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  1.     Introduction 

 In 1638, Galileo described bird bones as 
hollow and lightweight, and modern text-
books state as common knowledge that 
hollow and lightweight bones in fl ying 
birds are a high adaptation to make fl ight 
possible. [ 1–3 ]  For example, the skeleton 
of bald eagles amounts to only 7% of the 
body mass, half of what the feathers rep-
resent. [ 4 ]  Many bones in a bird’s skeleton 
are hollow with criss-crossing struts or 
trusses for structural strength, which is a 
hierarchically structured composite mate-
rial. The hollow bones are honeycombed 
with air spaces, resulting in the increase 
of buoyancy. This special design provides 
extra strength and a light weight, which 
makes it possible to withstand the stresses 
of taking off, fl ying, and landing. Metallic 
foams are a special class of porous mate-
rials with a low density and have a com-
bination of mechanical, thermal, electrical 
and acoustic properties, which have a wide 
range of applications in the engineering 
fi eld. [ 5–8 ]  

 The lotus ( Nelumbo nucifera ) is an aquatic plant, living 
in muddy swamps and ponds. In Asia, the lotus has been a 
symbol of purity in religions and cultures for more than 2000 
years. In order to avoid the leaf decomposition and survive in 
the aquatic habitats, the lotus leaf shows a self-cleaning effect, 
that is, the lotus effect, where water droplets can roll freely in 
all directions and then pick up dirt particles. This can be attrib-
uted to the cooperation of surface hydrophobic epicuticular 
wax and surface multiscale structures with randomly distrib-
uted micro-papillae covered by branch-like nanostructures. [ 9–11 ]  
A very high static water contact angle and a very low sliding 
angle are essential for achieving superhydrophobicity-induced 
self-cleaning. [ 12 ]  

 Water striders ( Gerris remigis ) are aquatic insects with char-
acteristic length 0.5–1.5 cm and weight 5–10 mg, residing on 
the surface of ponds, rivers, and the open ocean. [ 13–15 ]  In order 
to effortlessly stand, move and jump on the surface of water, 
water strider legs exhibit durable and robust superhydropho-
bicity, resulting from their surface multiscale structures in 
the form of oriented, needle-shaped micro-setae with helical 
nano-grooves. [ 14 ]  The leg does not pierce the water surface until 
a dimple of about 4.3 mm in depth is formed. The maximal 
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supporting force of a single leg reaches up to 152 dynes, that is, 
about 15 times the total body weight of a water strider. There-
fore, water striders can dance up and down even in turbulent 
conditions brought by rainstorms or moving water to avoid 
being drowned and survive on water. 

 After billions of years of evolution, creatures in nature 
demonstrate almost perfect structures and functions. Multi-
scale structures are inherent characteristic for biological mate-
rials, exhibiting multifunctional integration. [ 16–20 ]  Creating 
multifunctional materials is an eternal goal for human beings. 
Bio-inspired approaches are proved to be particularly effec-
tive. Recently, a great deal of attention has been focused on 
the development of new multifunctional materials through the 
fusion of two or more seemingly distinct ideas found in bio-
logical materials. [ 21 ]  

 For the lotus, the water strider, and the fl ying bird, they 
evolved different and optimized biological solutions to sur-
vive. In this contribution, we report the fabrication of bio-
inspired multifunctional metallic foams through the fusion of 
these optimized solutions from the lotus leaf with low adhe-
sive superhydrophobic self-cleaning, the water strider leg with 
durable and robust superhydrophobicity, and the lightweight 
bird bone with hollow structures. Three-dimensional (3D) 
microstructures of the metallic foam with the bird bone-like 
criss-crossing hollow struts were also revealed using micro 
X-ray computed tomography (Micro-XCT), a newly-developed 
in situ imaging technique dedicated to obtaining 3D informa-
tion non-destructively. Through the construction of multiscale 
structures followed by the low surface free energy modifi cation, 
the resultant metallic foams exhibit the low adhesive superhy-
drophobic self-cleaning, striking loading capacity, and superior 
repellency towards different corrosive solu-
tions, which offers an effective approach to 
the development of water strider robots and 
other aquatic smart devices. An oil/water sep-
aration apparatus was also constructed using 
the multifunctional metallic foam, demon-
strating a high separation effi ciency and long-
term repeatability. Therefore, the presented 
approach provides an effective solution for 
the design and construction of other multi-
functional metallic foams on a large scale for 
practical applications in the petro-chemical 
fi eld. Learning from nature is a promising 
avenue for scientists and engineers to design 
and fabricate multifunctional materials.  

  2.     Results and Discussion 

 Micro-XCT is a kind of newly-developed 
in situ imaging technique dedicated to 
obtaining 3D information non-destructively. 
Typical 3D insight view of the Micro-XCT 
images of the bird’s skeleton and metallic 
nickel foam are shown in  Figure    1  . The bird’s 
skeleton is porous and hollow from the 3D 
insight view presented in the Figure  1 a. The 
metallic nickel foam’s structure resembles as 

the bird’s skeleton in the 3D insight view in Figure  1 b. This 
special porous metallic foam with a low density and weight 
should possess considerable buoyancy properties as the bird’s 
bones.  

 Representative environmental scanning electronic micros-
copy (ESEM) images at different magnifi cations of metallic 
nickel foams before and after HNO 3  treatment were shown 
in  Figure    2  . For the original nickel foam, the low-magnifi ca-
tion ESEM image showed its sponge-like porous structure 
(Figure  2 a) and the high-magnifi cation ESEM image demon-
strated its surface is smooth and fl at (Figure  2 b). Nanostructures 
were not observed on the pristine nickel foam surface. How-
ever, for the nickel foam after HNO 3  treatment, binary micro- 
and nano-scale hierarchical structures were clearly observed. 
The low-magnifi cation ESEM image shown in Figure  2 c exhib-
ited fractal-like rough surface in microscale and the sponge-like 
porous structure was maintained after the HNO 3  etching. The 
high magnifi cation ESEM image revealed a rough and disor-
dered network with different sizes and shapes in nanoscale on 
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 Figure 1.    Typical 3D Micro-XCT images of a) the bird’s skeleton and 
b) metallic nickel foam.

 Figure 2.    ESEM images of the nickel foam surface before and after the HNO 3  treatment at 
different magnifi cations. a–b) ESEM images of the original nickel foam, exhibiting its surface 
is smooth and fl at. c–d) ESEM images of the nickel foam after HNO 3  treatment, showing the 
resultant surfaces possess micro- and nano-scale hierarchical structures.
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the foam surface (Figure  2 d). Similar geometrical morphology 
with random nanostructures can be observed in other super-
hydrophobic surfaces. [ 22–24 ]  After the HNO 3  etching, the nickel 
foam surfaces exhibited multiscale structures, which increased 
the surface roughness. Binary micro- and nano-scale hierar-
chical structures are essential for the fi nal formation of super-
hydrophobicity, as observed in nature on the superhydrophobic 
surfaces of biomaterials. [ 10 ]   

 For the metallic foam, the ESEM or other 2D morphology 
is only an oversimplifi cation of its microstructures. In order to 
meet the increasing need to characterize 3D microstructures of 
the metallic foam, Micro-XCT was applied to obtain more infor-
mation about microstructures on the 3D morphology. Repre-
sentative 3D Micro-XCT slices scanning using 4× and 10× mag-
nifi cation lenses were shown in  Figure    3  a,b, respectively. Micro-
XCT images clearly demonstrated the metallic nickel foams 
possess a 3D open-cellular structure like the sponge (see rep-
resentative Movies 1,2 in the Supporting Information). The cell 
distribution is non-periodic. Furthermore, the 2D Micro-XCT 
slice presented in Figure  3 c showed the struts of metallic nickel 
foams are hollow (see Movie 3 in the Supporting Information). 
Micro-XCT results demonstrated that sponge-like metallic 
nickel foams possess the open-cellular morphology and criss-
crossing struts with hollow structures, which is similar with the 
structural features of bird bones in nature (Figure  1 ). [ 1–3 ]  These 
features confer the metallic nickel foam with lightweight and 
considerable mechanic properties, resulting in the promising 
applications in the engineering fi eld. [ 5–8 ]   

 For the original nickel foam, the water contact angle is about 
80°, exhibiting the intrinsic hydrophilicity (Figure S1a, Sup-
porting Information). After chemical modifi cation with fl uoro-
alkylsilane, the water contact angle of the original nickel foam 
increased to about 110° (Figure S1b, Supporting Information), 
demonstrating hydrophobicity. This indicated that the low sur-
face free energy fl uoroalkylsilane coating on the original nickel 
foam increases its water repellent property. However, owing to 
the insuffi cient surface roughness, superhydrophobicity cannot 
be reached. After the HNO 3  treatment, owing to the intrinsic 
hydrophilicity of the pristine nickel foam, the resultant multi-
scaled nickel foam with increasing surface roughness without 
the fl uoroalkylsilane modifi cation exhibited superhydrophi-
licity. [ 25 ]  The water contact angle is about 0° (Figure S1c, Sup-
porting Information). However, for the nickel foam after the 
HNO 3  etching followed by the post-modifi cation with low 

surface free energy fl uoroalkylsilane, the case 
is just contrary. The static water contact angle 
of the resultant foam is larger than 155°, 
exhibiting superhydrophobicity (Figure S1d, 
Supporting Information). The water droplet 
sitting on the foam surface showed almost a 
perfect sphere. This can be attributed to the 
cooperation of surface micro-nanoscale hier-
archical roughness and surface fl uoroalkylsi-
lane coatings. 

 In our case, the density of the nickel foam 
is larger than that of water. Therefore, owing 
to their higher density and inherent hydro-
philicity, the original nickel foams tend to 
sink beneath the surface of water and fi nally 

locate the bottom of the beaker ( Figure    4  a). For the HNO 3 -
treated nickel foam (4.0 cm × 3.5 cm × 0.3 cm) without the 
fl uoroalkylsilane modifi cation, it will sink the bottom of beaker 
owing to its superhydrophilicity. According to the Archimedes’ 
principle, the buoyant force ( F  B ) on an object can be calculated 
using the following equation:

 B ρ=F gV   

 where  ρ  is the density of the liquid,  g  is the gravitational accel-
eration (9.8 m s –2 ), and  V  is the volume of the object sub-
merged. The buoyant force on the HNO 3 -treated nickel foam 
without the fl uoroalkylsilane modifi cation immersed in water 
is equal to the weight of the water displaced (1.8 g). It is about 
17.64 mN. Therefore, the volume of the superhydrophilic 
metallic foam submerged under water ( V  1 ) can be expressed as:

 /( )1 B ρ=V F g      

 For water, the density ρ is 1 g mL –1 . Therefore, the volume 
 V  1  is about 1.8 mL. However, after modifi cation with fl uoro-
alkylsilane, the resultant superhydrophobic nickel foam 
(4.0 cm × 3.5 cm × 0.3 cm) can fl oat easily on the water surface 
(Figure  4 b). Fluoroalkylsilane is a typical intrinsically hydro-
phobic low-surface-energy material. Recent studies demon-
strated that, for the superhydrophobic modifi cation, fl uoroalkyl-
silane self-assembled monolayers were formed and covered 
on the substrate surface. [ 26–30 ]  A strong bond between the fi rst 
monolayer of fl uoroalkylsilane molecules and the substrate was 
observed and the thickness of the fl uoroalkylsilane layer is less 
than 2 nm. [ 31,32 ]  In this case, the weight of the metallic nickel 
foam is about 6.0 g, that is, the thin fl uoroalkylsilane layer 
adsorbed on the foam can make the metallic foam of 6.0 g in 
weight fl oat on water. Owing to its heavy weight, the superhy-
drophobic nickel foam made a clear water dimple on the water 
surface, exhibiting robust superhydrophobicity. In order to esti-
mate the maximum fl oating weight of the superhydrophobic 
metallic nickel foam, the standard weights in different mass 
were carefully loaded on the foam (Figure  4 c–d). Surprisingly, 
besides its own body weight, the resultant metallic foam can 
support additional weights of 4.0 g in mass. This indicates the 
maximal supporting force of the thin fl uoroalkylsilane layer 
in nanoscale coated on the metallic foam can reach 10.0 g. 
According to the Archimedes’ principle, the buoyant force ( F  B ) 
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 Figure 3.    Typical Micro-XCT slices of the metallic nickel foam. a–b) 3D reconstructed Micro-
XCT images of metallic faom scanning using 4× and 10× magnifi cation lenses, respectively, 
showing a 3D open geometry. c) 2D Micro-XCT image of metallic foam, exhibiting the skeleton 
of the metallic foam is hollow, where the white section is the edges of the foam struts and the 
black section is air.
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on the superhydrophobic metallic foam is about 98 mN, which 
is more than 5 times the superhydrophilic one (17.64 mN). The 
ideal depth ( h ) of the water dimple can be calculated by the 
deduced Archimedes’ principle:

 ρ ρ= = =/( ) /( )2 B BV F g abhh F g ab   

 where  a  and  b  are the length (4.0 cm) and the width (3.5 cm) 
of the superhydrophobic foam, respectively. The ideal depth 
( h ) of the water dimple is about 0.71 cm, which is more 
than 2 times the thickness (0.3 cm) of the foam. Figure  4 d 
clearly showed a water dimple in high depth surrounding 
the metallic foam, demonstrating durable and robust sup-
erhydrophobicity similar to the water strider leg found in 
nature. The ability to walk on water is a great dream for 
human beings. Lightweight metallic foams with striking 
loading capacity provide a novel solution in the design of 
water strider robots or other aquatic smart devices working 
on water. 

 Metals are important and irreplaceable 
engineered materials in our society. How-
ever, corrosion is headache for metals. 
Therefore, a great deal of attention has been 
focused on the development of functional 
metallic surfaces with stable corrosion resist-
ance properties, which have important indus-
trial applications. In our case, besides the 
durable and robust superhydrophobicity, the 
resultant metallic foam also exhibited supe-
rior repellency towards corrosive liquids, 
such as acidic, basic, and some aqueous 
salt solutions. The static contact angle is 
almost unchanged over a wide range of pH 
values from 1 to 14 and even towards corro-
sive salt solutions, demonstrating the long-
term stable stability. Figure  4 e shows the 
typical digital image of acidic (left, pH = 1), 
salt (middle, pH = 7), and basic (right, pH = 
14) droplets on the resultant metallic foam. 
All these aqueous solution droplets with 
spherical shapes were located uniformly on 
the foam even after one month, exhibiting 
the stable and superior repellency towards 
different corrosive solutions. The stable cor-
rosion resistance property of the resultant 
metallic foam can be attributed to the forma-
tion of the air layer between the droplet and 
the foam, which acted as the effective corro-
sion barrier and inhibited the penetration of 
the corrosion solution. Metallic foams pos-
sessing simultaneous superhydrophobicity 
and stable anti-corrosion should have impor-
tant applications in petro-chemical fi eld. 

 In addition to the considerable loading 
capacity and stable corrosion resistance 
properties, the superhydrophobic nickel 
foam exhibited a low adhesion towards 
water (Figure S2, Supporting Information). 
When a water droplet was dropped onto the 

foam with a tilt angle of less than 10°, the droplet with a ball-
like shape rolled easily off the foam surface and dropped into 
the beaker (see Movie 4 in the Supporting Information). The 
whole process lasted about 0.4 s. The low adhesive superhydro-
phobicity of the foam is analogous to that of the lotus leaf in 
nature, where water drops run freely off their leaves. 

 In nature, superhydrophobic surfaces can be commonly 
observed in many plants such as the lotus leaf. Water droplets 
completely roll off the lotus leaf and carry away dust particles 
and surface contaminants spontaneously, known as the lotus 
effect. Owing to the simultaneous superhydrophobicity and low 
adhesion, the self-cleaning ability of the resultant nickel foam 
was investigated by sprinkling carbon black as contaminant 
powders on its surface (Figure S3, Supporting Information). It 
was found, the water droplet can immediately adsorb contami-
nant powders as it moved over the foam surface from left to 
right. Utilizing the water droplet, contaminants were effi ciently 
removed from the foam surface, similar with the lotus effect 
found in nature. A small water droplet could clean a very long 
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 Figure 4.    a) Optical image of the original metallic nickel foam sunk the bottom of the water-
containing beaker, arising from its heavy weight and inherent hydrophilicity. b) Optical images 
of the superhydrophobic metallic nickel foam (4.0 cm × 3.5 cm × 0.3 cm, 6.0 g) fl oating effort-
lessly on the water surface under different loading weight, b) 0 g; c) 1 g; d) 4 g; exhibiting 
the striking and robust water-repellent ability similar to the water strider leg found in nature. 
e) Optical image of aqueous hydrochloric acid (left, pH = 1), NaCl (middle, pH = 7), and NaOH 
(right, pH = 14) droplets with spherical shapes located on the bio-inspired metallic nickel foam 
surface, demonstrating the superior repellency towards different corrosive solutions and stable 
corrosion resistance properties.
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distance until most of the water droplet was fi lled by contami-
nants. During the cleaning process, the ’’dirt-containing’’ water 
droplet maintained a spherical shape, where the adsorbed pow-
ders could no longer escaped from the water droplet to contam-
inate the surface again. 

 Recently, material surfaces with special wettability have 
attracted a major interest, particularly for the potential indus-
trial applications in the fi eld of oil/water separation. [ 33–39 ]  Here, 
utilizing the superhydrophobic and superoleophilic metallic 
foam, an oil/water separation apparatus was constructed shown 
in  Figure    5  . The metallic foam was immobilized on the rubber 
plug, where the vertical glass tube was passed through the rubber 
plug. When the mixture of diesel oil and water was poured onto 
the metallic foam, diesel oil quickly permeated through the foam 
owing to its superoleophilic nature and dropped into the beaker 
below, while water was retained above the foam due to its supe-
rhydrophobic nature. In addition to the diesel oil/water mix-
ture, other oil/water mixtures or organic solvent/water mixtures 
including crude oil, gasoline and vegetable oil can be effectively 
separated by using this apparatus. After the separation process, 
the oil was collected and weighed. The separation effi ciency was 
calculated according to  R  = ( W  i / W  o ) × 100%, where  W  o  and  W  i  
were the weight of the oil before and after separation process, 
respectively. The separation effi ciency of the metallic foam for 
a selection of oils is above 95%. This low-cost process can be 
easily scaled up to separate larger quantities of oil/water mix-
tures. Furthermore, owing to its self-cleaning effect, the devel-
oped oil/water separation apparatus is easily cleaned for reuse. 
For example, even after 60 separations of the diesel oil/water 
mixture, the as-prepared metallic foams still retain high separa-
tion effi ciency (up to 92%, Figure S4, Supporting Information), 
exhibiting the long-term repeatability, which should have prom-
ising practical applications in oil-polluted water treatments.   

  3.     Conclusions 

 In summary, bio-inspired multifunctional metallic foams 
were fabricated through the fusion of the different optimized 

solutions from the lotus leaf with low adhesive superhydro-
phobic self-cleaning, the water strider leg with durable and 
robust superhydrophobicity, and the lightweight bird bone 
with hollow structures. In situ non-destructive Micro-XCT was 
used to reveal the 3D microstructures of the metallic foam with 
criss-crossing hollow struts, similar with the structure of the 
bird bone. The obtained metallic foam exhibited the low adhe-
sive superhydrophobic self-cleaning, striking loading capacity, 
and superior repellency towards different corrosive solutions, 
which offers an effective solution to the development of water 
strider robots and other aquatic smart devices on water. An 
oil/water separation apparatus was also constructed using the 
multifunctional metallic foam, demonstrating a high separa-
tion effi ciency and long-term repeatability. This facile approach 
for the construction of multifunctional nickel foams possessing 
superhydrophobicity, self-cleaning, anti-corrosion, and oil/
water separation can be extended to fabricate other multifunc-
tional metallic foams on a large scale for the practical applica-
tions in the industrial and petro-chemical fi elds. Learning from 
nature has proved to be an effective avenue for the design and 
construction of novel functional materials with multifunction 
integration.  

  4.     Experimental Section 
 Multifunctional metallic nickel foams were fabricated through the 
following approaches. Firstly, the nickel foams were ultrasonically 
cleaned in absolute alcohol for several minutes to remove oil dirt and 
then dried at 90 °C for 2 h. The cleaned metallic foams were immersed 
in 2  M  dilute nitric acid at room temperature for 3 h and dried under N 2  
stream. Finally, the resultant nickel foams were modifi ed with a 3.0% 
ethanol solution of fl uoroalkylsilane (CF 3 (CF 2 ) 7 CH 2 CH 2 Si(OCH 3 ) 3 ) for 
24 h and heated at 90 °C for 3 h. 

 Surface morphologies of the samples were characterized by an 
ESEM (FEI Quanta 250, USA). Water contact angles were measured 
on a Dataphysics OCA20 (Germany) contact angle system at room 
temperature. 2-D and 3-D structures of metallic foam were produced 
using the high resolution Micro-XCT (Xradia Inc. USA). The raw X-ray 
data was processed by proprietary software (Xradia, Inc.) to generate the 
3D reconstructions.  
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