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ABSTRACT: Although numerous kinds of waterborne, nacre-
mimetic films with excellent properties have been fabricated
via different assembly methods, it remains difficult to put those
kinds of lightweight materials into practical applications
because they are sensitive to water in the environment.
Herein, a simple superhydrophobic modification method was
used to enhance the repellency of film to water and/or
corrosive liquids in the environment. Furthermore, it lowered
the gas transmission rate of the films dramatically and
improved the heat and flame shield capabilities. This approach
could also be applied to other kinds of nacre-mimetic films,
proving to be a versatile, low-cost, fast, and facile method to
produce large-area and thick, waterborne, multifunctional films with excellent repellency to water and some corrosive liquids in
the environment, which will pave the road for the practical applications of nacre-mimetic films.
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■ INTRODUCTION

Quite often, nature could produce lightweight materials with
robust stability and excellent properties in simple components
at low cost,1−4 for example, nacre, bone, spider silk, and tooth.
Thus, scientists and engineers have long been taking lessons
from nature to manufacture lightweight materials with superior
properties, which undoubtedly are needed in a wide area of
fields.5−8 Among all the biological materials, nacre has gained
tremendous interest because it has exceptional stability and
excellent properties owing to its unique brick-and-mortar
structure, constituted of highly aligned inorganic platelets
surrounded by a protein matrix that serves as a glue between
the platelets.9−11 A great amount of bioinspired research has
been extensively investigated to produce nacre-mimetic
materials,12−16 such as inorganic platelet-reinforced composites
(Al2O3,

17−20 clay,21−26 LDH (layered double hydroxide),
etc.27−30) and carbon-reinforced composites (graphene,31

graphene oxide (GO),32−34 carbon nanotubes (CNTs),35,36

etc.).
Probably the most studied are the clay/waterborne polymer

composites, such as montmorillonite (MTM)/poly(vinyl
alcohol) (PVA) and montmorillonite (MTM)/poly-
(diallyldimethylammonium) chloride (PDDA), because MTM
is naturally abundant, is cheap, and possesses many exceptional
properties, for example, distinguished thermal shield capabil-
ities. Also, the waterborne polymer is compatible to the
nanoclay and moreover very attractive for environmental

reasons. Up to now, MTM nacre-mimetic composites with
excellent properties have been successfully fabricated in
different compositions5,22,26 and component content21,25,37 at
different scales via various assembly methods.21,25,38−40

However, industrial applications such as coatings for
buildings and spaceships, not to mention biomedical implants,
typically require robust repellency to water and/or some
corrosive liquids in the environment and simplified low-cost
fabrication procedures, besides superior properties. However,
the waterborne components are very susceptible to water,
leading to hydration-induced decay of various properties of the
composite.21,41 Thus, deposited water and/or corrosive liquid
(such as rain and unintended sprayed liquid), which are
common in the environment, will be inevitably detrimental to
the performance of the composite. Although this phenomenon
was discovered a long time ago and the problem is vital to
advance the composites into practical applications, it has been
ignored until recently. There are several methods that try to
preserve the properties of the film after exposure to water.42,43

However, those solutions are not satisfactory because it will
take a long time for post-treatment (at least 24 h) or it is not
suitable when the film is exposed to deposited water. Thus, we
explored a faster and more efficient method to solve the
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problem with knowledge in wettability, that is, if the wettability
of the nacre-mimetic film could be tuned into super-
hydrophobic and low adhesive, it might be effective to prevent
the influence of deposited water and/or corrosive liquids to the
nacre-mimetic films.
Herein, we used a universal and facile superhydrophobic

modification, which could impart to the film exceptional
repellency to deposited liquids (such as water, corrosive liquids,
etc.) and improve other properties, such as better gas barrier
and heat and flame shield properties. Uncross-linked MTM/
PVA nacre-mimetic film is chosen because there are abundant
hydrogen bonds in the MTM/PVA system, which may be most
susceptible to water in the environment. If we could minimize
the effect of water and other kinds of corrosive liquids to the
performance of uncross-linked MTM/PVA film, the method
will also work for other nacre-mimetic films, such as MTM/
PDDA, cross-linked MTM/PVA, and GO/PVA.
Unlike methods relating to the covalent cross-links and ionic

supramolecular bonds, which are time-consuming (usually 1
week or more), not highly efficient, and only limited for several
kinds of polymers for cross-linking and may make the film
brittle,44,45 this superhydrophobic modification provides a fast,
facile, “green”, low-cost and universal method, a minimum of
upscaled apparatuses, only one procedure for modification,
involving benign ethanol solvent, and readily available
components. Additionally, the method could be further applied
to prepare other multifunctional integrated MTM composite
films and GO composite films with great repellency to water
and corrosive liquids in the environment. Hence, this low-cost,
fast, and easy method can open up a universal and facile avenue
to produce multifunctional integrated lightweight materials
with excellent repellency toward deposited liquids in the
environment.

■ EXPERIMENTAL SECTION
Fabrication of Nacre-Mimetic Paper. Nacre-mimetic paper was

prepared according to the literature method.25 In a typical procedure, a
0.5 wt % dispersion of MTM (Zhejiang Fenghong Clay Co., Ltd.) in
Milli-Q water was stirred intensely for 1 week. Then, the solution was
centrifuged to get MTM nanosheets. To absorb a monolayer of PVA
(molecular weight (Mw) ≈ 85−124 kDa, Aldrich) on MTM
nanosheets, the dispersion was slowly dripped into a magnetically
stirred PVA solution. The mixed solution was stirred overnight to
complete absorption of polymer, followed by centrifugation to remove
excess polymer. The deposit was redispersed into Milli-Q water to
form a colloidal solution. Afterward, nacre-mimetic paper was
fabricated by vacuum filtration of the solution through a membrane
filter with a pore size of 0.22 μm. The paper was further dried by air
and removed from the filter. Then, the prepared paper was dried at 60
°C for 24 h while applying a slight force to avoid folding of the paper
during the drying process.
Fabrication of Superhydrophobic Nacre-Mimetic Paper.

First, 1 g of polystyrene granules (Mw = 192 000 g/mol, Aldrich)
were dispersed by 30 mL of ethanol in a closed bottle. The 0.8 g of
hydrophobic fumed silica nanoparticles (Aerosil R202, average particle
size 14 nm, Evonik Degussa Co.) were further mixed and stirred for 30
min. Then, superhydrophobic nacre-mimetic paper was produced by
dip-coating at a speed of ca. 0.5 cm s−1. The coated one was dried at
room temperature and then heated at 80 °C for 1 h, yielding a firm
coating on the surface.
Characterization. Scanning electron microscopy (SEM, FEI

Quanta 250 FEG) was performed, typically operating at an
acceleration voltage of 5−10 kV. A thin Au layer was sputtered onto
the samples prior to imaging. Contact angles were measured by
OCA20 instrument contact angle system at room temperature. All the
data was obtained by measuring more than five samples. Mechanical

tests were carried out on a universal testing machine (AGS-X,
Shimaszu Co. Ltd., Japan) equipped at a rate of 0.6 mm/min with a 5
N load cell. The sample were obtained as 3−4 mm wide and 12−20
mm long rectangular strips of the materials. The exact cross-sectional
thicknesses were determined by scanning electron microscopy. All
samples were measured at room temperature and an average humidity
of 23%.

Thermal Conductivity Measurements. Thermal conductivities
of the samples before they were exposed to flame were obtained by
Hot Disk Thermal Constant Analysers-2500 at room temperature and
1 atm pressure. Three replicate were used in the thermal conductivity
measurements for every sample.

Permeation Measurements. Gas permeation measurements
were carried out with a home-built stainless steel permeation apparatus
at relative humidity (RH) 55%.46 A nacre-mimetic film to be measured
was placed in the permeation cell between two rubber O-rings with a
support screen. The free-standing film was put on a nanoporous Ano-
disc membrane filter in order not to be damaged by the gas flow. The
surface area of the sample available for gas transporting was 2.8 cm2.
The thickness of the film without coating is 33 μm, whereas the one
after coating is 40 μm. The membrane was placed in the cell at the
high-pressure side of the pressure gradient. The pressure gradient that
was applied to each membrane was 3.0 psi. After passing through the
film, the gaseous permeant was directed into a glass U-tube flow meter
(Acol = 1.0 cm2). The volumetric flow rate of the gas was then
measured by recording the time (t = tf − ti) that was required for a
soap bubble to travel a set distance (Xcol = df − di), thereby sweeping
out a defined volume. Measurements were taken until steady-state
values were achieved (typically 1−2 h). At least six volumetric flow
rates were recorded for each film, and the mean and standard
deviations were determined. The permeation rate, P (106 cm3 cm−2 s−1

cmHg−1), was calculated using

= ×P
X A

t A
10p

col col
76
14.7 mem

6

(1)

■ RESULTS AND DISCUSSION
A nacre-mimetic film with excellent repellency toward water in
the environment was fabricated by two steps of self-assembly.
First, core−shell nanoplatelets of MTM coated by PVA were
self-ordered into layered nacre-mimetic structure. Then, fumed
silica nanoparticles about 14 nm in diameter were self-
assembled into hierarchical structures on the surfaces of the
nacre-mimetic film to form a superhydrophobic and low
adhesive layer on the surfaces of the film. Scheme 1 illustrated
the facile strategy (the detail of the method could be seen in the
experiment part). The superhydrophobic treatment used here is
independent of the thickness and the size of the film. More

Scheme 1. Strategy to Fabricate Nacre-Mimetic Film with
Excellent Properties: MTM Platelets (Orange) Coated by a
Layer of PVA (Purple) Are Self-Assembled into Nacre-
Mimetic Film via Vacuum Filtration; Then, Fumed Silica
Nanoparticles (Blue) Are Self-Assembled into Protective
Layers, Which Are Superhydrophobic and Low Adhesive, To
Minimize the Influence of Water and Other Liquids in the
Environment
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importantly, the self-assembly time is very short. Thus, this
method could be easily scaled up by simply adding more
volume of as-prepared nanoparticle dispersion to the surfaces of
larger films at almost the same time.
Scanning electron microscopy (SEM) was used to investigate

the structure and surface morphology of the MTM/PVA nacre-
mimetic film before and after modification (see Figure 1).
Figure 1a revealed the film, consisting of 70 wt % MTM
according to thermogravimetric analysis (TGA), with a well-
defined layered structure, conceptually similar to the brick-and-
mortar structure of nacre. Figure 1b showed part of the cross
section of the modified film. By comparing parts a and b of
Figure 1, it is obvious that the layered structure of the film was
not affected by the modification. The only difference lies in that
there is a layer (only about 3−4 μm in thickness) of silica
nanoparticles with hierarchical structure on the surface of the
nacre-mimetic film (see Figure 1b). The silica layer is so thin
that the transparency of the film was almost preserved (see
Figure 2a). The thickness of the film in Figure 2a without
coating is 43 μm while the one with coating is 49 μm. In
addition, Figure 1c, d showed the differences on the surface
morphologies of the film before and after modification. The
surfaces of pure nacre-mimetic film are rough, only on a micro
scale, while there are obviously micro/nano-hierarchical
structure on the surfaces of the modified one, consisting of
fumed silica nanoparticles about 14 nm in diameter. As is
known, the wettability of a film is primarily affected by its
surface roughness and its surface energy. The self-assembly of
silica aerogel particles formed a very thin layer with micro/nano
structure. That lowered the surface energy by changing the
component of the surfaces of the films as well as increased the
surface roughness by forming a hierarchical structure on the
surface.

To show a comprehensive effect of coating on the film
clearly, we compared various properties of films before and
after coating. Above all, the excellent stabilities of the modified
films to water and corrosive liquids were investigated. In our
experiment, water, HCL, NaOH, and NaCl droplets were used
to mimic water, corrosive liquids, etc. in the environment. As

Figure 1. SEM images of the pure (a, c) and modified (b, d) MTM/PVA nacre-mimetic films, respectively. (a, b) Cross sections and (c, d) top-view
images of the nacre-mimetic films.

Figure 2. (a) Photographs of pure and modified MTM/PVA nacre-
mimetic film. Optical images of droplets (b) on pure nacre-mimetic
film and (c) on modified nacre-mimetic film. (d, e, f) Different kinds
of corrosive liquid droplets with spherical shapes on the modified
MTM/PVA films: (d) HCl droplet, (e) NaCl droplet, and (f) NaOH
droplet.
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expected, after the modification, the MTM/PVA film exhibited
superior repellency toward water and corrosive liquids. The
contact angle of the modified film to water is 151.5° ± 0.3° (see
Figure 2c), which is significantly different from the pure one
(see Figure 2b). Besides, the surfaces of modified film are low
adhesive. The H2O droplet could not stick to the surface of the
modified film and the sliding angle was <5°, which meant that
the droplet was quite easy to roll off the surface. The low
adhesive superhydrophobicity of the modified film is the result
of the cooperation of the surface hierarchical structures and the
low surface energy of silica.47 We further tested the repellency
of the modified film to the water and other corrosive liquids,
which were common in the environment, because it was of vital
importance for practical applications. Ut supra, the super-
hydrophobic film exhibited superior repellency to water (see
Figure 2c and Supporting Information Figures S1 and S2). In
addition, it also exhibited superior repellency toward corrosive
liquids, for example, HCl, NaOH, etc. The static hydrophobic
angles are almost the same regardless if the liquid is HCl, NaCl
solution, or NaOH (pH ≤ 14) (see Figure 2d−f),
demonstrating excellent repellency to the common corrosive
liquids. We further applied this method to other kinds of nacre-
mimetic films, such as MTM/PVP and graphene oxide (GO)/
polymer, which also showed great repellency toward water in
the environment (see Supporting Information Figure S3),
proving this is a universal and facile method.
In addition to excellent repellency, the modification

significantly improved the functionalities of the nacre-mimetic
films. First of all, the gas barrier of the film was improved
dramatically (see Table 1). As is well-known, many factors have

an effect on the gas barrier properties of the films.48−52 Thus, to
minimize all the other factors that would affect the gas barrier

properties and show the specific effect of coating, we compared
the permeability of nacre-mimetic films before and after
coating, which were both made of the same MTM/PVA by
the same method. The result clearly showed that the oxygen
and nitrogen permeability of the modified nacre-mimetic film
(0.554 ± 0.020 and 0.860 ± 0.023 cm3 mm m−2 day−1 atm−1,
respectively) were lowered by nearly 3 orders of magnitude
when compared with pure MTM/PVA film (666.050 ±
242.050 and 666.833 ± 267.674 cm3 mm m−2 day−1 atm−1,
respectively). The significant change is the result of a synergetic
effect of triple (coating on both sides of the nacre-mimetic film)
tortuous diffusive path and excellent superhydrophobic effect,
which together improve the gas barrier of the film
exponentially, a 1000 times improvement over the pristine
films.53−55 What’s more, the oxygen permeability for the
modified nacre-mimetic film was as low as 0.554 cm3 mm m−2

day−1 atm−1, which is among the best values for composites
reported.25,56 More importantly, the superhydrophobicity of
the film makes the gas barrier property less related to the
moisture when considering that it is often an important factor
on the performance of other films. For instance, the oxygen
permeability of pure PVA increases by a factor of over 5000
when exposed to water.56 Thus, this modification method,
which could improve the gas barrier property of the film and
keep the transparency and flexibility of the film, would be of
great value for films used in optoelectronic devices.
As is reported, nacre-mimetic films have great heat-shield and

fire retardancy capabilities.25,26,38 Thus, heat-shield and fire
retardancy capabilities of nacre-mimetic films after modification
were investigated to show the effect of coating. The resultant
thermal conductivity of the modified film is very stable and as
low as 42.58 ± 0.11 mW/(m K) at room temperature and 1
atm pressure, which is only 42.16% of the pure one (101.06 ±
1.78 mW/(m K)). From the date, it is easy to tell that the
thermal conductivity of the modified one is very stable and
decreased significantly (nearly as low as that of air) compared
to the pure one and almost among the range of the best thermal
insulation products of similar materials.57,58 The excellent heat-
shield property also could be evidenced when the modified film
was exposed to a flame (see Figure 3 and Supporting
Information videos S1 and S2). The flame caused a bright

Table 1. Gas Barrier Property

gas permeability, cm3mm/m2/day/atm pure modified

He 1624.115 1.337
N2 666.833 0.860
O2 666.050 0.554
CO2 535.629 0.159

Figure 3. Flame and heat-shielding properties of modified MTM/PVA nacre-mimetic films. (a) Photograph of a film being exposed to a gas burner.
(b) Nacre-mimetic paper used as a fire and heat shield to protect cotton. (For videos, see the Supporting Information videos S1 and S2.) (c) SEM
image of the nacre paper after flame treatment (the layered structure of the film was almost preserved).
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red glowing spot on the front of the films while there was much
less brightness on the back, demonstrating great heat insulation.
Detailed discussions about the flame-shield capability of the
modified films can be seen in Supporting Information. To
further illustrate the flame and heat-shield capabilities of the
modified film, the film was placed between flammable cotton
and high-temperature gas flames. The modified film successfully
acted as an efficient thermal and flame shield to prevent the
burning of the cotton. More interestingly, unlike the porous
framework as reported before,26,35 the layered structure of the
film was almost preserved, which might show better thermal
and flame-shield capabilities of the silica protective layer than
those of the MTM/polymer system. The modification is very
attractive for applications such as fascinating fire-protective
films and coatings, because the thermal and flame-shield
capabilities could be improved easily by simply adding more
volume of as-prepared nanoparticle dispersion to form a thicker
protective layer.

■ CONCLUSION

We have demonstrated a simple superhydrophobic modifica-
tion method to enhance the repellency of the waterborne
nacre-mimetic films to deposited liquids, to further advance the
materials into practical applications. The modified films
exhibited superior resistance toward water, with a contact
angle of 151.5 ± 0.3°, and even toward corrosive liquids (HCl,
NaOH, and aqueous salt solutions). This method also
enhanced the gas barrier property of modified nacre-mimetic
films by nearly 3 orders of magnitude. Besides, the thermal
conductivity of the modified films was lowered to 42.58 ± 0.11
mW/(m K) from 101.06 ± 1.78 mW/(m K) and showed
promising thermal and flame-shield capabilities. This easy, low-
cost modification is also applicable to other kinds of nacre-
mimetic materials, for example, multifunctional integrated
graphene oxide (GO)/waterborne polymer and MTM/water-
borne polymer composites, proving to be a universal, facile, and
versatile avenue to produce lightweight materials with excellent
repellency toward water and corrosive liquids in the environ-
ment and other superior properties. It is anticipated to be
applied in a wide area of practical fields, such as in construction,
transportation, and biomedical implant technology.
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