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I
mmobilization of nanoparticles (NPs)
onto complex two- (2D) and three-
dimensional (3D) structures has a wide

spectrum of applications in optics and
electronics,1,2 biomedicine,3,4 sensors,5,6 en-
ergy storage,7 catalysis,8 and so on.9,10 A
number of strategies have been proposed
for achieving this goal, which mainly in-
volved the modification of either nanopar-
ticles or target surfaces with polymers,11

supramolecular assemblies12 and molecules
containing functional groups such as
mercapto,13 pyridyl,14 amino,15, diazo-
nium salt,16 etc. The immobilization mech-
anism mainly depends on noncovalent
interactions17�19 or covalent bonding20,21

between nanoparticles and surfaces. How-
ever, most of the existing methods are
either complicated in operations or only
suitable for one class of 2D surfaces and
nanoparticles. The challenge remains to
develop a facile strategy capable of directly
anchoring various nanoparticles onto differ-
ent macroscopic 3D substrates under mild
conditions, without considering their nature
and morphologies. In addition, exploring
novel properties and potential applications

of the immobilized nanoparticles is also
important for nanotechnology.
In nature, marine mussels adhere to vir-

tually all types of substrateswith high binding
strength under wet conditions by secreting
Mytilus edulis foot protein (mfp-3).22,23 Recent
studies revealed that high levels of catecholic
analogues (3,4-dihydroxy-phenylalanine, DOPA)
presented in mfp-3 mainly account for the
strong adhesion of mussels.24,25 Although
the mechanism for the catecholic adhesion
is rather complicated, it is believed to origi-
nate from covalent binding as well as non-
covalent interfacial interactions between
substrates and catecholic derivatives of either
small molecules or macromolecules.26�28 In
this regard, the adhesion of mussel protein
might offer us an alternative strategy for
immobilizing nanoparticles on solid sur-
faces under mild wet conditions.
Herein, inspired by the bioadhesion of

marine mussels, we reported that nanopar-
ticles of different sizes and chemical com-
positions were anchored separately or
together onto macroscopic porous sub-
strates ranging from polymer to metals in
an aqueous solution of dopamine, without
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ABSTRACT Immobilization of various nanoparticles onto complex 2D or 3D macro-

scopic surface is an important issue for nanotechnology, but the challenge remains to

explore a facile, general and environmentally friendly method for achieving this goal.

Taking inspiration from the adhesion of marine mussels, we reported here that oxide

nanoparticles of different compositions and sizes were directly and robustly anchored on

the surface of monolithic foams ranging from polymer to metals in an aqueous solution

of dopamine. The effective immobilization of the nanoparticles was strongly dependent

on the oxidation of dopamine, which could be tuned by either pH or by adding n-dodecanethiol. Interestingly, the thiol addition not only allowed the

immobilization to take place in a wide pH range, but also led to superhydrophobicity of the resulting foams. Application of the superhydrophobic foams was

illustrated by fast and selective collecting oils from water surface. Because catecholic derivatives exhibit high affinity to a variety of substances, the present

strategy might be extendable to fabricate hybrid nanomaterials desirable for self-cleaning, environmental protection, sensors and catalysts, and so forth.

KEYWORDS: mussel-inspired . oxide nanoparticles . immobilization . porous substrates . superhydrophobicity .
oil�water separation
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specific functionalization of either substrates or
nanoparticles. More interesting was that adding
n-dodecanethiol to the solution not only allowed the
immobilization to take place in a wide pH range, but
also led to superhydrophobicity of the resulting sub-
strates. Superhydrophobic polyurethane (PU) sponges
fabricated by this strategy exhibited high selectivity
and recyclability for oil�water separation (Scheme 1).
Although numerous reports mimicked the strong ad-
hesion of mussels by using catechol-containing poly-
mers over the past few years,26�30 to our knowledge,
rare studies focused on small catecholic derivatives
with an aim for directly immobilizing nanoparticles and
fabricating superhydrophobic surfaces. Therefore,
these findings offer a facile and versatile strategy to
fabricate hybrid nanomaterials desirable for potential
applications such as sensors, self-cleaning, environ-
mental protection, catalysts, and so on.

RESULTS AND DISCUSSION

To investigate the notion of direct nanoparticle-
immobilization by dopamine, we used Fe3O4 nano-
particles (Figure S1a, Supporting Information) and
commercial polyurethane (PU) sponge as target sub-
stances. In a typical experiment, Fe3O4 nanoparticles
and a piece of PU sponge were added to an aqueous

solution of dopamine (10.5 mmol L�1) and the result-
ing mixture was stirred for 12 h. Here we controlled
the pH of the solution at 1 to retard the oxidation of
dopamine.31 Figure 1a,b displays the SEM images of
the resulting sponge. They show that Fe3O4 nanopar-
ticles of ∼450 nm densely and homogenously cover
the outer and inner surface of the sponge. In contrast,
only very low amount of Fe3O4 nanoparticles coats the
sponge treated in Fe3O4 dispersion without dopamine
at the same pH (Figure 1c), indicating the important
role of dopamine in the nanoparticle adhesion pro-
cess. The results imply that dopamine can directly
“glue” Fe3O4 nanoparticles to the sponge skeleton,
while avoiding specific modification of nanoparticles
and substrates of the previous reports.4�21

The immobilization process strongly depended on
the acidity of aqueous dopamine/Fe3O4 dispersions. A
sponge treated in the dispersion at pH 3 also displayed
densely anchored nanoparticles, but its coverage was
lower than that treated at pH 1 (Figure 1d). However,
Fe3O4 coverage decreased significantly as the pH of
the dispersions was higher than 3 (Figure 1e,f). In fact,
almost no Fe3O4 nanoparticles covered the sponges
even under moderately acidic conditions (e.g., pH 5).
The decrease in Fe3O4 coverage indicates a pH-
induced chemical or structural change in dopamine.

Scheme 1. Illustration for the immobilization of nanoparticles onto porous substrates and application for oil�water
separation.

Figure 1. SEM images of the sponges treated in aqueous dopamine/Fe3O4 dispersions at pH 1 (a and b), pH 3 (d), pH 5 (e), and
pH 7 (f); (c) is the SEM image of a sponge treated in aqueous Fe3O4 dispersion without dopamine at pH 1.
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Most likely the change might be associated with the
oxidation of dopamine into o-quinone at elevated
pH.31�33 Indeed, ultraviolet�visible (UV�vis) spectra
and optical images revealed that dopamine was stable
for hours at pH 5 in solution and spontaneously
oxidized at pH 7 (Figure S2, Supporting Information).
The above-mentioned results suggest that the oxida-
tion of dopamine into o-quinone greatly reduces the
adhesion between Fe3O4 nanoparticles and the
sponges, leading to the failure of the immobilization
process.
Since the oxidation of dopamine is mainly respon-

sible for the ineffective immobilization of Fe3O4 nano-
particles, it is reasonable that adding antioxidant to
dopamine solution might contribute to the immobili-
zation process taking place at a higher pH. In nature,
mussels retard the oxidation of DOPA by co-secreting
thiol-rich proteins (mfp-6) as antioxidants during pla-
que deposition.34,35 To investigate this possibility,
we added n-dodecanethiol (2.1 mmol L�1) to the
dopamine/Fe3O4 dispersion at pH 7. SEM images of
the resulting sponge clearly show a dense and homo-
geneous coverage of Fe3O4 nanoparticles (Figure 2a,b).
Interestingly, Fe3O4 nanoparticles also anchored on
the surface of sponge even under strong alkaline
conditions of pH 11 (Figure 2c,d). These images are in
contrast with those of the counterparts treated in the
same dispersion without n-dodecanethiol (Figure 1f,
Figure S3 of Supporting Information). The reason
for the effective immobilization at high pH is that
n-dodecanethiol retards the oxidation of dopamine
to some extent (Figure S4, Supporting Information)
and the adhesion of dopamine is kept even in alkaline
conditions. Although the effect of thiol structure on the
immobilization of nanoparticles deserves further in-
vestigation, n-dodecanethiol addition enables the pro-
cess to occur in a wide pH range from 1 to 11.
More interesting, the surface of the resulting sponge

exhibited superhydrophobicity (i.e., lotus effect) and

water contact angles of 154 ( 2� (Figure 2b,d). It
also showed a hysteretic angle of 7 ( 2�. The surface
composition of the superhydrophobic sponge was
characterized by XPS analysis, which showed the pre-
sence of chemically bound thiolate species (Figure S5,
Supporting Information). The bound thiolate species
indicate the grafting of n-dodecanethiol molecules
to o-quinone through Michael addition (Figure S6,
Supporting Information).36 Generally, the superhydro-
phobicity of a solid surface is dependent on hierarch-
ical roughness as well as low surface energy.37,38 In
this case, homogeneously anchored nanoparticles en-
hance the surface roughness, while the grafted
n-dodecanethiol reduces the surface energy of the
sponge. Recently, Xu et al.39 reported a family of
superhydrophobic particles by using polydopamine
as interlayer. However, this method involved subse-
quent deposition of silver nanoparticles and thiol
modification. Moreover, it was only reported for parti-
culate substrates. In contrast, the present approach
directly fabricated superhydrophobic surfaces by im-
mobilizing both nanoparticles and n-dodecanethiol
molecules onto monolithic porous substrates, while
avoiding multiple operation processes and compli-
cated instruments. Therefore, the thiol addition not
only extends the immobilization process in a wide pH
range, but also provides a one-step and mild method
for fabricating superhydrophobic surfaces that have
potential applications for self-cleaning and oil�water
separation, and so on.
The versatility of the present strategy was demon-

strated by using different types of porous substrates
and nanoparticles. Fe3O4 nanoparticles were effec-
tively immobilized on other porous substrates like
nickel foam and copper foam at pH 1�11 (Figure 3a,b,
Figures S7 and S8 of Supporting Information), and the
resulting foams showed superhydrophobic properties.
Compared with PU sponges, the metallic counterparts

Figure 2. SEM images and water contact angles of the
sponges treated in aqueous dopamine/Fe3O4 dispersions
containing n-dodecanethiol at pH 7 (a and b) and pH 11
(c and d).

Figure 3. SEM images andwater contact angles of the nickel
foam (a) and copper foam (b) treated in aqueous dopamine/
Fe3O4 dispersions containing n-dodecanethiol at pH 7.
(c andd) SEM imagesof the sponges treated in the (c) aqueous
dopamine/SiO2 dispersion at pH1and (d) aqueousdopamine/
SiO2 dispersion containing n-dodecanethiol at pH 7.
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exhibited a more homogeneous and denser coverage
of the nanoparticles. This difference is believed to arise
from the coordination between dopamine with the
metallic substrates,26,28 leading to a higher immobiliza-
tion efficiency. Furthermore, we used SiO2 nanoparticles
of ∼900 nm (Figure S1b, Supporting Information) to
perform the similar experiment on PU sponge. SiO2

nanoparticles were evenly anchored on the sponge
skeleton with a high coverage (Figure 3c,d). Interest-
ingly, a mixture of nanoparticles with different sizes and
chemical compositions could be directly immobilized
onto sponges, allowing us to combine multifunctions
from different nanoparticles in a single procedure. For
instance, silica and Fe3O4 nanoparticles were simulta-
neously anchored onto the surface of sponge skeletons
(Figure S9, Supporting Information). As a result, the
mussel-inspired strategy is applicable to porous sub-
strates varying from low surface-energy polymers to
high surface-energy metals, as well as oxides nanopar-
ticles with different natures and sizes.
The robustness of the immobilized Fe3O4 nanopar-

ticles was tested by ultrasonication in ethanol for 5, 10,
15, and 20 min. SEM observations showed that Fe3O4

nanoparticles anchored on the sponge were able to
withstand sonication for 10 min without significant

decrease in coverage. Nevertheless, considerable frac-
tion of the nanoparticles was detached from the
sponge after sonication for 20 min (Figure S10, Sup-
porting Information). In comparison, Fe3O4 nanoparti-
cles covered on the nickel foamweremore robust than
those on the sponge, which might relate to the co-
ordination between catecholic moiety and nickel26,28

(Figure S11, Supporting Information).
On the basis of above results, we propose a possible

mechanism for the immobilization of Fe3O4 nanopar-
ticles and n-dodecanethiol molecules (Scheme 2). Under
acidic conditions, considerable amounts of dopamine
molecules anchor on Fe3O4 nanoparticles40 and the
substrates through bidentate modes of either H-bond-
ing or metal coordination (depending on the nature of
target substances), forming “anchoring sites” for the
subsequent immobilization process (Figure S12, Sup-
porting Information).26,28,41 Although high acidity re-
tards the oxidation of dopamine to some extent, trace
amount of dopamine is still oxidized to o-quinone with
high reactivity to amino and mercapto groups.34�36,42

In this study, the resulting o-quinone plays an impor-
tant role in the immobilization process by linking the
dopamine anchored on the nanoparticles and sub-
strates. On one hand, part of o-quinone might directly

Scheme 2. Proposed mechanism for the immobilization of Fe3O4 nanoparticles and n-dodecanethiol molecules.
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react with �NH2 group of the anchored dopamine
via intermolecular Schiff base reaction and/or Michael
addition (Figure S13, Supporting Information).43 An-
other possibility is that o-quinone is converted to
compounds like dopaminechrome, 5,6-dihydroxyin-
dole (DHI) and so on via intramolecular Michael
addition.24,27,44 The resultant compounds form inter-
molecular interactions with the anchored dopamine
through H-bonding, π�π stacking, π�cation interac-
tion, etc (Figure S13, Supporting Information).26�28,44,45

Since forming sufficient “anchoring sites” on the nano-
particles and substrates is a prerequisite for the effec-
tive immobilization process, elaborately controlling

the oxidation of dopamine (or relative content of
o-quinone) is a crucial step. In alkaline conditions, a large
amount of dopamine is oxidized to o-quinone, thus
greatly reducing the content of dopamine anchored on
the nanoparticles and substrates. The lack of anchored
dopamine causes the failure of the nanoparticle-immo-
bilization process. However, the oxidation of dopamine is
greatly retarded by adding n-dodecanethiol because
thiol is an effective reducing agent for o-quinone.34�36

The thiol addition not only regenerates dopamine but
also produces catecholic moieties grafted with thiolate
species (Figure S6, Supporting Information),34�36 which
largely decreases the relative content of o-quinone.

Figure 4. (a) Collectionof lubricatingoil fromwater surfaceby a superhydrophobic spongeundermagneticfield;mass-based
(b) and volume-based (c) oil-absorption capacities of the sponge; water contact angles (d) recorded for the sponge after each
oil�water separation process.
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These catecholic derivatives then anchor onto the
nanoparticles and substrates to form “anchoring sites”,
while trace o-quinone links the “anchoring sites”
through covalent bonding and noncovalent interactions,
resulting in the immobilization of the nanoparticles. It is
reasonable that the anchoring of thiolate-grafted cate-
cholic moieties gives rise to superhydrophobicity of the
substrates. Although detail mechanism for the immobili-
zation is complicated and deserves further investigations,
we believe that both covalent bonding and noncovalent
interactionsmightaccount for theeffective immobilization
of the nanoparticles and thiolmolecules on the substrates.
As an example for applications, a piece of super-

hydrophobic sponge fabricated in this study was used
for separating oils from water. By simply placing the
sponge on the surface of oil�water mixtures, we were
able to quickly and selectively remove oils including
lubricating oil, crude oil, and octane from thewater in a
few seconds. Owing to the presence of Fe3O4 nano-
particles, the sponge could be manipulated to the
oil-polluted region by a magnet bar, providing a
magnetic-actuated method for oil-removal. Interest-
ingly, the absorbed oils were readily collected from the
sponge through a simple mechanical squeezing pro-
cess (Figure 4a). The mass-based absorption capacities
for the oils are in the range of 18�26 (Figure 4b),
which is comparable to those of other polymer-based
counterparts.46�49 However, the sponge shows very
high volume-based absorption capacities greater than
90% (Figure 4c), indicating that almost all of its volume
is used for oil-storage. Compared with other reported
absorptive materials like nanocellulose aerogel, mag-
netic foam, graphene foams and carbon nanotube
sponge,46,49�52 the present sponge exhibits one of
the highest space-utilizations for oil-storage. Impor-
tantly, the superhydrophobic sponge could be reused
for oil�water separation for many cycles. Figure 4d
records the water contact angles of the sponge after
each separation process. The sponge still exhibits a
water contact angle greater than 150� after separating

octane for 125 cycles. Excellent recyclability of the
sponge originates from the robustness of the immo-
bilized nanoparticles, as evidenced by the SEM images
in Figures S10 and S11. Nevertheless, the sponge lost
superhydrophobicity after the separation of lubricat-
ing oil from water for 50 cycles. The decrease in
recyclability is related to the high viscosity of lubricat-
ing oil, which results in the detachment of Fe3O4

nanoparticles from the sponge skeleton in the squeez-
ing process. The above results provide a facile and
efficient approach for cleaning oils from water surface.

CONCLUSIONS

Taking inspiration from mussel adhesion, we re-
ported a one-step and versatile strategy for the robust
immobilization of oxides nanoparticles and fabrication
of superhydrophobic surfaces for the first time. The
effective immobilization of the nanoparticles strongly
depended on the oxidation of dopamine, which could
be tuned by pH or adding n-dodecanethiol. Interest-
ingly, the thiol addition made the immobilization take
place in a wide pH range by retarding the oxidation of
dopamine, as well as led to superhydrophobicity of the
resulting foams. The superhydrophobic PU sponges
obtained by the strategy effectively separated oils from
water surface through a magnetic-actuated manner,
and exhibited one of the highest space-utilizations for
oil-storage among the reported counterparts. A pos-
sible mechanism for the immobilization of the nano-
particles and thiol molecules might be associated
with the adhesive properties of dopamine as well as
the high reactivity of o-quinone. Considering high
adhesion of catecholic derivatives to almost all inor-
ganic and organic substances, this approachmight be
extendable for various nanoparticles and different
substrates, regardless of nature and morphology.
With an elaborate choice of starting materials, multi-
functional nanomaterials might be fabricated for self-
cleaning, environmental remediation, catalysts, bio-
sensors, and so on.

MATERIALS AND METHODS

Materials. Polyurethane (PU) sponges (88% in porosity
and 200�250 μm in pore size) were provided by Qingdao
Yuquan Sponge Product Co., Ltd. (China). Nickel and copper
foams (80�83% in porosity and 160�400 μm in pore size) were
purchased from Wuzhou Sanhe New Mater Co., Ltd. (Guangxi,
China). Dopamine hydrochloride was supplied by BASF
Chemicals, Tianjin Co., Ltd. (China). Iron(III) chloride hexahydrate
(FeCl3 3 6H2O), sodium acetate trihydrate (NaAc 3 3H2O), sodium
hydroxide (NaOH), tetraethoxysilane (C8H20O4Si, TEOS), ammo-
nia solution (NH3 3H2O, 25 wt %), hydrochloric acid (HCl),
ethylene glycol (C2H6O2) and n-dodecanethiol (n-C12H25SH)
were supplied by Tianjin Kermel Chemical Reagent Co., Ltd.
(China).

Synthesis of Fe3O4 Nanoparticles. A total of 1.35 g of FeCl3 3 6H2O
was dissolved in 40 mL of ethylene glycol, followed by addition
of 3.6 g of sodium acetate (NaAc) with stirring for 30min to form

a homogeneous solution. Then the solution was sealed
in an autoclave and heated at 200 �C for 15�18 h.53 After the
autoclave was cooled to room temperature, black powder was
successively washed by ethanol and water five times to obtain
Fe3O4 nanoparticles with ∼450 nm in diameter.

Synthesis of SiO2 Nanoparticles. Three milliliters of tetraethoxy-
silane (TEOS) and 10 mL of NH3 3H2O (25 wt %) were added to
50 mL of isopropyl alcohol, and the resulting mixture was
vigorously stirred for 6 h. Then 3 mL of TEOS and 5 mL of
NH3 3H2Owere added again to the abovemixture. After it stirred
for another 12 h, the mixture was separated by centrifugation
and the solid residue was washed by water five times.54 SiO2

nanoparticles with ∼900 nm in diameter were obtained.
Immobilization of Nanoparticles to Porous Substrates. Before use,

PU sponges (1 cm� 1 cm� 0.5 cm) were ultrasonically cleaned
in water and ethanol for 10 min, respectively, while nickel and
copper foams (1 cm� 1 cm� 0.2 cm) were washed in a diluted
HCl solution for 1 min and then rinsed with water. In a typical
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experiment, 100 mg of nanoparticles (Fe3O4, SiO2, or the
mixture of Fe3O4 and SiO2) and 40 mg of dopamine hydro-
chloride were dispersed in 20mL of H2O at pH = 1, 3, 5, 7, 9, and
11 by ultrasonication. The pH of the dispersions was adjusted by
hydrochloric acid or NaOH. Then a piece of PU sponge was
immersed in the above dispersions under stirring for 12 h. After
it was rinsed with water and dried at 80 �C, the sponge covered
with nanoparticles was obtained. The above process was also
performed on nickel and copper foams in dopamine/nanopar-
ticles dispersions at pH 1�3.

Fabrication of Superhydrophobic Foams. A total of 100 mg of
nanoparticles (Fe3O4, SiO2, or the mixture of Fe3O4 and SiO2),
40 mg of dopamine hydrochloride and 10 μL of n-dodecanethiol
were dispersed in 20 mL of H2O/ethanol solution (1:1 v/v) at pH
4�11 by ultrasonication. Then a piece of PU sponge (nickel or
copper foams) was immersed in the resulting dispersions under
stirring for 12 h. After it was rinsed with water and dried at 80 �C,
superhydrophobic sponge (nickel or copper foams) was obtained.

Control Experiments. A total of 100 mg of Fe3O4 nanoparticles
was dispersed in 20 mL of H2O at pH 1 without dopamine
hydrochloride by ultrasonication. Then a piece of PU sponge
was immersed in the dispersion under stirring for 12 h. The
resulting sponge was rinsed with water and dried at 80 �C.

Collection of Oils from Water Surface. Seven kinds of oils includ-
ing octane, n-decane, n-dodecane, gasoline, bean oil, crude oil,
and lubricating oil were used in this study. A piece of super-
hydrophobic PU sponge was placed on oil�water mixtures (oils
were dyed blue for clear observation). The spongewas driven to
the oil-polluted region and then removed from the water
surface by a magnet. The absorbed oils were collected through
a simple squeezing process by tweezers. After each separation
process, the spongewaswashedwith acetone and dried, and its
water contact angle (CA) was measured. Oil-absorption capac-
ities were calculated by weight or volume measurements
according to previous reports.46,50

Characterizations. Morphology observations and energy dis-
persive X-ray (EDX) analysis of the samples were conducted on a
scanning electron microscope (SEM, FEI Quanta 200). X-ray
diffraction (XRD) patterns were recorded by a Shimadzu XRD-
6000. X-ray photoelectron spectroscopy (XPS) was performed
on a PHI-5700ESCA. Water contact angles (CAs) and hysteretic
angles were measured by an OCA 20 (DataPhysics Instruments)
with 3 μL water droplets as indicators. Ultraviolet�visible
(UV�vis) spectra were recorded by a SPU-1900 spectro-
photometer (Shanghai Spectrum Instruments, China). Liquid
chromatography�mass spectrometry (LC�MS) was performed
on an Accurate-Mass Q-TOFLC/MS (Agilent Technologies 6520).
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