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Electrospun nanofiber SLIPS exhibiting high total
transparency and scatteringt

Jyunichiro Abe, Mizuki Tenjimbayashi and Seimei Shiratori*

Antifouling coatings are important in fields such as mobility, architecture, power generation devices, and

medical devices, where energy efficiency is required to be maximized. Slippery liquid-infused porous
surfaces (SLIPS) are an antifouling approach inspired by nature from the pitcher plant, and have recently
received widespread attention in many fields. SLIPS can repel various liquids, including organic solvents
with low contact angle hystereses, but require further development to extend their application. We

previously reported a fast and straight-forward process for preparing SLIPS called Gel-SLIPS. SLIPS were

prepared by the non-solvent-induced phase separation (NIPS) of a poly(vinylidene fluoride-co-

hexafluoropropylene) (PVDF-HFP)/di-n-butyl phthalate solution. In the current study, SLIPS were
prepared by electrospinning to give nanofiber SLIPS. These exhibited high scattering (50%), high total
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transmittance (93.2%), and a low sliding angle (=10°). These properties resulted from the nanofiber

non-woven structure of the PVDF-HFP. Nanofiber SLIPS provide control over scattering by altering the
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1. Introduction

Antifouling coatings are used in various applications to prevent
performance degradation due to fouling. For example, fouling
lowers the power generation performance of solar cells.*™*
Various antifouling coatings have been investigated, such as
hydrophobic coatings inspired by the lotus-leaf effect,® and
coatings based on semiconductor photocatalysis.®® However,
these approaches suffer from low durability and limited appli-
cation conditions. Antifouling coatings based on slippery
liquid-infused porous surfaces (SLIPS) have attracted much
recent attention for overcoming these problems.**® SLIPS are
a kind of biomimetic of Nepenthes, produced by infusing
lubricant oil into the hydrophobic underlying layer.

SLIPS consist of a lubricant of low surface energy, and an
under layer of low surface energy. The lubricant protects the
structure of the under layer, so SLIPS can overcome problems
associated with conventional antifouling approaches, such as
their limited effect on low surface tension organic solvents, and
susceptibility to physical damage and pressure. However, the
hydrophobic under layer of conventional SLIPS are produced by
a complex process.'*> We previously fabricated the under
layer of a poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP) membrane, by a simple process called non-solvent-

Department of Integrated Design Engineering, Faculty of Science and Technology, Keio
University, 3-14-1 Hiyoshi, Kohoku-ku, Yokohama, Kanagawa 223-8522, Japan.
E-mail: shiratori@appi. keio.ac.jp

available. See DOL:

T Electronic  supplementary  information

10.1039/c6ra00276e

(ES)

38018 | RSC Adv., 2016, 6, 38018-38023

under layer density, all while maintaining the total transparency. These characteristics are useful for
energy efficient optical devices such as solar cells and street lighting.

induced phase separation (NIPS). The PVDF-HFP membrane
was used to fabricate SLIPS.** The antifouling coating was
named SLIPS, on account of it being inspired by the PVDF-HFP-
gel-electrolyte of lithium ion batteries (LIBs)."* NIPS is a simple
process for preparing micro-sized porous structures, and is
based on self-organized phase separation at ambient tempera-
ture and pressure. NIPS can be used in various fields, such as air
and water filtration/purification processes,” and LIB separa-
tors.'*” However, NIPS suffers from its inability to easily
fabricate high surface roughness, and requires large amounts of
organic solvent. The PVDF-HFP membrane previously prepared
by NIPS exhibited a low surface roughness of R.,s = 0.5 um.
RMS is the abbreviation of “root mean square”. Hence, Rims
means the standard variation of the surface roughness. Thus,
organic droplets stuck to the SLIPS containing the PVDF-HFP
under layer prepared by NIPS in several preparation conditions,
in spite of the porous structure of the PVDF-HFP membrane.
Herein, we fabricated a PVDF-HFP nanofiber under layer by
electrospinning, which possessed a high surface roughness.
Electrospinning is a facile method of fabricating nanofiber non-
woven polymer membranes, which are used in anti-fouling,**>°
electronics,”** tissue engineering,”*** and filtration.”>*" The
electrospun membrane possesses a high specific surface area,
high porosity, high surface roughness and low weight. Electro-
spun PVDF-HFP under layers exhibit a R, ten times that of
a PVDF-HFP under layer prepared by NIPS. SLIPS with elec-
trospun PVDF-HFP under layers exhibit stable sliding of
organic droplets on the surface without sticking, for all prepa-
ration conditions. This hints at the possibility of imparting such

This journal is © The Royal Society of Chemistry 2016
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coatings with both omniphobicity and other functionality, such
as useful optical properties.

We evaluated how the under layer structure influenced
wettability (i.e. contact and sliding angles) and optical prop-
erties (i.e. total transmittance, scattering), by altering the
electrospinning time. Total transmittance was largely constant
with varying electrospinning time, whereas scattering was
significantly dependent on electrospinning time. Such control
of scattering while maintaining total transmittance and
omniphobicity has potential for developing advanced mate-
rials. In this study, electrospun nanofiber SLIPS with high total
transparency and scattering were applied in solar cells.
Omniphobic solar cells were prepared, which exhibited an
actual decrease in conversion efficiency of only 0.22%. The
main text of the article should appear here with headings as
appropriate.

2. Experimental
2.1 Material

PVDF-HFP pellets; average M,, ~ 400 000, average M,, ~ 130 000
purchased from Sigma-Aldrich (USA). N,N-Dime-
thylformamide (DMF; 99.5%) were purchased from Tokyo
Chemical Industry Co. Inc. (Tokyo, Japan). Glass was used as the
substrate (Micro slide glass s 1226, refractive index 1.52, Mat-
sunami, Osaka, Japan). Perfluoro-polyether (PFPE; Krytox 103,
DuPont, Wilmington, DE, USA) was used as a lubricant.

This lubricant has low surface tension of about 17 mN m ™},
low pour point of —60 degrees celsius, density of 1.92 g ml™"
(0 degrees celsius), viscosity of 82 mm? s~ (20 degrees celsius).
Plastic syringes and needles (21G 1/2) were purchased from
Terumo (Tokyo, Japan).

were

2.2 Fabrication of SLIPS

Nanofiber SLIPS were prepared by under layer fabrication and
subsequent lubricant oil layer fabrication, as shown in Fig. 1.

2.3 Electrospun under layer

PVDF-HFP was dissolved in DMF at 20 wt%, and the solution
was stirred for 24 h at room temperature. The solution was then
loaded into a plastic syringe. Glass substrates were mounted on
a metal collector. The applied voltage was set to 10 kv, and the
distance between the needle tip and collector was set to 15 cm.
The humidity was maintained between 40% and 50%.

High Voltage
Supply A
] PVDF-HFP Nanofiber @

; PVDF-HFP Nanofiber
Under layer

1t STEP
Fabricated PVDF-HFP Nanofiber
by Electrospinning

2,4 STEP
Infused with Lubricant

3,4 STEP
Completed 1!

Fig. 1 Scheme diagram of lubricant impregnated electrospun nano-
fiber SLIPS.
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2.4 Fabrication of lubricant layer

PFPE was infused into the PVDF-HFP under layer. The PFPE
infused PVDF-HFP film on glass was then blown with air to
remove excess PFPE.

2.5 Characterization

The surface morphology and roughness of the PVDF-HFP
porous films were determined with a laser microscope
(VK-9700 Generation II, KEYENCE, Osaka, Japan). Contact
and sliding angles were measured using a contact angle
meter (CA-DT, Kyowa, Saitama, Japan). The transmittance
was measured using ultraviolet-visible (UV-vis) absorption
spectroscopy (UV-mini 1240, Shimadzu, Japan). After
infusing with the lubricant oil, the surface morphologies of
the PVDF-HFP porous films were investigated by scanning
electron microscopy (SEM, TM3030, Hitachi Ltd., Tokyo,
Japan), field-emission SEM (FE-SEM; S-4700, Hitachi Ltd.,
Tokyo, Japan) and energy dispersive X-ray spectroscopy (EDX,
Quantax70, Bruker nano GmbH, Berlin, Germany). Total
transmittance (T.T.), parallel transmittance (P.T.), diffusion
(DIF) and haze values (HAZE) of the films were measured
using a haze meter (NDH-5000, Nippon Denshoku Industries,
Tokyo, Japan) with a white light-emitting diode (5 V, 3 W) as
the optical source. Photocurrent density-voltage curves of
amorphous silicon solar cells (Artec, Tokyo, Japan) were
measured under illumination with an AM 1.5 solar simulator
(100 mW cm™?), for a 2.8 cm® masked area. A 500 W Xe lamp
(UXL-5008X, Ushio Inc., Tokyo, Japan) was used as the light
source.

3. Results and discussion

SLIPS are composed of lubricating oils of low surface energy
and an under layer of low surface energy. This section intro-
duces theory on the conditions for an under layer to retain
a lubricant. A repelling liquid (liquid A in Fig. 2) must remain
on the lubricant. Therefore, configuration A must be unstable
compared with configurations 1 and 2 in Fig. 2.

@ Liquid A
O Liquid B
I Rough solid
Rough Solid (Roughness, R)
Configuration A:
Es=Rysa+va

AE, =Eq—E; >0

Rough Solid (Roughness, R)

Configuration 1:
E; =Rysp+vp

AEy =Ey—E; >0

]

Rough Solid (Roughness, R)
Configuration 2:
Ey = Rysp +Vap +Va

Fig. 2 Conditions required to achieve stable SLIPS. E;, E;, Ex are the
total free energy of configuration 1, 2, A, respectively. R is the
roughness of rough surface. vy (yg) is the vapor/liquid A (B) interfacial
tension. ysa (vsg) is the solid/liquid A (B) interfacial tension.
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The total free energy of configuration A must be larger than
that of configurations 1 and 2. The binding conditions for SLIPS
stability are:

(1) The liquid covering the solid must completely contact the
solid.

(2) The thickness of the lubricant layer must be sufficient to
negate the influence of capillary forces.

(3) The surface roughness distribution indicated no defects
in the film.

(4) Liquids A and B must be immiscible.

The condition that the energy of configuration A is larger
than that of configuration 1 is shown as:

AE, = Es — E; >0 1)
R(ysa — vsB) — vap > 0 (2)

Substituting eqn (2) into eqn (3) and arranging yields:
R(vp cos 0 — va c0s 0a) — vap > 0 (3)

vag can be measured from eqn (1) or the following equation:

Ysa — VsB (4)

TAB = Cos Osp(under A)

which is calculated by Young's equation under the conditions
shown in Fig. 2.

The condition that the energy of configuration A is larger
than that of configuration 2 is shown as:

AE, = Ep — E,>0 (5)

R(ysa —vsB) * ya — v >0 (6)
Substituting eqn (5) into eqn (6) and arranging yields:

R(yp cos g — ya cos 0p) + YA — v >0 )

The stability of SLIPS can therefore be calculated from eqn
(3) and (7). E, is the sum of the surface energy of the droplets
and the under layer. E; is the sum of the surface energy of the
droplets, lubricant and under layer. E, is the sum of the surface
energy of the lubricant and under layer. The droplet penetrates
into the lubricant oil when eqn (1) or (2) is not satisfied. Eqn (1)
and (2) show that SLIPS require a low surface energy under
layer. Thus, a rough under layer of low surface energy was
prepared by electrospinning low surface energy materials of
PVDF-HFP in this study.

Laser microscope images of the surface structure with
increasing electrospinning time are shown in Fig. 3(a).
Increasing electrospinning time resulted in less exposed glass
substrate, as indicated by the decreasing blue color in the three-
dimensional laser micro images. PVDF-HFP nanofibers pref-
erentially adhered to the glass, because of the interaction
between the charged polymers and charged under layer. Elec-
trospun polymers which are typically poor conductivity
continue holding on to the charges immediately after deposi-
tion.** Thus, the density of the PVDF-HFP under layer could be
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Fig. 3 (a) Three-dimensional microscope images, (b) RMS surface
roughness values, and (c) water contact angles of a PVDF under layer
after electrospinning times of 0, 2.5, 5, 7.5, 15, and 30 min.

controlled by the electrospinning time. The R, of the surface
structure at each electrospinning time is shown in Fig. 3(b). The
PVDF-HFP under layer greatly increased the surface roughness,
compared with the glass substrate. The R, value exhibited
a maximum after 5 min of electrospinning, after which it
decreased, because macroscale parts of the uncoated substrate
became filled. The contact angle changed little with electro-
spinning time. The water contact angles on the nanofiber
PVDF-HFP under layer are shown in Fig. 3(c). The surface
became hydrophobic upon coating with the nanofiber
PVDF-HFP under layer. The contact angle increased with elec-
trospinning time, and became constant after approximately
7 min. Surface roughness was at a maximum after 5 min of
electrospinning, but the contact angle was low because part of
the glass surface remained exposed. The surface roughness and
contact angle did not significantly change with electrospinning
time, in contrast to the density of the PVDF-HFP under layer.
Thus, electrospinning could be used to vary the structure of the
under layer, without changing the surface energy.
Photographic images of the SLIPS before and after infusing
with lubricant oil are shown in Fig. 4(a). The surface of the
PVDF-HFP under layer before infusing appeared milky white,
because of scattering reflection due to its high roughness. After
infusing, the surface of the PVDF-HFP under layer appeared
fogged, indicating that the lubricant oil suppressed scattering
reflection, but retained light scattering. An SEM image and EDX
map of the SLIPS before and after infusing are shown in
Fig. 4(b). The lubricant smoothed the rough surface, by filling
space between the fibers. Fig. 4(c) shows models depicting how
the lubricant suppressed reflection. Reflected light consists of
scattered and speculum components. The rough surface

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (a) Photographs of the nanofiber SLIPS before and after infusing
with lubricant, for various electrospinning times. (b) SEM images and
EDX maps of a PVDF under layer before and after infusing, for an
electrospinning time of 30 min. (c) Models showing how lubricant
suppresses reflection.

typically exhibited high scattering, because scattering depends
on roughness. After infusing, the PVDF under layer exhibited
low scattering because of it was smoother.

UV-vis absorption spectra of the SLIPS before infusing with
lubricant are shown in Fig. 5(a). The transmittance of the PVDF-
HFP under layer decreased at all wavelengths with increasing
electrospinning time. The transmittance was higher at longer
wavelengths, because of the wavelength dependence of reflec-
tance. The UV-vis absorption spectra of the SLIPS after infusing
with lubricant are shown in Fig. 5(b). The transmittance of the
PVDF-HFP under layer increased at all wavelengths, after
infusing with lubricant. This was caused by the lubricant sup-
pressing reflection at all wavelengths. Thus, the wavelength
dependence of the transmittance loss decreased after infusing.
The HAZE of the PVDF-HFP under layer before infusing is
shown in Fig. 6(a).

The T.T. of the PVDF-HFP under layer before infusing
gradually decreased with increasing electrospinning time,
which was consistent with increasing reflection or back scat-
tering. The T.T. of the PVDF-HFP under layer after infusing was
largely constant with increasing electrospinning time, as shown
in Fig. 6(b), because the lubricant suppressed reflection. These

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 UV-vis absorption spectra of nanofiber SLIPS (a) before and (b)
after infusing with lubricant, for various electrospinning times.

results showed that the surface of the PVDF-HFP under layer
after infusing was smooth after all electrospinning times. Some
of the loss due to reflection was converted to scattering by the
infused lubricant. Scattering of the PVDF-HFP under layer after
infusing gradually increased with increasing electrospinning
time, as represented by:

LRV
= ®)

I =

where I is the observed scattering light intensity, I, is the
incident light intensity, R is the scattering coefficient of the
under layer after infusing, V is the interacting scattering
volume, and L is the distance of observance. Eqn (8) shows that
scattering light is affected by V, so scattering was affected by
altering the density of the PVDF-HFP under layer. Back scat-
tering did not significantly occur, because the average diameter

(@) (b)

100 100
80 80 |

g g

S 60 S 60

E k!

3 3

= =

8 8

£ 40 £ 40

S S
20 20 |
0 0

Glass 2.5min 5min 7.5min 15min 30min Glass 2.5min Smin 7.5min 15min 30min

®TT mHAZE mP.T = DIF

Fig. 6 Optical properties of SLIPS before (a) and (b) after infusing, for
various electrospinning times.
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Fig.7 Sliding angles of 20 plL (a) water and (b) hexadecane droplets on
nanofiber SLIPS.

of the PVDF-HFP nanofiber was about 230 nm, as shown in
Fig. S1.f Thus, the scattering of the nanofiber SLIPS was
increased by infusing, while the T.T. remained constant.

The sliding angle of the PVDF-HFP under layer before and
after infusing is shown in Fig. 7. Low sliding angles (=10°) for
water and hexadecane were observed after all electrospinning
times. Hexadecane has a much lower surface energy (27 mN
m ') than the majority of solvents. The nanofiber SLIPS could
therefore potentially slide a variety of liquids. The nanofiber
SILPS was applied in a solar cell. Fig. 8 shows the I-V curve of
the resulting cell. The decrease in power generation efficiency of
a cell covered with a nanofiber SLIPS compared with another
absent of any nanofiber SLIPS was 0.22%. This efficiency
decrease is lower than that of conventional SLIPS, and resulted
from the constant T.T. and enhanced scattering. Thus, the

Current Density (mA/cm?)

O-||||I||||I||-|I|:||I||1
0 1 2 3 4 5

Voltage (V)

Fig. 8 Photocurrent density (Jsc) versus voltage (Voc) of a bare solar
cell covered with a glass and nanofiber SLIPS.

Table 1 Photovoltaic performances of solar cells

Voc Jsc Efficiency
[v] [mA cm 2] FF [%]
Glass 3.96 2.13 0.721 6.10
Electrospun 3.92 2.09 0.719 5.88

nanofiber SLIPS

38022 | RSC Adv., 2016, 6, 38018-38023
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nanofiber Gel-SILPS is useful in optical devices such as solar
cells, because this efficiency decrease is much lower than that
due to fouling (Table 1).

4. Conclusions

SLIPS exhibiting controlled scattering were prepared by elec-
trospinning. The change in under layer structure with
increasing electrospinning time was responsible for this. Re-
ported antifouling coatings tend to lack both favourable anti-
fouling and optical properties. High total transmittance (93.2%)
and scattering properties were achieved by electrospinning,
while maintaining the antifouling properties (hexadecane
sliding angel of =10°). Such antifouling coating with high T.T.
and scattering characteristics are useful in devices such as solar
cells.
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