, respec-
tively.*>** These results indicate that the metal clusters that
played the role of an etch-resisting mask are introduced on the
surface of the nanofiber during plasma etching, resulting in the
formation of nanostructures.*®

The XPS peaks corresponding to fluorine were also analyzed.
Before plasma etching, the untreated electrospun PVDF web
exhibited only one peak at 687.3 eV which corresponds to the
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Fig. 4 XPS spectra of the untreated electrospun PVDF web (UT),
electrospun PVDF web with plasma etching for 15 min (P15), and
electrospun PVDF web with plasma etching for 15 min followed by
water immersion (P15W). (a) Wide survey scan and (b) high-resolution
XPS spectra of C 1s, O 1s, Fe 2p, and Cr 2p.
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covalent bond from (CH,-CF,). However, in comparison with
that of the untreated electrospun PVDF web, the peak of the
covalent F-bond in the plasma etched sample shifts by
approximately +1.0 eV and broadens because of fluorination on
the surface during plasma etching.>>*® Fluorination occurred
with the formation of new F-bonded components, such as CHF-
CF, at 688.7 eV and CF,-CF, or CF; at 689.8 eV. Additionally,
a peak at 684.2 eV, originating from the ionic-F bond, was
observed, which is attributed to the formation of metal fluoride
with an ionic bond between metal and fluorine. The peaks of
C-bond shift from the peak of C-H bond at 286.7 eV and CH,-
CF, at 289.5 eV and broaden because of the fluorination which
causes the formation of other components such as CHF-CH, or
CHF-CHF at 287.5 to 288.0 eV, CF,-CHF at 290.7 to 291.3 eV,
CF,—CF, at 292.3 eV, and CF5-CF, at 293.6 eV.57-%

After the water immersion, the metal compounds are mostly
removed from the surface of the electrospun PVDF web.
Consequently, the intensities of the peaks of Cr and Fe decrease
and the atomic concentration of the metals become relatively
low compared to that in the electrospun PVDF web only plasma
etched for 15 min (Table 2). Furthermore, the intensity of the
peak corresponding to the ionic-F bonds decreases after water
immersion. These results represent that water immersion leads
to the removal of hydrophilic metal fluoride through the
hydrolysis reaction. This reaction could be confirmed by the
reduction of pH value from neutral to acid. This change indi-
cates that hydrofluoric acid (HF) was formed as a product of
hydrolysis reaction in DI water, also the metal ions might exist
at the same time.****®* However, there was no significant
change in the broadened peaks of the covalent bonds, as shown
in Fig. 4b, which indicates that compositional changes due to
fluorination might be not affected by water immersion. The
peak corresponding to O-bond was detected not only in the
sample with only plasma etching, but also in the sample with
plasma etching followed by water immersion, which indicates
that the remaining free radicals fabricated during plasma
etching could be oxidized at ambient conditions.

Mechanical properties

The tensile strength was measured to analyze the effect of
surface modification on the mechanical properties of the elec-
trospun PVDF webs. The tensile strengths of all the plasma
treated samples were tested after water immersion. The results,
as shown in Fig. 5, indicate that the tensile strength of the

Table 2 Chemical composition of the untreated electrospun PVDF
web (UT), electrospun PVDF web with plasma etching for 15 min (P15),
and electrospun PVDF web with plasma etching for 15 min followed by
water immersion (P15W)

Atomic concentration (at%)

Sample code C o F Cr Fe
uT 50.58 — 49.42 — —
P15 50.95 3.22 44.96 0.35 0.51
P15W 50.94 4.43 44.35 0.14 0.14
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Fig. 5 Tensile strength of the electrospun PVDF webs at different
etching durations.

electrospun PVDF webs decreases with increase in the etching
duration. This is possibly because the average diameter of the
fibers decreased with increase in the etching duration, and
breakage of PVDF nanofibers was observed when the etching
duration was longer than 20 min (Fig. S2t). Moreover, CF,
species such as cations, anions, and radicals, which are highly
active to make a reaction with the substrate, could have attacked
the C-C bond of the PVDF polymer chains during plasma
etching.”® The breakage of the PVDF nanofibers and the
formation of shorter PVDF polymer chains might have reduced
the mechanical strength after a long duration of plasma
etching.®

Wettability

The WCA of the untreated electrospun PVDF web, 137.6 £+ 1.9°,
was significantly higher than that of the PVDF film, 82.9 + 1.4°.
Poly(vinylidene fluoride) is a kind of hydrophobic material;
therefore, electrospun PVDF web showed increased hydropho-
bicity because of the formation of preliminary roughness by the
PVDF nanofibers. The WCA of the electrospun PVDF web
plasma etched for 15 min was 140.7 £ 2.3°, which is close to
the WCA value of the untreated one. In addition, the WSAs of
both the untreated and the plasma etched samples are still
higher than 45°, as shown in Table 3. The metal mask on the
surface during plasma etching is mainly composed of metal
fluoride (FeF,, CrF,) formed by metal co-deposition from the
stainless steel mesh. The metal fluorides have a very high
surface energy, ranging from 174 to 241 dyne per cm,**®
making the surface partially hydrophilic. However, hydro-
phobization, because of the fluorination by F atom radicals,
simultaneously occurs during plasma etching. Therefore, the
wettability of the electrospun PVDF web with only plasma
etching was maintained owing to a counterbalance of the effect
of metal co-deposition with that of fluorination.

To lower the surface energy, water immersion was performed
for 30 s after plasma etching. The WCA of the electrospun PVDF
web (P15W) drastically increased from 140.7 £+ 2.3 to 169.8 +
1.5°, and the WSA decreased from higher than 45 to 4.7 £+ 1.8°

n
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Images of water droplets, WCAs, and WSAs of the PVDF film, untreated electrospun PVDF web (UT), electrospun PVDF web with plasma

etching for 15 min (P15), and electrospun PVDF web with plasma etching for 15 min followed by water immersion (P15W)

Samples

Electrospun PVDF web

Properties PVDF film uT

P15 P15W

a0 00

829+ 1.4
>45

137.6 £ 1.9

WSA (°) >45

(Table 3). Since water immersion promoted hydrolysis of metal
fluoride compounds that have high surface energy, hydrophilic
metal compounds were removed from the plasma etched elec-
trospun PVDF webs during water immersion. Consequently,
plasma etched and water immersed PVDF webs showed super-
hydrophobicity with the introduction of nanostructures on the
surface of an intrinsically low surface energy (33.2 dyne per cm)
material.®® Therefore, it is evident that plasma etching enables
the formation of hierarchical roughness on the electrospun
PVDF web, and the subsequent water immersion is necessary to
lower the surface energy by eliminating the hydrophilic metal
compounds from the surface.

To investigate the influence of etching duration on the
wettability, the WCA and the WSA of the electrospun PVDF webs
were measured at different etching durations. As shown in
Fig. 6, the WCA of the electrospun PVDF web increases from
137.6 + 1.9 to 171.1 + 1.0° and the WSA decreases from higher
than 45° to 4.6 £ 0.8° up to the etching duration of 20 min. The
aspect ratio of the nanostructures on the surface of the PVDF
nanofibers increased with increase in the etching durations
(Fig. 2), leading to an increase in the level of hydrophobicity.*” If
the aspect ratio of the nanostructures is adequately increased,

175 50
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160 |-
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e 1551 —=— WCA| <
< H —s— WSA <
g 150 | _zog
145 |
140[ {10
+ /A
135}
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Etching duration (min)

Fig. 6 Variations of WCA and WSA of the electrospun PVDF webs with
etching duration. All the samples were tested after water immersion.
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140.7 £ 2.3
>45

169.8 £ 1.5
4.7 +1.8

the wetting state of a water droplet can be shifted from the
Wenzel state to the Cassie-Baxter state, which is a critical
wetting condition for fabricating a superhydrophobic
surface.®®®® Based on these results, it is confirmed that a hier-
archical structure and low surface energy are essential to ach-
superhydrophobicity.®®”® Therefore, considering the
increase in the superhydrophobicity and the degradation in the
mechanical properties in accordance with the etching duration,
the condition of plasma etching for 15 min followed by water
immersion was considered as the optimum condition, with
WCA of 169.8 4+ 1.5° and WSA of 4.7 + 1.8°. Hence, all subse-
quent superhydrophobic electrospun PVDF webs were fabri-
cated by plasma etching for 15 min with water immersion to
evaluate other properties.

To simulate the water resistance of a raindrop on the surface
of the superhydrophobic electrospun PVDF web, a water droplet

ieve

Coffee

Water Grape juice

Fig. 7 Bouncing behavior of water droplets on the surface of (a) the
untreated PVDF web and (b) the superhydrophobic electrospun PVDF
web. (c) Repellency of the superhydrophobic electrospun PVDF web
to various liquids.
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impact test was conducted. As shown in Fig. 7a and b, the water
droplet bounces on the surface of superhydrophobic electro-
spun PVDF web without leaving any residue, while the water
droplet makes a finite contact angle and adheres to the surface
of the untreated electrospun PVDF web. This bouncing behavior
indicates that the superhydrophobic electrospun PVDF web has
an excellent repellency to water. In addition, Fig. 7c shows the
great repellency of the superhydrophobic electrospun PVDF web
to various liquids that may be exposed to smart textiles during
practical applications. The superhydrophobic electrospun
PVDF web also displayed self-cleaning properties that allowed
for the removal of contaminants from the surface via rolling of
water droplets (Fig. 8). It is expected that the number of washing
required for clothing could be reduced because of the super-
hydrophobic nature, and the developed superhydrophobic
electrospun PVDF web could exhibit more durable piezoelec-
tricity owing to the reduced number of washing cycles.

Piezoelectricity

The piezoelectric performances of the PVDF film and the
untreated and superhydrophobic electrospun PVDF webs under
bending motion at a frequency of 1 Hz are shown in Fig. 9a.
When a bending force was applied on the samples, the PVDF
film generated a higher peak-to-peak output voltage, 4.51 V,
than the untreated electrospun PVDF web, 2.68 V (Fig. 9b and c).
This is because the PVDF film had a higher intensity of the B-
phase peak (Fig. 3) and a higher area density (7.8 mg cm™?) than
the electrospun PVDF web (2.1 mg cm ™ ?). Also, a peak-to-peak
output current showed a similar tendency that output current
of the film, 343 nA, was higher than that of the untreated
electrospun PVDF web, 191 nA (Fig. S37).

The superhydrophobic electrospun PVDF web with plasma
etching for 15 min followed by water immersion showed a peak-
to-peak output voltage of 3.50 V, current of 241 nA, and an
increase of approximately 30% in the piezoelectric performance

l o

(a)

Fig. 8 Self-cleaning properties of (a) the untreated electrospun PVDF
web and (b) the superhydrophobic electrospun PVDF web contami-
nated with silicon carbide particles after dropping water droplets.
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Fig. 9 (a) Schematic and photograph of the nanogenerator consisting
of the electrospun PVDF web, Al foil (top electrode), and ITO-PET film
(bottom electrode). Output voltages of (b) the PVDF film, (c) the
untreated electrospun PVDF web (UT), and (d) the electrospun PVDF
web with plasma etching for 15 min followed by water immersion
(P15W) under bending motion.

in comparison with that of the untreated electrospun PVDF
web, as shown in Fig. 9d and S3.f Even though the intensity of
the B-phase peak slightly decreased after plasma etching and
water immersion, the enhancement of piezoelectric response of
the superhydrophobic electrospun PVDF web originated from
the presence of nanostructures on the surface which led to an
increase in the adhesion between electrodes and energy
harvesters.”* Therefore, the superhydrophobic electrospun
PVDF web with plasma etching for 15 min followed by water
immersion had a much higher interface with electrodes than
the smooth untreated electrospun PVDF and hence, showed an
enhanced piezoelectric performance.”

Several researches reported the piezoelectric response of the
nanogenerators based on electrospun PVDF nanofibers. The
peak-to-peak output voltage and current were estimated by
calculating twice as much as reported values. Some of the
piezoelectric performance of previous studies are as follows:
electrospun PVDF web (4.4 V/9 mA),”> composite of ZnO/PVDF
(2.2 V),** composite of BaTiO3/PVDF (0.6 V),>* composite of
(Na,K)NbO3/PVDF (2.0 V/156 nA).>* Within our experimental
condition, the superhydrophobic electrospun PVDF web
showed enough piezoelectric performance (3.50 V/241 nA)
without blending any piezoelectric ceramics. This result was the
similar or improved level of piezoelectricity in comparison with
that of the composites, because electrical output of the elec-
trospun web strongly depends on the conditions of electro-
spinning.** Furthermore, piezoelectric response could be
changed by measuring methods including the intensity of
impact force and the frequency of mechanical motions.”

Breathability

The breathability of the superhydrophobic electrospun PVDF
web was investigated by measuring the air permeability and the

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Air permeability and WVTR of the PVDF film, untreated elec-
trospun PVDF web (UT), and electrospun PVDF web with plasma
etching for 15 min followed by water immersion (P15W).

WVTR, and the results are shown in Fig. 10. Compared to the
PVDF film that does not have any pore structure, the electro-
spun PVDF web, with lots of nano-scale pores, exhibited a much
higher air permeability and WVTR.?® The superhydrophobic
electrospun PVDF web with plasma etching for 15 min followed
by water immersion showed a similar air permeability and
WVTR as those of the untreated electrospun PVDF web. These
results imply that plasma etching took place only on the surface
of electrospun web and did not have an effect on the bulk
properties, maintaining the pore structures of the electrospun
PVDF web.*”

Compared to the PVDF film, the air permeability and the
WVTR were highly improved through electrospinning. In addi-
tion, the breathability of the superhydrophobic electrospun
PVDF web was still maintained after surface modification.
Based on these results, we can conclude that the newly devel-
oped superhydrophobic and piezoelectric electrospun PVDF
web is more suitable in transmitting air and sweat than the
PVDF film, and thus provides improved wearing comfort when
applied in smart clothing materials.

Conclusions

Superhydrophobic and piezoelectric electrospun PVDF webs for
energy harvesting were fabricated by CF, plasma etching and
water immersion without the deposition of any coating. By
using a stainless steel mesh as an etch-resisting mask during
plasma etching, nanostructures were formed through metal co-
deposition. Subsequently, water immersion for 30 s was carried
out to remove hydrophilic metal compounds. Plasma etching
followed by water immersion is a very simple and eco-friendly
method to obtain superhydrophobic surfaces without addi-
tional processes. Plasma etching of the electrospun PVDF web
for 15 min followed by water immersion was determined as the
optimum conditions, taking into account both mechanical
properties and superhydrophobicity. After surface modification,
the surface of the electrospun PVDF web showed super-
hydrophobicity, with a WCA of 169.8 + 1.5° and a WSA of 4.7 +
1.8°. In addition, the superhydrophobic electrospun PVDF web

This journal is © The Royal Society of Chemistry 2018
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exhibited excellent bouncing behavior of water droplets and
repellency to various liquids. The superhydrophobic electro-
spun PVDF also exhibited self-cleaning properties, which helps
in resolving the issue of washing durability of smart textiles.
The developed electrospun PVDF web exhibited enhanced
piezoelectric properties after surface modification, with the
peak-to-peak output voltage reaching up to 3.50 V, compared
with the untreated electrospun PVDF web which showed a peak-
to-peak output voltage of 2.68 V. This piezoelectric character-
istic is a possible solution for future power supplies via
conversion of mechanical energy from body motions to elec-
trical energy. Furthermore, the superhydrophobic electrospun
PVDF web showed much higher air permeability and WVTR
than the PVDF film, which indicates the potential of the
superhydrophobic PVDF web for smart clothing. Therefore, the
newly developed breathable electrospun PVDF web with both
superhydrophobicity and piezoelectricity can be widely applied
as practical flexible energy harvesters in wearable devices by
overcoming the issues of limited power supply and washing
durability.
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