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A lubricant infused slippery and transpa
rent surface was fabricated by introducing a facile spin-coating approach, which exhibited multifunction includ-
ing promising liquid repellence, anti-icing, self-cleaning properties and mechanical resistance.
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Versatile biomimetic materials possess exceptional functions to address practical challenges in a wide
variety of industries. Lubricant-infused slippery (LIS) surfaces that imitate the microstructure of carniv-
orous nepenthes can repel water and various organic solutions. These materials are manufactured via the
infusion of lubricant oil into porous surfaces, a process which yields interfaces that allow other fluids that
contact those surfaces to slide off readily. Herein, a facile spin-coating strategy was introduced to con-
struct LIS surfaces. Three kinds of silanes (Tetraethylorthosilicat (TEOS), vinyltriethoxysilane (VTES)
and 1H,1H,2H,2H-perfluoroalkyltriethoxysilanes (POTS)) and a UV-curing adhesive were adopted to fab-
ricate an omniphobic coating. After the lubricant (perfluoroalkylpolyether (PFPE)) infusion, the prepared
LIS surfaces exhibited an excellent liquid repellent property and positive anti-reflectivity, self-cleaning,
anti-icing, anti-corrosion and mechanical resistance properties. The results of this research indicated that
this LIS surface can facilitate the manufacture of transparent and multi-functional slippery materials by
means of straightforward procedures.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

Endowing surfaces with liquid repellent has aroused much
attention since it is critical for infrastructure applications in our
daily lives, including applications in liquid transportation [1–4],
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microfluidic devices [5–7], non-fouling marine devices [8,9], and
anti-icing [10–12]. Currently, artificial superhydrophobic materials
inspired by lotus leaves [13], butterfly wings [14], striders [15],
etc., have been extensively explored. The micro-/nano-
hierarchical rough structures of superhydrophobic surfaces (SHSs)
are modified with low surface energy compounds, which are able
to hold air and achieve a Cassie–Baxter state to prevent surfaces
from being wetted by water droplets [16–18]. However, most SHSs
still have some shortcomings in practical applications. For exam-
ple, SHSs have poor anti-wetting properties with respect to organic
liquids with low surface tension. The hierarchical structure of sur-
faces can be destroyed by the accumulated ice and frost since
micro-droplets easily penetrate textural structures under low tem-
peratures and relatively high humidity surroundings [19–21]. Fur-
thermore, the surface morphologies of most reported
superhydrophobic materials are not capable of bearing external
mechanical forces [22,23]. Herein, it is meaningful to introduce
LIS surfaces to upgrade SHSs for the purpose of eliminating
weaknesses.

Carnivorous nepenthes are able to catch insects. The peristome
of nepenthes is composed of hydrophilic components and micro-
scopic rough structures that can store water to form a lubricating
water film. When insects stay at the peristome, it can easily slide
into the digestive system of nepenthes since the water film greatly
reduces the friction [24]. This inspires the design of well-known LIS
surfaces [25–27]. Compared to SHSs, designing LIS surfaces only
requires low surface roughness. Recently, this type of biologically
inspired surface design has become an emerging class for prepar-
ing multi-functional materials that exert unique liquid-repellent
abilities toward nearly all types of liquids. Surfaces presenting
excellent slippery characteristics have the potential to be used in
robust anti-icing, anti-fouling [10,28], and slippery containers for
the preservation and distribution of commercial liquids and gels
[29].

At present, there are mainly two different methods for prepar-
ing LIS surfaces. The first pathway is related to the construction
of micro-/nano-hierarchical porous structures modified with low
surface energy. Based on this approach, abundant studies on man-
ufacturing slippery surfaces have been reported. Wong et al.
achieved surfaces where liquids slid freely by designing hierarchi-
cal micropillars on matrixes with the aid of soft polymeric materi-
als [30]. Wang et al. reported a brushing technique for designing
LIS surfaces that mainly involved infusing lubricant into porous
composed of nanoparticle–polymer gel [31]. The previous studies
of Sun and coworkers reported on LIS surfaces with a porous
microstructure that were formed by virtue of a hydrothermal
method [32]. Another route to form LIS surfaces is associated with
the introduction of cross-linked polymer networks or a free vol-
ume structure [33,34], which can lock or encapsulate the infused
lubricant in the substrate surface for a long time. Ragogna et al. uti-
lized UV cross-linked, interpenetrated siloxane polymer networks
to improve the durability of LIS surfaces [35]. Shiratori et al fabri-
cated temperature-activated solidifiable/liquid paraffin-infused
porous surfaces, which achieved the surface wettability transition
from liquid repellence to liquid adhesive [36]. Nevertheless, the
adhesive between the substrate and coating of the LIS surfaces pre-
pared by the aforementioned approaches needs to be enhanced to
achieve improved serviceability. In addition, the surface trans-
parency is also a crucial problem that cannot be overlooked in
practical applications. It is arduous for most of the reported coat-
ings to ensure an antireflective surface.

Here, we propose a versatile strategy for the design of slippery
surfaces based on the construction of cross-linked polymer net-
works. A straightforward sol–gel procedure and spin-coating
course were presented to prepare hydrophobic (HC) surfaces on a
glass slide. Three kinds of silanes (TEOS, VTES and POTS) were
polymerized into polymer networks after hydrolysis, which could
firmly wrap the SiO2 nanoparticles and form a pore-like structure
for storing the infused lubricant for a long time. A commercial
UV-curing adhesive was selected to reinforce the adhesive
between the coating and matrixes. The prepared LIS surfaces with
high mechanical robustness exhibited favorable repellency
towards many types of liquids, as well as outstanding antireflec-
tive, anti-fouling, anti-icing and anti-corrosive properties. Further-
more, the synthesized sol and preparation process were also
suitable for many kinds of substrates such as PET film, Al plate
and Si plate.
2. Experiments

2.1. Materials

Tetraethylorthosilicat (TEOS, 98.0%) was obtained from Shantou
XILONG Chemical Reagent Co. Inc., China, and vinyltriethoxysilane
(VTES, 98.0%) was purchased from Sun Chemical Technology Co.,
Ltd, China. 1H,1H,2H,2H-perfluoroalkyltriethoxysilanes (POTS,
>97.0%) were supplied by TCI, China. The DuPont Krytox perfluo-
roalkylpolyether (PFPE, >95.0%) GPL 103 lubricant was purchased
from the Chemours Company. SiO2 with a 20 nm diameter and a
purity of 99.5% was purchased from Meryer Chemical Technology
Co., Ltd. Moreover, the Glass slide, PET sheet, Si plate, Al plate
and UV curing adhesive were commercially available. All other
chemicals were of analytical-grade and were used as received.
Deionized (DI) water was purified using a ModuPure system and
used throughout the study.

2.2. Preparation of slippery surface

The fabrication procedure of LIS surfaces is schematically illus-
trated in Fig. 1. In the first step, precursor materials including TEOS,
VTES, POTS, and SiO2 were mixed in a beaker and magnetically stir-
red at 25 �C for 20 min. SiO2 nanoparticles were used to bring forth
the nanoscale roughness. In the second step, DI, normal propyl
alcohol (NPA) and acetic acid were added into the precursor mate-
rials and stirred at 25 �C for 1 h to carry out the hydrolysis reaction
of silanes. In this experiment, the molar ratio of the ingredients
TEOS: VTES: POTS: H2O: NPA: HAc was equal to 6 : 7 : 2 : 51 :
30 : 1, and the dosage of additional SiO2 was 0.5 g. NPA served as
a co-solvent to prepare the nanocomposite slurries. Next, the mix-
ture was stirred for another 48 h under the same environmental
conditions in order to produce nanosol. In the third step, the sub-
strates were spin-coated with 0.5 ml of UV-curing adhesive using a
vacuum spin coater (VTC-100, MTI Corporation). Then, another
1 ml of nanosol was spin-coated on the substrates. The obtained
substrates coated with the nanosol and the UV curing adhesive
were named hydrophobic (HC) surfaces. Further, the prepared HC
surfaces were exposed to UV light for 5 min and then thermally
treated at 65 �C for another 30 min. Afterwards, in order to obtain
the LIS surfaces, 100 ll of PFPE was dropped onto HC surfaces
using a pipette, and all samples were placed vertically for 3 min
to remove the excess lubricant through gravity-driven drainage.
The substrates included the glass slides, PET sheets, Si plates and
Al plates.

2.3. Characterization

All photographs and videos were taken using a digital camera
(Sony camera, DSCHX200). The images of the modified substrates’
morphologies were taken using a field emission scanning electron
microscope (FESEM, JSM-6701F) with Au-sputtered specimens. The
three-dimensional surface imaging of the samples were identified



Fig. 1. (a) The hydrolysis and polymerization of silanes. (b) The schematic diagram of the preparation process of LIS surfaces.
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using a surface imaging system atomic force microscopy (AFM,
CSPM 5500). The chemical composition was analyzed via Fourier
transform infrared spectroscopy (FTIR, Thermo Scientific Nicolet
iS10), which was recorded as KBr disks on a Bruker 1600 FTIR spec-
trometer. The quantitative elemental composition was character-
ized by X-ray photoelectron spectroscopy (XPS, Thermo Scientific
ESCALAB 250Xi). The contents of the chemical elements were ana-
lyzed by energy dispersive spectroscopy (EDS, JSM-5600LV). The
water contact angles (WCAs) and oil contact angles (OCAs) were
measured using a JC2000D system (Zhong chen Digital Equipment
Co., Ltd., Shanghai, China) with distilled water and oil droplets
(5 ll) at the ambient temperature. The sliding angles (SAs) were
measured using a DSA100 contact angle meter. The average WCAs,
OCAs and SAs were obtained by measuring the same sample at five
different positions.

2.4. Stability tests

The stability tests of the modified surfaces were divided into
two sections. (i) The mechanical stability of HC surfaces was mea-
sured by tape stripping, knife scratching, pencil scratching and
sandpaper wiping (1000 mesh). (ii) The durability of LIS surfaces
was measured by keeping the surfaces at 60 �C for one week. Sub-
sequently, the sliding ability of water droplets on LIS surfaces at
different times was measured. After all of these stability tests,
the WCAs and SAs of these surfaces were measured.

2.5. Anti-fouling and self-cleaning property tests

The HC surfaces and LIS surfaces were immersed in milk, honey,
coffee, and ketchup, and the cleanliness of these surfaces was
observed after being immersed 1–60 times. Moreover, the ferro-
magnetic particles obtained by dispersing triiron tetroxide in ethy-
lene glycol were used to remove the surface stains by means of
introducing an external magnetic field to drive the particles.
3. Results and discussion

3.1. Fabrication and characterization of HC and LIS surfaces

The HC surfaces were prepared via the facile hydrolysis-
polycondensation of silanes. Silanes have been extensively applied
in building HC surfaces due to its hydrophobic property and the
intrinsic rough structure of the substrates. In the present work,
the surface fabrication process was illustrated in Fig. 1. As shown
in Fig. 1a, three kinds of silanes (TEOS, VTES and POTS) were hydro-
lyzed and polymerized into the network structure under the induc-
tion of water and acetic acid [37,38]. There was a little SiO2

produced by the hydrolysis of silanes. Hence, additional SiO2 was
added to create sufficient oil storage structures. Sol was formed
through intertwining silane polymer with SiO2 nanoparticles under
magnetic agitation. After spin-coating, the smooth glass was cov-
ered by sol, thus forming a uniform and dense monolayer.
Although there was a certain adhesion force between the matrix
and nanosol, the coating was easily destroyed or shed when the
surfaces were subjected to external friction, vibration and scratch-
ing by a hard object. To address this problem, herein, we put a
transparent UV curing adhesive between the substrate and sol
coating to firmly conglutinate the sol on the substrates (Fig. 1b).
The UV curing adhesive could be solidified into a highly viscous,
transparent adhesive layer under UV lamp irradiation [39]. The
low surface roughness of the SiO2 nanocoating and the substantial
cross-linked networks gave rise to hydrophobicity instead of
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superhydrophobicity in which the assembled nanoporous and net-
work structures could firmly capture the PFPE lubricant [40].

To confirm the successful hydrolyzation and polymerization
process, the chemical compositions of the sol were detected using
FTIR and XPS. Moreover, the elemental distribution maps of the
surfaces were analyzed using EDS. In the FTIR spectra (Fig. 2a),
the vibration peak appearing at 1074 cm�1 was attributed to the
stretching vibration of SiAOASi, thereby corroborating that TEOS,
VTES and POTS were polymerized together. The absorption peaks
at 776 cm�1 and 461 cm�1 represented the stretching vibrations
of SiAC and SiAO, respectively. The small absorption bands at
1604 cm�1 and 899 cm�1 represented the vinyl stretching vibra-
tion and the CAH bending vibration of vinyl, respectively. The
absorption banks at 1413 cm�1 and 2920 cm�1 belonged to the
stretching vibrations of CAF and methylene, respectively. The wide
Fig. 2. Characterization of the prepared HC and LIS surfaces. (a) FTIR patterns of the syn
distributions on HC surfaces.

Fig. 3. (a) FESEM images of HC surfaces, and the inset panel was the low-magnification o
respectively.
peak at 3431 cm�1 reflected the stretching vibration of the hydro-
xyl group. Furthermore, from the full survey spectrum of the XPS
(Fig. 2b), the detected signals at 290, 105, 535 and 690 eV were
ascribed to C1s, Si2p, O1 s and F1 s, respectively [41]. To further
explore the distributions of these elements on the surface, EDS
images were presented as shown in Fig. 2c, where the distributions
of Si, O and C were significantly denser than F, and the content was
also much higher than F. The reason for this phenomenon was that
a very small amount of fluorosilane was used, and the matrix sur-
faces also contain Si, O and C elements.

For the matrix, we investigated the surface morphologies using
a scanning electron microscope (SEM). Fig. 3a exhibited a typical
SEM image of the nanocomposite polymer coating, which was ran-
domly dotted with some protruding orifice-like structures. The
surface appeared smooth at a low magnification, but a certain
thetic sol. (b) XPS patterns of the synthetic sol. (c) EDS images of the Si, O, C and F

f the HC surfaces. (b) and (c) represented the AFM images of the HC and LIS surfaces,
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roughness was revealed at a high magnification. These nanostruc-
tures were advantageous for achieving capillary action to facilitate
the surface lubricant storage ability. In addition, we used the AFM
to further explore the three-dimensional topography of the sur-
face. The image displayed that nanosized protrudes were engen-
dered on the HC surfaces, which produced a root-mean-square
roughness (Rrms) of 41.2 nm (Fig. 3b). In contrast, the roughness
of the LIS surfaces decreased significantly and the Rrms was only
18.3 nm (Fig. 3c) due to the formation of an oil film on the surfaces.

Compared with pure glass, the wettability of the HC and LIS sur-
faces were significantly reduced. The WCAs of pure glass and the
HC and LIS surfaces were characterized as described in Fig. 4a–d.
The WCAs of HC surfaces were 123 ± 1� (Fig. 4b) since the surfaces’
roughness contributed to trapping air pockets in the cavities and
prevented the surfaces from being wetted. In contrast, the WCAs
decreased to approximately 112� after PFPE infusion (Fig. 4c). This
can be attributed to the infused water-insoluble lubricant that
occupied the cavities, thereby leaving no space for air. Thus, the
assembled nanoporous structure firmly locked the PFPE and an
obvious oil film formed between the droplet and substrate. In the
experiment, a 5 ll droplet was used to detect the sliding-motion
of the droplet on the surface. The results verified that the droplet
could easily slide off the substrate when the surface was slightly
tilted by 3�. The measured values of the advancing (hA) and reced-
ing (hR) WCAs were 112 ± 1� and 109 ± 1� (Fig. 4d, Movie S1 and
Movie S2), respectively, thereby demonstrating that the droplet
could slide easily on the surface because of the slight CA hysteresis
of approximately 3�. To further explore the omniphobicity of the
surface, another five organic compounds (glycol, dimethyl sulfox-
ide, methylbenzene, chlorobenzene and isooctane) were selected
to detect the slip ability and wettability of different organic mat-
ters on the substrate (Figs. 4e and S1). The SAs for most of the
tested liquids on the LIS surfaces were less than 5� apart from gly-
col, which had slightly larger SAs than other tested liquids, but it
was still smaller than 10�. Hence, the results of all tests indicate
that the LIS surfaces had excellent omniphobicity.

3.2. Antifouling and self-cleaning properties of LIS surfaces

Endowing artificial surfaces with antifouling and self-cleaning
properties are of great significance for broadening the practical
application of the materials [28]. To gain insight into the antifoul-
Fig. 4. Photographs of liquid droplets on glass. The static water droplet contact angle o
glass after PFPE infusion. (d) The dynamic motion of water droplets on the LIS surfaces, a
glycol, dimethyl sulfoxid, methylbenzene, chlorobenzene and isooctane) on the LIS surfa
ing and self-cleaning ability of LIS surfaces, here, we investigated
the wettability of four different kinds of everyday visible liquids
on the surfaces. On the one hand, as shown in Fig. 5a, the original
glass and LIS glass were vertically dipped into milk 60 times. To
ensure that the slippery surfaces would not be contaminated by
the dirty liquids, both sides of the glass were spin-coated with
sol and infused with PFPE. The original glass was covered with milk
as long as it was immersed into the bottle. Therefore, the original
glass was always in a polluted state during the immersion from
1 dip to 60 dips. On the contrary, the LIS glass can maintain its orig-
inal state throughout the impregnation process and remained
uncontaminated by milk. In addition, we also tested the contami-
nation of the two kinds of surfaces in high concentrations of honey,
coffee and ketchup (Fig. 5b). The results illustrated that the LIS
glass could lock the lubricant oil (PFPE) well and had outstanding
antifouling ability.

On the other hand, a milk droplet (5 ll) could slip off the surface
within 3 s when the slippery glass was tilted at approximately 4�
(Fig. 5c). Moreover, in order to check whether the slippery surfaces
could achieve the anti-fouling effect while horizontal, we first ran-
domly sprinkled some graphite powder on the LIS glass. Then, a
magnetic droplet (11 ll) was placed on the LIS surfaces and driven
by an external magnetic field. The stains on the LIS glass could be
wrapped in magnetic particles when the Fe3O4 particles freely
moved back and forth on the surfaces. After the experiment, there
was no trace of powder left on the surfaces and no visible graphite
powder was observed to have penetrated into the slippery surface.
We found that the graphite powder on the LIS surfaces could be
cleaned up by the moving magnetic particle within 31 s (Fig. 6).
Hence, we emphasized here that all experimental results showed
that the LIS surfaces had superior anti-fouling and self-cleaning
functions, whether they were vertical, inclined or horizontal. The
proven merits of the slippery surfaces, such as its omniphobic,
antifouling and self-cleaning properties, showed that the spin-
coating approach for fabricating slippery surfaces was a proper
choice. Further, the coating we prepared in this study also had a
promising universality. Using the same spin-coated method, we
prepared slippery surfaces on PET film, Si plate and Al plate, and
found that the droplets could also fall freely on these surfaces in
a short time (Fig. 7a–d). These useful properties of the coating
showed that LIS surfaces could better adapt to practical applica-
tions, such as packaging, oil transport and so forth.
n (a) the original glass, (b) the textured hydrophobic glass and (c) the hydrophobic
nd (e) the contact angle (CA) and slide angle (SA) of various liquid droplets (water,
ces.



Fig. 6. The removal of stains on flatwise LIS glass using magnetic particles under the action of an applied magnetic field.

Fig. 5. A series of anti-fouling tests confirmed the self-cleaning performance of LIS glass when it was in a different placement state. (a) Vertically immersing the original and
LIS glass in milk 1–60 times; (b) vertically immersing the original (right) and LIS (left) glass in honey, coffee and ketchup; and (c) milk droplet slip on tilted LIS glass.

Fig. 7. Images showing ethylene glycol droplets (dyed with methyl red) sliding on (a) the glass slide, (b) the PET film, (c) the Si plate and (d) the Al plate.
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Fig. 9. (a) Ice accumulation on the HC and LIS glass at �10 ± 1 �C with the delay
times (DT) roughly recorded by observing the non-transparency of the water
droplets. (b) The LIS glass had a much longer DT of 1220 s than the HC glass with a
DT of 605 s.
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3.3. Stability of LIS surfaces

Stability is an important index for evaluating the quality of
materials, which will greatly affect the large-scale applications
and further development of the prepared materials [42]. Therefore,
it is necessary to do our best to improve the durability of new
materials, which is also a vital problem many researchers have
been trying to address. In the presented paper, we characterized
the durability of LIS surfaces in terms of its mechanical strength
and oil storage capacity. The mechanical property of the obtained
LIS surfaces was measured using various means, such as tape strip-
ping, sandpaper wiping (1000 mesh), knife scratching and pencil
scratching (Fig. 8a). After various mechanical tests, the sliding abil-
ities of water droplets on various damaged surfaces were detected.
The results displayed that the SAs of water droplets on the LIS sur-
faces after 25 mechanical tests were not obviously different from
the original undamaged surfaces. After various mechanical tests,
the sliding angle of water droplets on the LIS surfaces increased
slightly, but overall it was below 7�. Further, the contact angle of
water droplets fluctuated approximately 112� (Fig. S2). Compared
with the knife scratching and pencil scratching tests, the contact
angle decreased slightly after the tape stripping and sandpaper
wiping tests. This was mainly because tape stripping and sandpa-
per wiping had larger contact areas with the surfaces. Thus, the
roughness and oil storage ability of the LIS surfaces were more
likely to be affected. Overall, the contact angle and sliding angle
did not change much. Moreover, after 25 mechanical tests, water
droplets could still easily slide off the transparent LIS glass
(Fig. S3). Hence, we concluded that the LIS surfaces we prepared
had relatively stable mechanical resistance. From a theoretical per-
spective, this could be interpreted in two ways: (i) the anchoring
strength of the solidified UV-curing adhesive firmly conglutinated
the gel to the substrate and made it adhere better, and (ii) the sur-
face structures made up of cross-linked polymer networks and SiO2

were not easily destroyed. To further explore the stability of LIS
surfaces, we measured the oil storage capacity of LIS surfaces by
means of placing the LIS surfaces at 60 �C for one week. Then,
the WCAs and SAs of the slippery surfaces were measured
(Fig. 8b). The lubricant (PFPE) had promising stability and it would
only volatilize a little, even at a high temperature. Therefore, the
contact angle and sliding angle of water droplets increased with
the volatilization of the lubricant, but it changed only slightly.
Overall, it was suggested that the surface had a relatively stable
slippery performance during the testing.
Fig. 8. (a) Mechanical stability tests of HC glass: (1) sandpaper wiping, (2) pencil scrat
sliding behaviors of water droplets on each slippery surface after 25 tests. (b) The WCAs
1–7 days.
3.4. Optical, anti-corrosion and anti-icing properties

To explore the multi-functionality of the prepared surfaces,
here, the anti-icing, optical and anti-corrosion properties were
addressed. Ice accumulation on solid surfaces has a great effect
on aircrafts, power lines, vessels and so forth, leading to irretriev-
able losses and catastrophies [43]. The anti-icing and ice-phobic
properties were indispensable for most functional surfaces when
it was required for a wider range of practical applications. As
shown in Fig. 9, the prepared LIS glass confirmed its anti-icing abil-
ity on account of the lack of pinning spots for water molecular
aggregation and nucleation, which could effectively postpone the
formation of critical ice nuclei and decrease the growth rate of
ice crystals. To observe the anti-icing process, water droplets with
a volume of 8 ll were placed on the super-cooled HC and LIS glass
at �10 ± 1 �C (Fig. 9a). The droplet on the HC glass was clear and
transparent at the beginning. Afterwards, white ice crystals
appeared in the droplet at 302 s, and some frost appeared on the
surface at 403 s. Finally, at 605 s, the droplet turned completely
into an opaque ice droplet and adhered to the surface. It indicated
that the HC glass could postpone water freezing, but the delay time
(DT) was not long enough. In contrast, the droplet on the LIS glass
remained a transparent liquid that did not freeze until 1220 s,
ching, (3) tape stripping, and (4) knife scratching. The embedded images show the
and SAs of the water droplet measured on LIS surfaces, which are placed at 60 �C for



Fig. 10. (a) Optical transmittance spectra and photographs (inset) of the original (left), HC (middle) and LIS (right) glass. (b) The electrochemical corrosion tests of the
prepared HC and LIS for Cu and the original Cu in a 3.5 wt% NaCl solution.
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thereby demonstrating that the LIS glass possessed a better ability
to restrain ice formation and accumulation (Fig. 9b). There were
main two reasons for the difference between the two surface delay
icing times (DT). (i) For HC surfaces, the high roughness would lead
to a large contact area between the droplet and surface. Conse-
quently, ice crystals were easily formed on these contact areas.
This was the main reason why the HC surfaces’ freeze delay time
(DT) was short. (ii) As a result of the capillary and gravity effects,
the lubricant oil could permeate into the roughness of the surface
and form a homogeneous and smooth oil film on the surface. After
lubricant (PFPE) infusion, the smooth oil film could both isolate the
direct contact between the droplet and surface, and also reduce the
nucleation probability of the droplet and the water/ice adhesion
force. Hence, compared to HC surfaces, LIS surfaces had a longer
freeze delay time. Actually, all of presented multi-functional sur-
faces can only delay ice accumulation rather than completely elim-
inate ice formation. Hence, the fabrication of ice-phobic surfaces
remains a challenging problem.

Generally, the optical property is indispensable for something
made of glass. The optical transmittance spectra of the original,
HS and LIS glass are shown in Fig. 10a. Compared with the HC glass,
the LIS glass had superior transparency in the visible wavelength
range. The visible-light transparency of the original glass was
approximately 92%, whereas the HC glass was nearly in a semi-
transparent state and the transparency was approximately 70%
on account of the diffuse reflectance of light by the rough structure.
After being infused with lubricant, the transparency of the LIS glass
was almost that of the original surface (inset photos of Fig. 10a).
This was mainly because the LIS glass was intensely thin and
smooth enough, and the glossy lubricant film could prevent the
reflection of visible light. Furthermore, the transmittance of light
would not be affected by the UV-curing adhesive because it was
smooth and transparent after curing. Hence, this kind of surface
preparation procedure and coating can be used to fabricate stable
slippery surfaces with an excellent antireflective property. This
kind of transparent slippery surface can be applied in solar cells.
The outstanding self-cleaning ability is able to enhance the collec-
tion efficiency of sunlight, and the anti-icing performance can
improve surface adaptability to harsh environments [44–46].

To further explore other functions of LIS surfaces, slippery cop-
per plates were obtained by using the same spin-coating method to
detect whether the coating could endow the metallic substrate
with anti-corrosion performance. Here, the potentiodynamic
polarization curves for the hydrophobic copper plate, the slippery
copper plate and original copper plate in a 3.5 wt% NaCl solution
were carried out via electrochemical corrosion tests (Fig. 10b). In
the typical polarization curves, the higher corrosion potential
(Ecorr) and lower corrosion current density (Icorr) of the tested
materials signified a better anti-corrosion ability [47]. The Ecorrs
of the original copper plate, the HC copper plate and the LIS copper
plate were �0.279 eV, �0.258 eV, and �0.213 eV, respectively. The
correctly computed Icorrs of the original copper plate, the HC cop-
per plate and the LIS plate were 7.354 � 10�5 Acm�2,
6.102 � 10�5 Acm�2, and 3.378 � 10�5 Acm�2, respectively. This
means that the original Cu plate had the highest negative potential
and the highest positive current. Further, the results indicated that
spin-coated surfaces possessed preferable corrosion resistance
when compared to original copper. This phenomenon was able to
be interpreted by the existence of an air layer on HC copper, which
prevented direct contact between the solution and the surface such
that the electrolytic reaction was largely suppressed. The lubricant
film on the slippery copper could further insulate the solution and
the surface. Consequently, the electrolytic reaction was further
inhibited such that the LIS Cu plate had a better anti-corrosion
property than that of the HC Cu plate. From all the above state-
ments, we concluded that the LIS surfaces fabricated by the spin
procedure had excellent anti-icing, optical and anti-corrosion per-
formance, which provided inspiration for the preparation of multi-
functional slippery surfaces.
4. Conclusions

To summarize, lubricant-infused slippery surfaces have been
reported on in previous publications [9,50]. However, the trans-
parency of slippery materials and the adhesion between the coat-
ing and substrate still need to be improved. Taking inspiration
from some previously reported strategies [48,49], here a kind of
coating related to the hydrolysis and polymerization of three kinds
of silanes (TEOS, VTES and POTS) has been reported. A slippery
lubricant (PFPE) infused surface has been prepared via the combi-
nation of SiO2 nanoparticles and the network structure generated
from these silanes. Unlike other works that suggested directly
spin-coating the nanosol on the substrates [37,40], we spin-
coated an extra UV-curing adhesive between the substrate and
sol. Subsequently, the use of a transparent UV curing adhesive
can bind the coating firmly to the substrate and improve the
mechanical stability of the LIS surfaces without affecting the trans-
parency of the surfaces. In addition, the lubricant-infused surfaces
can repel various liquids and exhibit a multitude of excellent
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properties, such as antifouling, self-cleaning, liquid-repellence,
anti-icing, and anti-corrosion. More importantly, the PFPE infused
surfaces possessed a profound antireflective ability and mechanical
robustness even after several stability tests, and these are proper-
ties that are conducive to preparing durable and transparent slip-
pery surfaces. We believe that this coating and its preparation
method can be helpful for the design and manufacture of progres-
sive and multifunctional interface materials. The prepared LIS sur-
faces also provide practical applications for the fields of liquid
transportation, antifouling, solar cells, etc.
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