Nacre-Inspired Design of Mechanical
Stable Coating with Underwater
Superoleophobicity

Li-Ping Xu," Jitao Peng, Yibiao Liu," Yongqiang Wen," Xueji Zhang," Lei Jiang,* and Shutao Wang**

"Research Center for Bioengineering and Sensing Technology, University of Science & Technology Beijing, Beijing 100083, P.R. China and *Beijing National
Laboratory for Molecular Sciences (BNLMS), Key Laboratory of Organic Solids, Institute of Chemistry, Chinese Academy of Sciences, Beijing 100190, P.R. China

ABSTRACT Because of the frequent oil spill accidents in marine environment, stable
superoleophobic coatings under seawater are highly desired. Current underwater super-
oleophobic surfaces often suffer from mechanical damages and lose their superoleopho-
bicity gradually. It remains a challenge to fabricate a stable and robust underwater
superoleophobic film which can endure harsh conditions in practical application. Nacre is
one of most extensively studied rigid biological materials. Inspired by the outstanding
mechanical property of seashell nacre and those underwater superoleophobic surfaces
from nature, we fabricated a polyelectrolyte/clay hybrid film via typical layer-by-layer

(LBL) method based on building blocks with high surface energy. "Bricks-and-mortar'
structure of seashell nacre was conceptually replicated into the prepared film, which endows the obtained film with excellent mechanical property and
great abrasion resistance. In addtion, the prepared film also exhibits stable underwater superoleophobicity, low oil adhesion, and outstanding environment
durability in artificial seawater. We anticipate that this work will provide a new method to design underwater low-oil-adhesion film with excellent
mechanical property and improved stability, which may advance the practical applications in marine antifouling and microfluidic devices.
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Superoleophobic coatings have been
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of fundamental
and practical coating applications.
Due to the high frequency of oil spill acci-
dents in marine environment, underwater
superoleophobic coating is in urgent de-
mand. However, the presence of water
nullifies the oil repellency capability of
traditional fluorinated superoleophobic
coatings.”®~>* Recently, the discovery of
unique underwater—oil-repellent property
of fish scale and clam shell brought a new
way to overcome this predicament by intro-
ducing high-energy materials, including poly-
mer hydrogel coatings**~*’ and copper
oxide coating.>*® Those studies revealed that
the combination of hierarchical micro/nanos-
tructures and surface with high surface en-
ergy is generally required for obtaining
underwater superoleophobicity. However,
most of those underwater superoleophobic
films based on hydrogel®® are prone to col-
lapse and deformation due to their typically
weak stiffness and strength of hydrogels,

and can not keep their superoleophobicity.
The detachment of some underwater super-
oleophobic film may also be observed.?®
Moreover, those surfaces often suffer from
mechanical damage, such as fluid flush in
seawater and inevitable scraping/rubbing.
Their poor mechanical properties result in a
gradual loss of superoleophobicity. Under-
water superoleophobic coatings need to
endure harsh conditions in practical appli-
cation® But it remains a challenge to
fabricate a stable and robust underwater
superoleophobic film.

Nature has evolved materials that exhibit
exceptionally excellent mechanical proper-
ties. Among those few well-known exam-
ples including bones, teeth, nacres, etc.,
nacre is one of the most extensively studied
biological models. In aiming to develop ana-
logous man-made materials, several studies
were carried out by investigating and mod-
eling their architectures and compositions
from micro- to nanoscale. The excellent
mechanical properties of seashell nacres
originate from the layered arrangement of
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Figure 1. The SEM images and wettability measurements on (MTM/PDDA);go.sai: film. (a) top-view and (b) cross section SEM
image of (MTM/PDDA);¢0.sait film; (c) photograph of n-decane oil droplet at the water/(MTM/PDDA), gg.sai: interface; (d) the
measurement of underwater—oil adhesion on (MTM/PDDA);go.sait film. The detected force is 3.4 & 1.1 uN. Detecting probe is

n-decane oil droplet.

inorganic nanoplatelets and proteins into a “bricks-
and-mortar” nanostructure.3'~*' This unique layered
nanostructure of nacre may give scientists some en-
lightenment in fabricating novel functional materials
with excellent mechanical properties. Kotov's group
has fabricated a series of nacre-like artificial films
through layer-by-layer assembly using clays and poly-
mers as building blocks3***** Yu et al. fabricated
artificial nacre-like chitosan-montmorillonite clay (MTM)
bionanocomposite films with high performance in
mechanical, light transmittance, and fire resistant
properties.®> Nacre-like responsive films were fabri-
cated with poly(N-isopropylacrylamide) (PNIPAM) and
MTM nanoplatelets and these films also exhibit strong
mechanical properties. Those recent advances in
nacre-inspired rigid materials showed the great suc-
cess in fabricating artificial materials with excellent
mechanical performance.**** However, nacre-inspired
film with underwater superoleophobicity has not been
reported in previous work.

In this work, inspired by nacre's excellent mechanical
properties and those underwater superoleophobic
surfaces from nature, we design and fabricate a layered
coating with robust and stable underwater superoleo-
phobicity via layer-by-layer (LBL) assembly. LBL assem-
bly is a versatile method which can construct nano-
scale films, surfaces, and functional materials with highly
tunable architectures and properties.?>*¢~*° Since MTM
and polyelectrolytes (including poly(4-styrenesulfonic
acid) (PSS) and poly(diallyldimethylammonium chloride)
(PDDA)) are high-energy materials, which are suitable for
making underwater superoleophobic film, MTM nano-
platelets were selected as ideal inorganic building
blocks and polyelectrolytes were employed as organic
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matrixes to fabricate “bricks-and-mortar” structures.
For fabricating robust film with stable underwater
superoleophobicity in seawater, the LBL process was
performed in 0.5 M NaCl since 0.5 M NaCl is very close
to seawater salinity.?? Because of the nacre-like micro-
structure, ion-induced roughness increment and high
surface energy of employed building blocks, the ob-
tained (MTM/PDDA)1q0.sait film not only displays excel-
lent mechanical properties, but also possesses stable
superoleophobicity under seawater.

RESULTS AND DISCUSSION

Scanning electron microscopy (SEM) image of
(MTM/PDDA);00.sai: film (Figure 1a) confirmed dense
coverage and planar orientation of the MTM nanoplate-
lets. Wrinkle structure was also observed. Cross-section
SEM image of the (MTM/PDDA)go.sare film (Figure 1b)
revealed a well-defined layered structure which was
conceptually similar to that of nacre. Each layer ap-
pears wavelike structure. Tapping mode AFM image
(Figure S4b) indicated that several bumps and depres-
sions were observed and the roughness of (MTM/
PDDA)100-sait film is 709.9 nm. The thickness of the film
cross sections was 4.7 £ 0.3 um. This value is higher
than that reported in previous paper (a 200 bilayer film
of PDDA/C has a thickness of ca. 4.9 um),*® which might
result from the different ion-strength of assembly
solution and different measuring angle between cross
section and substrate.

Underwater—oil wettability of (MTM/PDDA)1¢0.sart film
was characterized with a contact-angle instrument by
using an oil droplet (n-decane) as a detecting probe.
(MTM/PDDA) 1 90.sar: film was placed in distilled water. After
that, the n-decane oil droplet (2 uL) was syringed out and
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dropped carefully onto the film. (MTM/PDDA)qo.sait
film exhibits superoleophobicity with an oil contact angle
(OCA) of 164.5 £ 0.4° (Figure 1¢). The n-decane droplet on
(MTM/PDDA)00.sal: film appeared as a round ball. A high
sensitivity micro electromechanical balance system
was utilized to measure the oil-adhesion forces quantita-
tively (Figure 1d). During the whole measurement, the
detected adhesive force is 3.4 & 1.1 uN. The oil droplet on
(MTM/PDDA)1g0.sar: film could be transferred away with-
out residual left. These results demonstrate that the
(MTM/PDDA)1go.sare film is superoleophobic underwater
with low oil adhesion.

Other oils with different surface tensions including 1,
2-dichloroethane, trichloromethane, n-hexane, petro-
leum ether and crude oil were also employed as
detecting probe in OCA and oil-adhesion force

TABLE 1. The Underwater Oil Contact Angles and
Adhesive Forces between (MTM/PDDA);go.sait Film and
Oil with Different Surface Tension Values

surface tension @25 °C  contact angle adhesive force

oil (mN/m)° (deg) (uN)
1, 2-Dichloroethane  31.86' 168.7 + 2.5 0
Trichloromethane ~ 26.67" 163.5 £ 1.5 13412
Crude Oil 27.44—3464 (20 °0% 1665 & 1.2 18+ 19
n-Decane 237" 1645+ 04  34+£11
n-Hexane 18.40' 1609 +09  40+19
Petroleum Ether 17.5 (15 °C)® 162.1 + 1.0 47 + 2.7

“ Surface tension values of different test oils were obtained from: (1) ref *°, (2) ref °",
(3) ref °2,

a)

c)

wo gL

-¢—sand flow

measurements (Table 1). The comparison results show
that (MTM/PDDA);g0.saic  film exhibits underwater
superoleophobicity and low adhesive forces to all
utilized oil. We also prepared (MTM/PDDA)1g0.-saic film
with MTM layer exposed. The OCA on (MTM/PDDA)100-sait
is 163.3 & 2.1° with n-decane as indicating probe, and the
underwater adhesive force between n-decane droplet and
(MTM/PDDA)100.sai: film is 4.2 4= 0.5 uN. The results indicate
that (MTM/PDDA)go.sarr film is superoleophobic under-
water with low oil-adhesion no matter which layer is
exposed outside.

The mechanical properties of (MTM/PDDA)¢0sait
multilayers were characterized by nanoindenta-
tion experiments. Typical indent profile and force-
displacement curve of (MTM/PDDA)100.sar multilayers
are shown in Figure 2a,b. According to the AFM image
of the indented region of (MTM/PDDA); gg_sai film upon
removal of maximum loads of 5000 uN, residual de-
formation was clearly visible, exhibiting a central in-
dent and a pileup zone indicating plastic flow of the
material from beneath the indenter. No microcracks
were evident with the residual indent region, in the
pileup zone, or in the area immediately outside
the residual indent. Young's modulus is an important
parameters to evaluate the mechanical performance
of the materials, which could be obtained from
nanoindentation experiments.”® Young's modulus of
(MTM/PDDA)100sait film is 9.4 &+ 2.4 GPa, which is in the
same order of magnitude of the Young's modulus of
nature nacre. Compared with LBL films made only
from polyelectrolytes, Young's modulus is increased
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Figure 2. Mechanical properties of (MTM/PDDA);¢_sait film. (@) AFM image of residual nanoindentation impression on (MTM/
PDDA);00.salt film, the maximum load is 5000 «N, image size: 10 um x 10 um; (b) load—displacement data for artificial nacre
(MTM/PDDA)go_sair film; (c) Scheme of a sand abrasion experiment; (d) contact angle of n-decane oil droplet at the
water/(MTM/PDDA)o.sai: film after 5 g of sand abrasion from 15 cm height; () underwater—oil adhesive force measurement
on (MTM/PDDA);go.sai: film after sand abrasion from 15 cm height. Detecting probe is n-decane oil droplet.
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significantly from 0.7—1 GPa®**® to around 10 GPa.  Figure S1, hard' clay bricks were observed to adsorb in
(MTM/PDDA);00.sair film is composed of “soft' poly- the form of a densely packed layer with parallel
electrolyte mortar and “hard' clay bricks. As shown in orientation to the substrate. The polymer chains can

be arranged in coils and folds, physically pinned by

7 180 % electrostatic interactions. As the film is deformed and

B 1501 o -850 the clay nanoplatelets begin to slide over each other,

‘g’ 120 L 40 5’ and molecular rearrangements happens with the con-

<E’ 90 | [ 30 _gn comitant unfolding of coiled polymer chains. The

g % ‘brick-and-mortar' structure endows the film with

£ 60 - 20 = Young's modulus that approaches those of seashell
% 30 | MH L10 2 nacre.3%%¢

o L3 ' : : . —L, With the use of a sand abrasion test as a measure

1d 3d &6d 7d 9d 15d of harsh conditions, we verify the abrasion resistance of

Days (MTM/PDDA)100-sare film. Sand grains with diameter of

Figure 3. Durability of the superoleophobic coating. Contact 150—300 um impinged the surface from a height of
angle (M) and adhesive force (¥) for an n-decane droplet at 15 ¢cm (Figure 2c¢). After sand abrasion, the under-
the water/(MTM/PDDA);oq.sa1 interface after immersed in water—oil wettability of this film was recharacterized.

artificial seawater for several days. (MTM/PDDA)go.sait . .
film keeps its oil-repellent properties with the OCAs varying As shown in Figure 2d, the n-decane droplet kept

from 158.3° to 163.6° and the recorded maximum adhesion spherical on (MTM/PDDA);gg.sai: film after sand impin-
f?rce is 9.2 /,lN.. The sgrface exhibits supgroleophobl- gement. (MTM/PDDA)1qo.arr film retained its under-
city and low oil adhesion even after being exposed L. . f o
to artificial seawater for half month. Detecting probe is water superoleophobicity with OCA of 161.9 & 1.5°.
n-decane. Underwater—oil adhesive force measurement indicates

(MTM/PDDA)100 (MTM/PDDA)100-sait
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Figure 4. Effect of salt on surface structure and oil adhesion behavior of prepared films. (a and b) AFM images of (MTM/
PDDA); o0 and (MTM/PDDA);go.salt film, respectively. AFM images showed the (MTM/PDDA); ¢_sal: film is rougher with obvious
bumps and depressions after introducing ions into polyelectrolyte solutions before LBL assembly, which can be ascribed to
the coiling structure of the polyelectrolyte chains adsorbed at the surface in the present of 0.5 M NaCl, (c and d) Schematic
mechanism for oil droplet wetting state on the (MTM/PDDA)oo and (MTM/PDDA);¢0.saix film, respectively. Due to the low
roughness of (MTM/PDDA) ¢, film, oil droplet is in direct contact with solid film resulting in high oil-adhesion. For (MTM/
PDDA);00.sal: film with higher roughness, the contact line between oil droplet and solid film is discrete and water molecules
were trapped between oil/solid interface, resulting in low oil-adhesion (the Cassie's state in water/oil/solid interface is
obtained).
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that impinged (MTM/PDDA);gg_sar film has low adhesive
force of 48 £+ 1.4 uN to n-decane droplet (Figure 2e).
Therefore, (MTM/PDDA);00-saic film is not vulnerable to
falling sand, and keeps its underwater superoleophobicity
and low-oil-adhesion after sand abrasion.

The durability in marine environment of (MTM/
PDDA)00.sai: film was also studied for assessing its
potential as marine coating. A mixture of dissolved
mineral salts was prepared to simulate seawater.?’
Underwater—oil wettability of (MTM/PDDA);go.sai: film
was rechecked after being exposed to artificial sea-
water for several days. As shown in Figure 3, (MTM/
PDDA);00-sait film keeps its oil-repellent properties with
the OCAs varying from 158.3° to 163.6° using n-decane
as detecting probe. The oil-adhesive force of (MTM/
PDDA)100-sai: film was also investigated after exposing
to artificial seawater. The recorded adhesion force
between n-decane droplet and (MTM/PDDA);¢osait
film is 5.6—9.2 uN. The surface exhibits low adhesion
to the n-decane droplet and the n-decane droplet on
film can always be drawn without loss. The results
suggest that the underwater superoleophobic surface
is stable, which originates from the good chemical and
structural stability of polyelectrolyte/clay LBL film in
seawater.

To understand the mechanism of the excellent
stability of (MTM/PDDA),go.sai: film in artificial seawater
with high ion-strength, we studied the ion-effect on
underwater oleophobicity. For comparison, another
polyelectrolyte/clay hybrid film (abbreviated as
(MTM/PDDA) oo film) was prepared without adding
NaCl in polyelectrolyte solution. According to OCA
measurement, (MTM/PDDA), ¢, film is oleophobic with
n-decane CA of 131.0 £ 3.8° (Figure S3a). Adhesive
force measurement indicates that (MTM/PDDA); oo film
exhibits high adhesion with n-decane droplet and the
measured underwater adhesive force of 48.0 & 5.6 uN

MATERIALS AND METHODS

Layer-by-Layer Assembly. Prior to film deposition, glass slides
were cleaned by immersion in piranha solution (3:1 H,504:H,0,)
for 5 min followed by thorough rinsing with distilled water.
Subsequently, the glass slides were immersed in an ethanol
solution of (3-aminopropy) triethoxysilane (1% volume ratio) for
12 h. Then, the positive charged substrate was alternatively
immersed in an aqueous solution of PSS (1 mg/mL) and PDDA
(1 mg/mL) for 10 min. This process was repeated four times to
produce the (PSS/PDDA), film. Finally, the (PSS/PDDA), film was
alternatively immersed in MTM clay suspension (0.5 wt %) for
5 min and PDDA solution (1 mg/mL, with 0.5 M NaCl) for 10 min.
The process was repeated 100 times. Every deposition is
followed by rinsing with distilled water for 2 min and dry-
ing with a stream of N, for 1 min. The LBL fabrication of
(MTM/PDDA)100.sal film was performed under the condition of
0.5 M NaCl since 0.5 M NaCl is very close to seawater salinity
and promotes the formation of high roughness surface.”
Meanwhile, (MTM/PDDA), o film was fabricated in the absence
of 0.5 M NaCl with keeping other experimental parameter
unchanged.
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(Figure S3b). Other oil droplets with different surface
tension were also used to evaluate the underwater—oil
wettability of (MTM/PDDA); oo film (see Table S1) and
results indicate that (MTM/PDDA); oo film is high adhe-
sive to all employed oil. AFM results (Figure 4a,b and
Figure S4) indicate that (MTM/PDDA)gg.saix film is
rougher than (MTM/PDDA); oo film due to the coiling
of polyelectrolyte chains.?**”~>° The surface RMS
roughness of (MTM/PDDA);oo and (MTM/PDDA);¢0-salt
film is 99.4 and 144.8 nm, respectively. When an oil
droplet is placed on (MTM/PDDA); o film under water,
a continuous contact line is formed between oil droplet
and (MTM/PDDA), ¢ film (Figure 4c), which makes a
Wenzel state with high oil adhesion. In contrast, water
is trapped between oil droplet and (MTM/PDDA)1¢0_sait
film, which results in a typical Cassie's state with lower
oil adhesion (Figure 4d). When (MTM/PDDA)1gg.sa1t Was
immersed in seawater, the high ion-strength of sea-
water favors the low underwater—oil-adhesion state. It
thus endows (MTM/PDDA)gosaic film with stable
superoleophobicity and low oil-adhesion in seawater.

CONCLUSIONS

In conclusion, inspired by the fascinating mechan-
ical property of nacre and those underwater super-
oleophobic surfaces from nature, we demonstrated a
new strategy for fabricating superoleophobic coating.
“Bricks-and-mortar” nanostructure of seashell nacre
was conceptually replicated and the prepared film
shows good performance in underwater superoleo-
phobicity, low oil adhesion, mechanical property,
abrasion-resistance and environment durability in arti-
ficial seawater. This study provides a novel route to
design underwater low-oil-adhesion film with excel-
lent mechanical property and improved stability,
which may boost practical applications in marine anti-
fouling and microfluidic devices.

During the adsorption step, MTM nanoplatelets become
oriented parallel to the surface maximizing the attractive
energy as imaged by AFM (Figure S1). The film is stabilized via
strong attractive electrostatic and van der Waals interactions
between polyelectrolytes and MTM nanoplatelets. The fabricat-
ing process of (MTM/PDDA) go.saic film was monitored by a
Shimadzu UV-1800 spectrophotometer (Figure S2a) .

Instruments and Characterization. A field-emission scanning
electron microscope (JSM-6700F, Japan) was used for charac-
terizing the morphologies of the as-prepared film. AFM images
were acquired under water with a Multimode 3D SPM instru-
ment (Bruker) in the tapping mode. The resulting images were
flattened and plane-fitted using software from Bruker. X-ray
photoelectron spectroscopy (XPS) data were obtained with an
ESCALab220i-XL electron spectrometer (VG Scientific) using
300W Al Ko radiation. The base pressure was about 3 x 10~°
mbar. Nanoindentation tests were performed using a Trobo-
scope nanomechanical testing system (TI950, Hysitron, Inc.).
The Hysitron nanoindenter monitors and records the load and
displacement of the indenter, a diamond Berkovich three-sided
pyramid.
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Oil contact angles (OCA) were measured on an OCA20
system (Data-Physics, Germany) at ambient temperature. The
oil droplet (n-decane or other oil, 2 ul) was syringed out and
dropped carefully onto the surfaces, which were immersed in
distilled water. The average OCA values were obtained by
measuring at five different positions on the same sample. The
adhesive forces were measured on a high-sensitivity microelec-
tromechanical balance system (DCAT 11 system, Data-Physics,
Germany). Typically, an oil drop (about 6 uL) was hung on a
copper cap connected to the microbalance, and then the
substrate was controlled to move toward the oil droplet at a
constant speed of 0.05 mm s —1 until it made contact with the
oil droplet, at which point the substrate was then moved in
reverse direction and left the oil droplet. During the measure-
ment process, an optical microscope lens and a charge-coupled
device (CCD) camera system were used to record the related
images. The whole force measurement process was performed
under water. The peak data recorded in the force—distance
curve was taken as the maximum adhesion force.

Materials. Na"-Montmorillonite (MTM) was purchased from
Southern Clay Products (Gonzales, TX). MTM (0.5 wt %) was
vigorous stirred for 7 days prior to use. (3-Aminopropyl)
triethoxysilane, poly(4-styrenesulfonic acid) solution (PSS, typi-
cal M,: 70000) and poly(diallyldimethylammonium chloride),
(PDDA, typical M,,: 400000—500000) were purchased from
Sigma-Aldrich. All other reagents and solvents were of analy-
tical reagent grade and obtained from Sinopharm Chemical
Reagent Co. Ltd., China. They were used without further pur-
ification. All solutions were prepared with ultrapure water (Milli-
Q, 18.2 MQ-cm). Artificial seawater was prepared by dissolving
2.6726 g of NaCl, 0.226 g of MgCl,, 0.3248 g of MgSQ,, and
0.1153 g of CaCl, into 100 mL of Milli-Q water.
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