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ABSTRACT: Slippery liquid-infused porous surfaces
(SLIPSs) that were both highly transparent and free-standing
(self-standability) were fabricated by an extremely simple
process using non-solvent-induced phase separation (NIPS) of
a poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-
HFP)/di-n-butyl phthalate solution. We call these “Gel-SLIPS”
because the porous PVDF-HFP film fabricated using the NIPS
process has been used as a gel electrolyte in a lithium-ion
battery. In previous reports, SLIPS fabrication required
complex processes, high annealing temperatures, and drying.
Gel-SLIPS can be fabricated from the adjusted solution and
the lubricant at room temperature and pressure in 5 min by squeegee, cast, or dip methods. NIPS is based on a quick phase
separation process in situ, and reduction of the surface energy is not required because of the considerable fluorine in PVDF-HFP.
Moreover, because of the flexible nanonetwork structure of PVDF-HFP, Gel-SLIPS exhibited self-standability and high
transmittance (>87% at 600 nm). Gel-SLIPS is thus highly versatile in terms of the fabrication process and film characteristics.
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1. INTRODUCTION

Antifouling surfaces are highly desirable for solar cells,
automobiles, medical devices, fuel transport, buildings, food
containers, and many other objects. A new type of antifouling
surface, slippery liquid-infused porous surfaces (SLIPS), was
recently reported1 that is a low-energy microporous surface
infused by a liquid lubricant. SLIPS exhibits antiwetting against
almost all fluids and is stable at high temperature and pressure
because of lubricant in the porous structure. While antiwetting
surfaces inspired by the lotus-leaf effect have been studied for
decades,2−14 it is extremely difficult to achieve stability against
low-surface-tension liquids, drop impact, and extreme temper-
atures and pressures.15−17 Therefore, SLIPS is highly attractive,
and there are various fabrication methods. However, those
methods are not very versatile, as evidenced by the following
reports.
Wong et al.1 used a poly(tetrafluoroethylene) (PTFE) mesh

and an epoxy resin array as a rough surface to accommodate the
lubricant. PTFE mesh has minimal formability, so it cannot be
applied to the surface of complex structures. Moreover, it is not
transparent in the visible region. Meanwhile, an epoxy resin
array surface is fabricated by a complex, time-consuming, two-
step soft-lithography process.18,19 These fabrication processes
are neither versatile nor suitable for mass production. Other
complex, lengthy, and high-cost processes include photo-
lithography, deep reactive ion etching, and chemical vapor
deposition.20,21 In contrast, for rough surfaces, a more cost-
effective and simpler SLIPS fabrication process involving
alumina sol−gel was reported by Ma et al.22 This was a simple

wet process, and the fabricated layer had high transmittance in
the visible. However, it required annealing at high temperature
(400 °C) and a reduction of the surface energy, which caused
limitations in substrate selectivity, as well as increased costs
because of the extra steps and materials. Other fabrication
methods with similar issues include boehmite treatment for
aluminum,23,24 alkaline etching of copper,25 and electrolytic
polymerization of polypyrrole.26 In summary, high versatility,
high transparency, and formability are needed for SLIPS
fabrication, but previous fabrication methods were complex and
time-consuming and the substrate selectivity was limited.
In this study, a porous poly(vinylidene fluoride-co-hexafluor-

opropylene) (PVDF-HFP) film was fabricated by non-solvent-
induced phase separation (NIPS), which is a very simple
process based on self-organized phase separation that is
complete in several minutes under ambient temperature and
pressure. Moreover, because PVDF-HFP has a high fluorine
content with an initially low surface energy, it does not require
additional reduction of the surface energy. Hence, the
combination of NIPS and PVDF-HFP is a simple fabrication
process providing rough surface structures and a low-surface-
energy film for SLIPS. Previously, we fabricated “Gel-SLIPS”
for “electrolyte gelation” of lithium-ion batteries.27,28 However,
the optimum film structure for SLIPS is completely different
from that of electrolyte gelation. The film structure for gel
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electrolytes is optimized for high mobility of electrolyte ions,
whereas the SLIPS film structure requires a rough surface for
retaining the lubricant. Here, the gelation electrolyte process
was applied for SLIPS, and the optimum Gel-SLIPS film
structure was determined by changing the ratio of the additive
in the phase separation. Moreover, we desired high trans-
mittance and self-standability to maximize high versatility.

2. EXPERIMENTAL SECTION
2.1. Materials. Poly(vinylidene fluoride-co-hexafluoropropylene)

(PVDF-HFP; Mw ∼ 400000, Mn ∼ 130000), which has a 10 mol %
ratio of HFP to VDF, was purchased from Aldrich (St Louis, MO).
The reason why we adopted PVDF-HFP was that it has both solubility
to acetone and a low surface energy. Di-n-butyl phthalate (DBP;
99.5%), acetone (99.5%), and ethanol (99.5%) were purchased from
Kanto Chemical (Tokyo, Japan). Glass was used as a substrate (Micro
slide glass s 1226, refractive index =1.52, Matsunami, Osaka, Japan).
Perfluoropolyether (PFPE; Krytox 103, DuPont, Wilmington, DE)
was used as a lubricant.
2.2. Adjustment of a PVDF-HFP/DBP Solution. PVDF-HFP

and DBP were added to acetone at a concentration of 20 wt %, and the
weight ratio of PVDF-HFP/DBP was varied (1:0.5, 1:1, 1:2, and 1:5)
as a parameter for controlling the film structure based on phase
separation between PVDF-HFP and DBP. The solution was stirred for
1 h at 50 °C and subsequently aged for >24 h at room temperature.
2.3. Fabrication of a Nanoporous PVDF-HFP Film. The PVDF-

HFP/DBP solution was spread onto a glass substrate by a simple, wet
squeegee method at ambient conditions. The squeegee condition was
that the gap made by two pieces of mending tape (thickness = 0.058
mm) purchased by Sumitomo 3M (Tokyo, Japan) was 0.058 mm.
Therefore, the solution volume on the glass substrate was 5.8 mm3 per
1.0 cm2. The PVDF-HFP/DBP layer was dried for >1 min at room
temperature, during which phase separation of PVDF-HFP and DBP
naturally proceeded. In the dried PVDF-HFP/DBP layer, the structure
based on phase separation was fixed. The layer was immersed in
ethanol for >1 min to extract DBP and blown with air for 10 s, yielding
a pure, porous PVDF-HFP film.
2.4. Fabrication of Gel-SLIPS. PFPE lubricant was infused into

the PVDF-HFP porous film, which initially seemed translucent but
then became transparent with infused PFPE. The PFPE-infused
PVDF-HFP film on glass was then blown with air to remove excess
PFPE.
2.5. Characterization Measurements. The surface morpholo-

gies of the PVDF-HFP porous films were investigated with a field-

emission scanning electron microscopy (FE-SEM; S-4700, Hitachi
Ltd., Tokyo, Japan). The thickness and surface roughness were
determined with a laser microscope (VK-9700 Generation II,
KEYENCE, Osaka, Japan). Sliding angles were measured using
contact-angle meters (CA-DT, Kyowa, Saitama, Japan). The trans-
mittance was measured using ultraviolet−visible absorption spectros-
copy (UV-mini 1240, Shimadzu, Japan). The photocurrent density−
voltage curves of single-crystal standard solar cells (CIC, Yamaguchi,
Japan) were measured under illumination with an AM 1.5 solar
simulator (100 mW cm−2) for a 2.8-cm2 masked area. A 500-W xenon
lamp (UXL-500SX, Ushio Inc., Tokyo, Japan) was used as the light
source. The mechanical strength and flexibility (extension rate) were
determined with a tensile strength tester (EZ-LX, Shimadzu, Kyoto,
Japan). The samples for the tensile strength test were 20 × 60 mm and
2 μm thick.

3. RESULTS AND DISCUSSION
3.1. Surface Morphologies of PVDF-HFP Films. SLIPS

requires a high-roughness surface to retain the lubricant. Here,
suitably rough surface PVDF-HFP films were determined by
changing the PVDF-HFP/DBP ratio during the NIPS process.
Figure 1 (upper part) schematically depicts the simple NIPS
method. Initially, PVDF-HFP and DBP phase separate.
Subsequently, DBP is extracted from the PVDF-HFP/DBP
layer, yielding a porous PVDF-HFP film with a rough surface.
The number of pores and their sizes determine the surface
roughness and can be changed by varying the amount of DBP
in the mixture. Thus, the critical parameter for the surface
roughness is the PVDF-HFP/DBP ratio. Parts a−d of Figure 1
show SEM images of PVDF-HFP film surfaces for various
PVDF-HFP/DBP ratios. We refer to the samples by their
ratios; e.g., the film for a PVDF-HFP/DBP ratio of 1:0.5 is
“1:0.5”. In Figure 1a−d, only 1:0.5 exhibited a surface
morphology composed of both pores and flat areas, while the
1:1, 1:2, and 1:5 structures had networks of pores and fibers.
The respective film structures are understood in terms of the
simple two-dimensional phase separations given in Figure 1e−
h. We refer to the previous report,29 which examined more
about NIPS. There is no report on the combination of PVDF-
HFP and DBP; however, a basic theoretical model for NIPS
was explained in detail in the report. In the case of our study
(PVDF-HFP and DBP), when 1:0.5 and 1:1 are compared, the

Figure 1. (Upper part) Phase separation and extraction process (NIPS method). (a−d) SEM images of PVDF-HFP film surfaces for initial PVDF-
HFP/DBP weight ratios of (a) 1:0.5, (b) 1:1, (c) 1:2, and (d) 1:5, respectively. Every magnification was 10000×. (e−f) Simple phase-separation
models of (e) 1:0.5, (f) 1:1, (g) 1:2, and (h) 1:5, respectively.
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extra DBP increased the pore density and reduced the flat
surface area. Therefore, the surface area of 1:1 seemed fiberlike
rather than flat. For 1:2, the density of the pores increased
relative to 1:1, as shown in Figure 1f,g, causing decreased fiber
diameters, as shown in Figure 1b,c. Finally, when comparing
1:5 and 1:2, we see that the pore size increased but the fiber
diameter hardly changed in Figure 1c,d, indicating that, because
the pores were connected, the pore sizes rather than the density
of the pores increased, as depicted in Figure 1g,h. Thus, initially
increasing the amount of DBP increased the density of the
pores, while further increases of DBP connected the pores,
increasing their size. For a discussion about the pore size and
fiber diameter through all samples, as shown in Figure 2, the

tendency was found. As for the fiber diameter, it decreased with
increasing DBP ratio. As for the pore size, except for the 1:0.5
sample, it increased with increasing DBP ratio. The reason why
the pore size of 1:0.5 was bigger than 1:1 was that 1:1 had some
ampule structure pores, which seemed to be dark pores. The
ampule structure has a small opening and a spacious internal
space. Hence, the film that has ampule structure seems to have
small pore size. The ampule structure was made when DBP
droplets came to rise toward the surface of the wet film
[because the density of DBP (1.05 g/cm3) is less than that of
PVDF-HFP (1.78 g/cm3)] and were fixed before perfectly
going out of the film. The possibility that DBP droplets were
fixed at the middle of going out of film is lower than 1:1
because 1:0.5 has a smaller amount of DBP than 1:1. Therefore,
1:1 had more ampule structure than 1:0.5 and the pore size of
1:1 seemed smaller than that of 1:0.5. As shown in Figure 3, the

root-mean-square (rms) roughness increased with increasing
DBP through all samples. The surface roughness of the films is
one of the most important factors for SLIPS. At the transition
between 1:1 and 1:2, the difference was larger than that among
1:2, 1:3, 1:4, and 1:5. For clarification of the differences among
samples, 1:5 was chosen as the representative of one of the
parameters. Therefore, in this study, 1:0.5, 1:1, 1:2, and 1:5 are

used as representatives of the parameters. Figure 4 shows the
PVDF-HFP film thicknesses. The film thicknesses of 1:0.5, 1:1,

1:2, and 1:3 were almost the same, while that of 1:4 was thinner
and that of 1:5 was much thinner. From 1:0.5 to 1:3, the reason
why the thickness hardly changed was that increasing DBP led
to higher porosity. On the other hand, from 1:3 to 1:5,
increasing DBP additionally led to decreasing thickness because
of the excessive amount of DBP. Therefore, a PVDF-HFP film
that had a PVDF-HFP:DBP ratio >1:4 should have been more
fragile. The Mechanical Strength and Flexibility are discussed
below.

3.2. Sliding Angle on Gel-SLIPS. As reported by Kim et
al.,23 the surface morphology of the film affects the retention of
lubricant: rough surfaces retain the lubricant while flat surfaces
do not. Figure 5 shows the sliding angles of water and oleic acid

on Gel-SLIPS. The surface energies of water and oleic acid are
72.2 and 32.0 mN/m, respectively. Both water and oleic acid
exhibited sufficiently low sliding angles for 1:2 and 1:5, while
for 1:0.5 and 1:1, the higher sliding angles indicated sticking to
the surface. Figure 6 shows a model for sticking the liquid to
the surface. Parts a and b of Figure 1 show that 1:0.5 and 1:1
had flat PVDF-HFP surface areas and lower surface roughness
relative to those of 1:2 and 1:5. Therefore, 1:0.5 and 1:1 did not
have suitable structures for retaining the lubricant. Because flat
areas in particular were not able to retain the lubricant, the
liquid was caught by an exposed flat area like that illustrated in
the upper part of Figure 6. On the other hand, because 1:2 and
1:5 had few flat surface areas and sticking points, as shown in
the lower part of Figure 6, they exhibited low sliding angles for
water and oleic acid. Moreover, 1:2 and 1:5 was enable to slide
a hexane droplet, the surface energy of which was much lower
(18.4 mN/m). Sliding angles of 1:2 and 1:5 against hexane
were 3.4° and 3.6°, respectively. Therefore, Gel-SLIPS also
showed the possibility of sliding various liquids. In summary,

Figure 2. Fiber diameters and pore sizes that were measured from
SEM images, which are an average of eight measurement points.

Figure 3. rms surface roughness of the PVDF-HFP film.

Figure 4. Thickness of the PVDF-HFP film.

Figure 5. Sliding angles of water and oleic acid on Gel-SLIPS (“×”
represents the sticking of the liquid to the surface).
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we were able to observe adequately low sliding angles for Gel-
SLIPS using 1:2 and 1:5 PVDF-HFP films.
3.3. Transparency of Gel-SLIPS. Considering the wide

range of applications (e.g., antifouling layers for solar cells and
windows), SLIPS should have high transparency in addition to
simple processing. Figure 7 shows the transparency in the

visible region of a PVDF-HFP film before and after infusion
with a lubricant. All of the PVDF-HFP films prior to lubricant
infusion had <80% transmittance for the whole visible region
(>400 nm), whereas after infusion, they exhibited roughly 80%
transmittance in the visible region. Following lubricant infusion,
all of the PVDF-HFP films exhibited roughly 88% trans-
mittance at 600 nm (to within 2%), despite the large differences
in transmittance prior to infusion (Figure 8). Figure 9 depicts a
model for why transmittance improved after infusion with a
PFPE lubricant. Before infusion, the optical path was a network
structure of PVDF-HFP and air, whose refractive indices are
1.40 and 1.00, respectively. In contrast, after infusion, the
optical path was a network structure of PVDF-HFP and a PFPE
lubricant with refractive indices of 1.40 and 1.29, respectively.
Thus, the infused PVDF-HFP layer had smaller differences in
the refractive index. The reflectance of an interface between
two materials is related to the refractive indices of the two
materials, as given by eq 1. (For simplicity, the dependence on
the incident angle is ignored.)

=
−
+−

⎛
⎝⎜

⎞
⎠⎟R

n n
n na b

a b

a b

2

(1)

Ra‑b represents the reflectance of the interface between a and b,
with refractive indices na and nb, respectively. For the PVDF-
HFP/air and PVDF-HFP/PFPE interfaces, Rp‑a and Rp‑l are
2.8% and 0.17%, respectively. In the model depicted in Figure
9, every PVDF-HFP fiber reflects the incident light with 2.8%
or 0.17% reflectance. Therefore, before infusion, the PVDF-
HFP film induced irregular reflections that decreased the
overall transmittance, while the infused film induced far fewer
irregular reflections and exhibited higher transmittance. Upon
comparison of the glass substrate and Gel-SLIPS (the PVDF-
HFP film after lubricant infusion), the difference in trans-
mittance was roughly 5% and Gel-SLIPS was highly trans-

Figure 6. Models depicting why a liquid sticks or slides smoothly.

Figure 7. Transmittance of PVDF-HFP films after (solid lines, A) and
before (dashed lines, B) infusion with a PFPE lubricant.

Figure 8. Transmittance at 600 nm for PVDF-HFP films before and
after infusion with a PFPE lubricant.

Figure 9. Model for why transmittance improved after infusion with a
PFPE lubricant.
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parent, as shown in Figure 13. However, if the network size of
the film was reduced to <100 nm and the diffraction at the
PVDF-HFP and PFPE lubricant interfaces was ignored, the
transmittance of Gel-SLIPS from eq 1 becomes 93.45% with
the air/lubricant, lubricant/glass, and glass/air interfaces.
Therefore, we predict that the transmittance of Gel-SLIPS
could be improved by a smaller network structure of the film.
We applied Gel-SLIPS on solar cells and compared the

performance with that of bare cells. Figure 10 plots the

photocurrent density (Jsc) versus voltage curves (Voc) of a bare
solar cell, a cell covered with a glass substrate (glass), a cell
covered with a PVDF-HFP film on a glass substrate prior to
infusion (PVDF-HFP), and a solar cell covered with Gel-SLIPS
on a glass substrate (Gel-SLIPS). We used 1:2 for the PVDF-
HFP film because it exhibited low sliding, high transmittance,
and self-standability (discussed below). Only PVDF-HFP
caused a significant decrease in the solar cell performance,
while the others exhibited small differences. These results
match the decreased range of transmittance shown in Figures 7
and 8. Table 1 summarizes the solar cell results. While PVDF-

HFP exhibited a significant decrease (−3.572%) in the
conversion efficiency (η) relative to the bare solar cell, Gel-
SLIPS exhibited a small decrease (0.990%). Relative to the bare
glass (glass), the decrease in the conversion efficiency was
−0.565%. Because Gel-SLIPS can be directly fabricated on the
solar cells without a glass substrate, the actual decrease of the
conversion efficiency is −0.565%. Thus, Gel-SLIPS is a
promising antifouling layer for the solar cell.
3.4. Mechanical Strength and Flexibility. Gel-SLIPS

exhibited self-standability (i.e., free-standing ability), which had
never been reported for SLIPS. It was peeled off a glass
substrate by initially attaching a piece of tape to the noninfused
lubricant part of Gel-SLIPS and lifting the tape. Gel-SLIPS was
peeled off of the glass substrate simultaneously. We examined
the tensile strength and extension rate with the tensile strength

tester because self-standability is a result of both the tensile
strength and flexibility. Figure 11 plots the tensile strength of

the self-standing Gel-SLIPS film for 1:0.5, 1:1, and 1:2 (1:5 did
not produce a free-standing film). The tensile strength was
reduced with increasing DBP because the network density of
the PVDF-HFP film decreased, as observed in Figure 1a−d.
The lowest tensile strength was 0.22 N.
Figure 12 shows extension rates of more than 168% for the

self-standing Gel-SLIPS films, indicating significant flexibility.

Because Gel-SLIPSs are self-standing (see Figure 13), they can
be used as sticker SLIPSs, which are suitable for disposable
SLIPSs. A sticker SLIPS, however, cannot be attached to a
complex object. Therefore, the cast method was developed.
Figure 14 shows a Gel-SLIPS fabricated on a rounded glass lens
by casting the PVDF-HFP/DBP solution on the glass, followed
by the same procedures documented above. If the object is
flexible and bent, Gel-SLIPS may be durable because of its own
flexibility. Thus, Gel-SLIPS is fabricated not only by the
squeegee method but also by the cast method and by the dip
method. The formability of a Gel-SLIPS film is therefore
extremely good because of its flexibility and versatile fabrication
methods.

4. CONCLUSIONS
By controlling the NIPS process with the PVDF-HFP:DBP
ratio, Gel-SLIPS were successfully fabricated by an extremely
simple process with a fabrication time of less than 5 min under
ambient conditions. Moreover, Gel-SLIPS can be fabricated
with a variety of methods (squeegee, cast, and dip) on various
substrates with high formability. The NIPS method is effective
because it is based on a quick, self-assembled, nanophase
separation process in situ, and reduction of the surface energy is
not required because of the considerable fluorine content in
PVDF-HFP. Characterization of Gel-SLIPS indicated that the
1:2 sample exhibited a low sliding angle against water (5.5°)
and oleic acid (4.5°), a high transmittance (87.44% at 600 nm
of wavelength), and self-standability. Therefore, 1:2 is an
optimal ratio for a versatile SLIPS. Because of their tensile

Figure 10. Photocurrent density (Jsc) versus voltage (Voc) for a bare
solar cell, one covered with a glass substrate (Glass), one covered with
a PVDF-HFP film (prior to infusion) on glass (PVDF-HFP), and one
covered with Gel-SLIPS on glass (Gel-SLIPS), respectively.

Table 1. Summary of the Photovoltaic Performance of Solar
Cells under Various Conditions (See the Text and Figure 10
for Details)

Voc [V] Jsc [mA/cm
2] FF η [%]

bare solar cell 1.073 13.722 0.701 10.323
glass 1.073 13.093 0.705 9.898
PVDF-HFP 1.058 9.337 0.684 6.751
Gel-SLIPS 1.066 12.934 0.677 9.333

Figure 11. Tensile strengths of Gel-SLIPS self-standing films.

Figure 12. Extension rates of Gel-SLIPS self-standing films.
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strength, flexibility, and transparency, SLIPS films were
produced that were clear and self-standing. In addition, by its
high formability, a round glass surface could be coated. In
summary, transparent and self-standing Gel-SLPSs were
prepared by a quick and highly formable fabrication process,
making them highly versatile for numerous applications.
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surface. Yellow arrows mean the sliding direction of the water droplets.
This is given as movie 1 in the Supporting Information.
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