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ABSTRACT: Sophisticated material interfaces generated by
natural life forms such as lotus leaves and Nepenthes pitcher
plants have exceptional abilities to resolve challenges in wide
areas of industry and medicine. The nano- and microstructures
inspired by these natural materials can repel various liquids and
form self-cleaning coatings. In particular, slippery liquid-
infused surfaces are receiving remarkable interest as trans-
parent, nonfouling, and antifrosting synthetic surfaces for solar
cells and optical devices. Here we focus on the transparency of
lubricant-infused texture on antireflective films fabricated by
layer-by-layer self-assembly that decrease light scattering, which is important to maintain device properties. A slippery fluid-
infused antireflective film composed of chitin nanofibers less than 50 nm in diameter prevented light scattering at the long-
wavelength side by Rayleigh scattering to achieve 97.2% transmittance. Moreover, films composed of the same materials
demonstrated three different morphologies: superhydrophilicity with antireflection, superhydrophobicity, and omniphobicity,
mimicking the biological structures of moth eyes, lotus leaves, and pitcher plants, respectively. The effect of thermal changes on
the ability of each film to prevent frost formation was investigated. The slippery fluid-infused antireflective film showed effective
antifrosting behavior.
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■ INTRODUCTION

Bioinspired materials are of interest for solving a wide variety of
problems in broad-ranging areas from energy and the
environment to biomedical devices.1−3 With increasing
emphasis on such materials, particularly controlled interfaces,
micro/nanoarchitectures have emerged as a constantly
advancing field. Excellent examples of innovative design
concepts derived from natural life forms are the self-cleaning
ability of lotus leaves,4−6 antifouling effect of sharkskin,7,8

antireflection of moth eyes,9−11 water collection of the Namib
Desert beetle,12,13 and sticky surface of geckoes.14,15 Among
these examples, studies mimicking the self-cleaning of the lotus
have greatly influenced interface science during the past
decade.16 The synthetic liquid-repellent surfaces based on this
effect generate solid−air/liquid composite interfaces with low
surface energy in composite micro/nanostructures, which
maintain a high contact angle and a low contact angle
hysteresis against water droplets or specific organic liquids.17

Despite considerable effort, however, it remains difficult to
produce surfaces that combine all of the following functions:
repel low-surface-tension liquid,18 tolerate scratches,19 and
possess high transmittance.20 Additionally, transparent super-
hydrophobic films that tolerate subzero temperature variation
are needed because there are few reports of superhydrophobic

surfaces effective for antifogging, antifrosting, and removing
frost.21,22

To overcome this shortcoming, Aizenberg et al.23−26 offered
convincing answers inspired by Nepenthes pitcher plants. They
reported a strategy to produce self-healing slippery liquid-
infused porous surfaces (SLIPSs) that outperform their natural
counterparts and state-of-the-art synthetic liquid-repellent
surfaces with their ability to repel various simple and complex
liquids such as water and blood, maintain low contact angle
hysteresis, and also exhibit antifrosting22 and anti-icing27

performance. Nano/microstructured substrates are used to
lock an infused lubricating fluid in place. A structure with a low
surface energy is necessary as an underlayer for the lubricant,
on which the lubricant forms a stable, defect-free, and inert
slippery interface (Figure 1S, Supporting Information).28

Another related work indicated the transmittance change of
SLIPSs.29 By filling a porous film with lubricant, transmission
increases because reflectance at the solid−gas interface and
scattering by the nano/microstructure decrease. The above
studies suggest that SLIPSs have the potential to exhibit high
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transmittance if the underlayer for the lubricant is a
superhydrophobic film with high transmittance and low
reflectance. A slippery fluid-infused film that has the qualities
of high transparency, antifouling ability, and adjustment to
temperature change is expected to find application in solar
panels and intelligent windows.
The idea to achieve such films was conceived from moth

eyes, which have a graded refractive index and relief structures
to decrease reflection.30 Multilayer thin films mimic moth-eye
structures that have been fabricated by layer-by-layer (LbL)
assembly.31 LbL assembly involves the alternate adsorption of
oppositely charged materials by electrostatic attraction.32−35 It
is an easy, versatile, and convenient method that is performed
at ambient temperature and pressure.36−38 In addition, LbL
assembly allows the surface texture, surface wettability, and
thickness of a film to be controlled on the micro- and
nanoscales. LbL films containing nanofibers or nanoparticles
can possess a low refractive index and high porosity.39−42 Films
produced using this method have been developed for various
applications such as antireflective,43 superhydrophobic,44 and
omniphobic45 coatings that mimic moth eyes, lotus leaves, and
nepenthes (pitcher plant), respectively. SLIPSs with higher
transmittance than 95% fabricated by a wet process have not
been reported.24−26 Indeed, although we reported gel-SLIPSs
fabricated by a facile nanoscale phase separation method,46 we
were unable to achieve high transmittance using this method
because it was difficult to control the surface roughness, film
thickness, and optical properties. Therefore, using the LbL
process to produce SLIPSs with high transparency and other
various features such as stimulus responsivity47−49 is an
attractive possibility. In particular, antifrosting films, whose
reflectance responds to fluctuation of the density of the liquid
surface, intrinsically require antireflectivity because frosting is
caused by the difference in temperature between opposite sides
of glass windows and lenses, especially car windows. In some
countries, frost formation on the car window has been a
problem for a while now, and at the same time, it requires easily
removing frost after increasing the temperature inside the car.
Here we report superhydrophilic and antireflective films

(referred to as moth-eye f ilms) composed of chitin nanofibers
(CHINFs) and silica nanoparticles (SiO2) formed by LbL
assembly, a transparent superhydrophobic film (called the lotus
f ilm) that is a 10-bilayer moth-eye f ilm hydrophobized by
fluoroalkylsilane, and a slippery fluid-infused antireflective film
(called the pitcher f ilm) that is the lotus f ilm covered by
lubricant oil, as shown in Figures 1 and 2. This three-phase
mimesis achieves an omniphobic coating with higher trans-
mittance than previous research. Moreover, we reveal the
antifrosting mechanism of the pitcher film by comparing the

thermal changes of films with three kinds of surface wettability.
Although the antifrosting ability of films with various kinds of
surface wettability should consist of the same materials to allow
comparison, a superhydrophilic film, superhydrophobic film,
and liquid-infused film have not been directly compared, which
allows the effect that lubricant oil has on the films to be
revealed through this study.

■ EXPERIMENTAL SECTION
Materials. Crab shells (Kawai Hiryo, Iwata, Japan), colloidal silica

nanoparticles (SiO2; φ ≈ 30 nm, Nissan Chemical Industries, Ltd.,
Japan), perfluoropolyether (PFPE) (Krytox GPL 103, γ = 17.4 mN
m−1, Dupont, United States), [5,5,6,6,7,7,8,8,9,9,10,10,10-trideca-
fluoro-2-(tridecafluorohexyl)decyl]trichlorosilane (Gelest, Inc., United
States), and glass substrates (76 × 26 mm, thickness 1.0 mm, refractive
index 1.52, Matsunami Glass Industries, Ltd., Kishiwada, Japan) were
used to produce the films. All LbL dipping suspensions were fabricated
using ultrapure water (Aquarius GS-500.CPW, Advantec, Japan), and
the suspension pH was adjusted using CH3COOH (Kanto Chemical
Co., Inc., Tokyo, Japan). The glass substrates were cleaned in KOH
solution (1 wt % KOH/120 wt % H2O/60 wt % IPA) for 2 min and
then rinsed thoroughly with ultrapure water before use.

Refinement of Chitin Nanofibers. CHINFs were fabricated
using the following method. The crab shells were first purified
according to methods described in the literature.50,51 First, crab shell
powder was treated in 2 M HCl (Kanto) for 2 days at room
temperature to remove mineral salts. After thorough rinsing with
distilled water, the treated chitin powder was heated under reflux in 2

Figure 1. Schematic diagrams of the three phases of films. The antireflective moth-eye films consisted of chitin nanofibers (CHINFs) and silica
nanoparticles (SiO2) by layer-by-layer assembly. A superhydrophobic lotus film and lubricant-infused pitcher film were produced by functionalizing
10-bilayer moth-eye films.

Figure 2. Outline of the experimental procedures and the properties of
each type of film.
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M NaOH (Kanto) for 2 days to remove protein. Next the pigment in
the sample was removed using 1.7 wt % NaClO2 (Kanto) in buffer
solution for 6 h at 80 °C. After the sample was rinsed thoroughly with
distilled water, it was suspended in 33 wt % NaOH containing NaBH4
(0.03 g, Kanto), as described in a previous study.52 The suspension
including CHINFs, NaOH, and NaBH4 was washed by pure water
several times via centrifugation (5000 rpm, 5 min). Then the CHINF
suspension was diluted to a concentration of 0.025 wt % and dispersed
by ultrasonic wave.
Superhydrophilic and Antireflective Films (Moth-Eye Films).

Superhydrophilic, antireflective, and low refractive index layers were
fabricated with suspensions of refined CHINFs and SiO2 by the LbL
method. A glass substrate was alternately immersed in CHINF cationic
suspension (0.025 wt %, pH 3) and SiO2 anionic suspension (0.03 wt
%, pH 3) for 1 min, rinsed with pure water for 3 min, and air-dried at a
distance of 10 mm and force of 0.05 MPa after the deposition of each
layer. The films covered about two-thirds of each glass substrate; about
one-third was bare glass.
Transparent Superhydrophobic Film (Lotus Film). Trans-

parent superhydrophobic layers were fabricated by the gas-phase
method. A 10-bilayer CHINF/SiO2 antireflective film was placed in a
100 mL plastic bottle along with a 2 mL glass bottle containing
[6,6,7,7,8,8,9,9,10,10,10-tridecafluoro-2-(tridecafluorohexyl)decyl]-
trichlorosilane (200 μL). The system was placed in thermal treatment
equipment for 2.5 h at 70 °C.
Slippery Fluid-Infused Antireflective Film (Pitcher Film).

PFPE (1 μL cm−2) was added dropwise onto a lotus film. The PFPE
layer was about 1 μm thick. Excess PFPE on the films was removed
with a nitrogen gas flow.
Characterization. Field emission scanning electron microscopy

(FE-SEM) and energy-dispersive X-ray spectrometry (EDX) images
were taken using FE-SEM and EDX (S-4700, Hitachi, Japan)
instruments with an accelerating voltage of 3 kV to characterize the
surface morphologies of the films. Transmittance measurements in the
spectral range of 300−1000 nm were carried out using a
spectrophotometer (UVmini-1240, Shimadzu, Kyoto, Japan). The
roughness of the films was analyzed by atomic force microscopy
(AFM; Nanoscope IIIa, Digital Instruments, United States). The film
thickness and refractive index of the ultrathin films coated on the glass
substrate were determined by ellipsometry (MARY-102, Five Lab,
Japan). Contact and sliding angles were measured using a contact
angle meter (CA-DT, Kyowa, Japan). Total transmittance (TT),
parallel transmittance (PT), diffusion (DIF), and haze (HAZE) values
of the films were measured by a haze meter (NDH-5000, Nippon
Denshoku Industries, Tokyo, Japan) with a white-light-emitting diode
(5 V, 3 W) as an optical source.
Antifrosting Property Test. A glass substrate, moth-eye film (10-

bilayer), lotus film, and pitcher film were set on a Peltier cooling unit
in a thermohygrostat set at 10 °C and 80% relative humidity (RH),
and then the Peltier unit was gradually cooled from +10 to −10 °C.
Photographic images were recorded by a digital camera, and
temperature changes were detected by thermography (PI400, Optris,
United States). After all films were frosted, the unit was heated to 30
°C to compare frost removal ability.

■ RESULTS AND DISCUSSION

According to the Fresnel equations,53 for an ideal homoge-
neous single-layer antireflective coating to have a reflective
index of zero, the refractive index of the film on the glass
substrate should be

= = ≈n n n 1.52 1.23l air substrate (1)

where nl, nair, and nsubstrate are the refractive indices of the low-
refractive-index film, air, and substrate, respectively. Especially,
in the case of vertical incidence, if the thickness of the medium
equals one-quarter of the wavelength through it, surface
reflectance would be 0% and light of that wavelength would

transmit.53 The refractive index of an LbL film can be estimated
by a simple mixing rule:54

= + +n f n f n f

n

l air air nanoparticle nanoparticle polyelectrolyte

polyelectrolyte (2)

where f x and nx are the volume fraction and refractive index of
component x, respectively. According to this equation, porosity
must be increased to decrease the refractive index of LbL films.
Also, a superhydrophobic film requires a relief structure and

low surface energy.55 The relief structure normally consists of a
nano/micro complex surface, the high surface roughness of
which causes transmittance to decrease by increasing scattering,
as predicted by the optical theory for multilayer coatings:56−60

π θ σ λ= − −T T n nln( / ) {2 ( ) cos } ( / )0 air l
2 2

(3)

where T and T0 are the transmittances of the multilayer with
and without surface roughness, respectively, cos θ is the optical
incidence angle to the outermost surface layer, σ is the RMS
surface roughness, and λ is the wavelength. According to this
equation, the RMS surface roughness is σ = 54.45 nm if each
variable is set as follows: T/T0 = 0.98, σ/(λ × 10−3), λ = 550
nm, and θ = 0. Therefore, the RMS surface roughness needs to
be less than 54.45 nm to achieve high transmittance (more than
98%) and curb the decrease of transmittance due to scattering
loss.
For the above-mentioned reasons, the films in this research

need to achieve a refractive index of 1.23 in the super-
hydrophobic film (lotus film) and have low enough surface
roughness to show a contact angle of 150°.

Superhydrophilic and Antireflective Films (Moth-Eye
Films). First, superhydrophilic and antireflective films (moth-
eye films) were fabricated by LbL assembly. As the number of
bilayers increased, the film thickness increased linearly and the
refractive index decreased (Figure 3). The lowest refractive

index of the moth-eye film was 1.20. The film structures were
porous and mainly consisted of particles (Figure 4A) because of
the minimal electrostatic assistance of the CHINFs (Figure 2S,
Supporting Information). The diameter of each CHINF was
almost the same as the size of the nanoparticles (less than 50
nm), which prevented light scattering on the long-wavelength
side by Rayleigh scattering.53 With increasing thickness of the
film structure, the surface roughness expressed as RMS (Rq)
and Ra increased (Figure 4C).
The highest transmittance of the moth-eye film was 96.7% at

726 nm for 10 bilayers (Figure 5). This is because reflectance
decreased because of the gradual increase of refractive index

Figure 3. Film thickness (yellow bars) and refractive index (blue
squares) of moth-eye films with different numbers of bilayers and the
lotus film measured by ellipsometry.
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toward the glass substrate. The films were fabricated by stable
electrostatic interaction. Therefore, as alternating layers were
deposited, a layer with lower refractive index than that of the
previous layer was formed. When the refractive index of the
interface changes from 1.0 to 1.5, the reflectance is about 4%.
The reflectance of each interface is about 0.1−0.2% and the
total reflectance is about 0.8% as the refractive index gradually
changes by 0.1 toward the glass substrate (Figure 3S,
Supporting Information).53 In this study, each layer was stable
because of strong electrostatic interaction, so reflectance can be
simply calculated (Figure 3S). Indeed, the moth-eye film (10

bilayers) showed little reflectance compared with the glass
substrate under a fluorescent light (Figure 4B).
A single-layer antireflection coating can be made non-

reflective only at one wavelength. Assuming a coating thickness
a quarter the wavelength in the medium, the reflection can be
calculated using the normal incidence reflection coefficients:53

λ=D n/4 l (4)

Therefore, a film with a thickness of D nm shows the highest
transmittance at a wavelength of around 4Dnl nm. In this study,
each bilayer film shows its highest transmittance at a particular

Figure 4. (A) FE-SEM images of moth-eye films with different numbers of bilayers and the lotus film. All scale bars are 1 μm. (B) Photographs of the
moth-eye film (10-bilayer) (left) and glass substrate (right) under a fluorescent light. (C) Surface roughness determined by the RMS (Rq) (yellow
bars) and Ra (blue bars) of moth-eye films with different numbers of bilayers and the lotus film, with corresponding AFM images shown below. The
scan size (x and y) is 5 μm, and the data scale (z) is 500 nm.

Figure 5. Measured transmittance changes of the films (left) and calculated transmittance changes of each film with the refractive index fixed at 1.23
by optical simulation software (Design, Tecwave), except for the pitcher film (right): transmittance of a glass substrate (black line) and moth-eye
films with different numbers of bilayers (two bilayers, red line; four bilayers, yellow line; six bilayers, lime green line; eight bilayers, green line; ten
bilayers, aqua line), the lotus film (blue line), and the pitcher film (pink line) on glass substrates in air as the background.
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wavelength according to an optical simulation (Figure 5). Also,
single-layer antireflection coatings are generally produced for a
midrange wavelength such as 550 nm. In the case of nl = 1.23,
D ≅ 112 nm. The absorbance of the silica and glass substrate
increases for incoming light with a wavelength lower than
around 350 nm. Therefore, even if the refractive index was
ideal, such as for the six-bilayer moth-eye film, the highest
transmittance of this film was lower than that of the equivalent
eight- and ten-bilayer films, because the wavelength that shows
the maximum transmittance is equal to or lower than the
absorption wavelength of SiO2 and the substrate. In the eight-
bilayer moth-eye film, the wavelength that has the maximum
theoretical transmittance is near the absorption wavelength of
silica and the substrate, so incoming light was absorbed.
Additionally, scattering near the wavelength with the highest
transmittance was increased by Rayleigh scattering because the
RMS of this film was larger than 1/10 of the wavelength. As a
result, the transmittance of the eight-bilayer moth-eye film
decreased. In the 10-bilayer moth-eye film, scattering of short-
wavelength light increased because it had a larger surface
roughness than the other films. However, the 10-bilayer film
was near the ideal thickness (112 nm), and the incoming light
was not absorbed near the wavelength with the highest
transmittance by silica and the substrate. Also, though an
increase of the surface roughness causes scattering to increase,
in the case of antireflection films formed by LbL assembly, the
thicker the film, the more gradual the change of refractive index.
The films show an increasing resemblance to the actual moth-
eye structure as the number of bilayers increases.
The reason why the transmittance of all films was lower than

the theoretical value and did not reach 100% was because there
was a refractive index distribution in the films. In a
homogeneous medium, all scattering intensity that is not
parallel to the incident beam is annihilated by destructive
interference. To observe the scattering intensity, the density
and refractive index of the medium need to be inhomogeneous.
These inhomogeneities can occur as fluctuations. The

scattering intensity is high when the fluctuations are large.
According to the above-mentioned theory, it is necessary to
increase the air space in a film to decrease its refractive index.
However, this causes refractive index distribution and bias in
the films. As a result, incoming light was scattered, and the
transmittance of the films did not achieve the ideal value. In
particular, scattering of short-wavelength light readily occurred
for this reason.

Transparent Superhydrophobic Film (Lotus Film).
Next a transparent superhydrophobic film (lotus film) was
fabricated by functionalizing a 10-bilayer moth-eye film, which
had the highest transmittance and surface roughness and lowest
refractive index among the moth-eye films. The thickness and
refractive index of the lotus film increased compared with those
of the moth-eye film because of thermally expanded film
components, especially CHINFs, after gas-phase treatment
(Figure 3). The refractive index was ideal on a glass substrate
for a reflectance of zero, and the film thickness was also almost
ideal (112 nm). As the film thickness increased, the surface
roughness increased slightly (Figure 4). The highest trans-
mittance of the lotus film was 97.5% at 788 nm (Figure 5).
EDX images of the lotus film indicate that the film modified

by (fluoroalkyl)silane contained F, which caused the surface to
have a low energy (Figure 6A). These measurements also
confirmed that the films contained CHINFs and SiO2 because
both C and N of CHINFs and Si were observed in the films.
Regarding the surface wettability of the lotus film, its contact

angle decreased with the surface tension, and the average water
contact angle was 152°, indicating superhydrophobic perform-
ance (Figure 6B). Rapeseed oil, hexadecane, and octane did not
slide on the lotus film. Superhydrophobic surfaces are
generated by an air layer existing between a drop of liquid
and rough surface.21,22 However, it is difficult to form an air
layer in the case of a liquid with a low surface tension, because
the liquid can move through the relief and porous structure. As
a result, rapeseed oil, hexadecane, and octane stuck rather than
slid on the lotus film.

Figure 6. (A) EDX images of the lotus film. All scale bars are 1 μm. Below the EDX images, the graphs demonstrate the contact angle (yellow bars),
sliding angle (blue bars), and surface tension (red tilted squares) of water, rapeseed oil, hexadecane, and octane on the (B) lotus film and (C) pitcher
film with corresponding photographic images of each liquid drop on the films shown below.
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The maximum transmittance of the lotus film was higher
than that of the moth-eye film (Figure 5), because it had a
refractive index of 1.23 (Figure 3). However, the total optical
values of visible light of the lotus and moth-eye films (10-
bilayer) were almost the same (Figure 7), because of the
increase in the surface roughness induced by modification,
increasing the Rayleigh scattering.61 This was confirmed by the
decrease of parallel transmission (94.8%) and increase of
diffusion (2.05%) of the lotus film compared with the moth-eye
film.
Slippery Fluid-Infused Antireflective Film (Pitcher

Film). The contact and sliding angles of the pitcher film that
was fabricated by dropping a lubricant oil, PFPE, on the lotus
film decreased with the surface tension. The sliding angle of
water on the pitcher film was 10°, while that of the oil ranged
from 2° to 5° (Figure 6C).

The highest transmittance of the pitcher film was 97.2% at
798 nm (Figure 5), and the haze of 0.41% was lower than that
of the other films (Figure 7). The haze can be expressed by the
following equation:

= ×HAZE (DIF/TT) 100 (5)

where HAZE, DIF, and TT are the optical values of haze,
diffusion, and total transmittance, respectively. Despite
possessing total transmittance similar to those of the other
films, the parallel transmittance of the pitcher film increased
and diffusion decreased, which means light scattering caused by
the surface topography and the difference in the refractive index
at the solid−gas interface decreased upon the film being
covered with lubricant oil. However, the reflectance was higher
than that of the other films because of fluctuation in the density
of the lubricant oil. In addition, these results indicate that
scattering was not caused by the film components, which means

Figure 7. Total transmittance (TT), parallel transmittance (PT), diffusion (DIF), and haze (HAZE) of moth-eye films (two bilayers, red bars; four
bilayers, yellow bars; six bilayers, lime green bars; eight bilayers, green bars; ten bilayers, aqua bars), the lotus film (blue bars), and the pitcher film
(pink bars). Each optical value is explained on the right. The haze, which describes the amount of light scattering when the light passes through the
films, is calculated by dividing DIF by TT.

Figure 8. Photo and thermography images of the glass substrate (G), moth-eye film (10-bilayer, M), lotus film (L), and pitcher film (P). Above each
image, the elapsed time and temperature since the Peltier cooling unit was turned on are displayed. The temperature was determined by the Peltier
unit. The experiment was conducted as shown on the right; that is, the films were placed in a thermohygrostat at 10 °C and 80% RH. The
temperature of the Peltier unit was slowly decreased from +10 to −10 °C. The temperature of the Peltier unit was then increased to 30 °C.
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that CHINFs and nanoparticles were sufficiently small
compared with the visible wavelength to give at most 0.41%
scattering.
Antifrosting Properties. Finally, the antifrosting proper-

ties of a glass substrate, moth-eye film (10-bilayer), lotus film,
and pitcher film were determined (Figure 8, Supporting
Information movie). Before the Peltier cooling unit was turned
on, the moth-eye film, lotus film, and pitcher film were
antireflective. The lotus film misted over a little because of the
attachment of a small nuclear fog on the film 5 min after the
Peltier unit was turned on. After 10 min, the parts of the glass
substrates without films were covered with fog, which caused
inhomogeneous temperature distributions in the same plane.
Compared with the glass substrate, the moth-eye film exhibited
some antifogging ability.62 However, the glass substrate and
moth-eye film were totally frosted after 15 min. In contrast,
frost did not form on the lotus film and pitcher film except for
the parts of the substrates without films, which created a
temperature difference between the top and bottom. From 15
to 50 min, the lotus film and pitcher film gradually frosted, but
they possessed better antifrosting performance compared with
the glass substrate and moth-eye film. The temperature on the
lotus film decreased more rapidly than that on the pitcher film
because the lotus film held fog in its rough surface while fog
slipped over the pitcher film until it had low fluidity. Water
droplets remained in the specific relief structure of the
superhydrophobic surface of the lotus film after heating. In
contrast, as the temperature of the Peltier unit increased, dew
continued to slide over the pitcher film. Thermography showed
that the rate of temperature change on the pitcher film was
slower than that on the other films because of the presence of
the lubricant oil. Additionally, all of the films maintained their
antireflective properties before and after antifrosting testing.
The surface of the pitcher film maintained a relatively small

rise in temperature by keeping dew sliding. Once the
temperature of the lubricant oil decreased to the point where
it was difficult to maintain its fluid surface, frost formation was
promoted. Then all surfaces were covered with frost. In
contrast, the temperature of the surface increased easily because
the water droplets with a high specific heat readily slipped as
the temperature of the Peltier unit started to increase.
The above results reveal that slippery fluid-infused films can

exhibit antifrosting ability by not only leading to inhibition of
fog settlement on the surface, but also suppressing changes of
temperature, which was induced by the poor heat transfer of
the lubricant.

■ CONCLUSIONS
In conclusion, antireflective films composed of CHINFs and
SiO2 fabricated by LbL self-assembly exhibited a highest
transmittance of 96.7% and lowest refractive index of 1.20
because of their high porosity generated by the nanofibers and
nanoparticles. After modification to improve hydrophobic
performance, transparent superhydrophobic films with a
highest transmittance of 97.5%, antireflective behavior, lowest
refractive index of 1.23, which can give a reflectance of zero,
and water contact angle of 152° were produced. Dropping
lubricant on this film produced a slippery fluid-infused
antireflective film with a highest transmittance of 97.2% by
decreasing scattering of relief structures and antireflection
behavior by gradually changing the refractive index. The
transmittance of the latter film is higher than that obtained
previously.23−26,46 The CHINFs and nanoparticles in the films

were sufficiently small compared with visible wavelengths of
light, and all haze values were less than 2.05%. The use of a low-
reflectance film as an underlayer for a lubricant improved the
transmittance of the liquid-infused surface. Additionally, these
three biomimetic structures reveal that lubricant-infused films
can prevent frost formation by keeping fog sliding and resisting
thermal changes. Technologically, this research was achieved by
a combination of three biomimetic approaches. This approach
can contribute to improving various materials and opens up a
new pathway to generate highly functionalized materials.
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