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ABSTRACT: Inspired from fish scales that exhibit unique underwater super-
oleophobicity because of the presence of micronanostructures and hydrophilic slime
on their surface, we reported here the facile fabrication of underwater superoleophobic
membranes by coating a layer of graphene oxide (GO) on commercially available wire
meshes with tunable pore sizes. Using the wire mesh as a ready-made mask, GO-
embellished mesh with open apertures (GO@mesh) could be readily fabricated after
subsequent O2 plasma treatments from the back side. Interestingly, the congenital
microstructures of the crossed microwires in combination with the abundant hydrophilic
oxygen-containing groups of the GO layer endow the resultant GO@mesh with unique
underwater superoleophobic properties. The antioil tests show that the underwater contact angles of various oils including both
organic reagents (undissolved in water) and vegetable oil on GO@mesh exceed 150°, indicating the superoleophobic nature. In a
representative experiment, a mixture of bean oil and water that imitates culinary sewage has been well separated with the help of
our GO@mesh. GO-embellished wire meshes may find broad applications in sewage purification, especially for the treatment of
oil contaminations.
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1. INTRODUCTION

Nature has always been considered as the greatest scientist and
engineer because natural materials not only exhibit perfect
micronanostructures but also bear fascinating properties after
long-time evolution. From this point of view, learning from
nature is undoubtedly a shortcut to the rational design and
production of artificial materials that possess multifunction
similar to or even better than that of natural creatures.1−3 In the
past few decades, biomimetic fabrication has achieved great
success in both fundamental science and practical applica-
tions.4−7 For instance, the famous “lotus-leaf effect” inspired
researchers to develop various superhydrophobic surfaces with
self-cleaning properties;8 the spider silk provides inspiration to
design water collection microfibers;9−11 the structure of nacre
gives a hint that a layered brick-and-mortar architecture is
essential to achieve superior mechanical strength and tough-
ness;12,13 thus, artificial materials with extraordinary mechanical
properties have been successfully prepared with the help of
layer-by-layer assembly.14−16

Recently, as learned from fish scales, which present unique
underwater superoleophobicity because of water-phase micro/
nanohierarchical structures, a superoleophobic and low-
adhesive interface was fabricated on a solid substrate with
multiscale structures via oil/water/solid three-phase systems.17

Since then, underwater superoleophobic surfaces based on
various materials have been successfully developed according to
a simple principle that the superhydrophilicity of a surface at
the air/solid interface is crucial to the superoleophobicity at the
water/solid interface.18−23 As a typical example, Jiang et al.

coated a hydrophilic polyacrylamide hydrogel on metal mesh to
prepare underwater superoleophobic membranes that could be
used for oil/water separation.19 Sun et al. fabricated hierarchical
poly(dimethylsiloxane) microstructures with extreme under-
water superoleophobicity by combining surface microstructures
and O2 plasma modification for the development of antioil
microfluidic channels.24 Jin et al. reported the fabrication of
superhydrophilic and underwater superoleophobic poly-
(vinylidene difluoride) filtration membranes by grafting poly-
(acrylic acid) using a salt-induced phase-inversion approach.23

Chen et al. fabricated a silicon surface that shows hierarchical
micro/nanostructure by a femtosecond laser treatment.21

Similar to fish scales, the resultant surface reveals super-
hydrophilicity in air and superoleophobicity underwater.
However, despite the fact that underwater superoleophobic
surfaces have been intensively investigated, current methods
still suffer from problems with respect to complex experimental
procedures or expensive materials. From a practical point of
view, cost-effective and facile fabrication of underwater
superoleophobic surfaces are highly desired.
As a unique hydrophilic carbon-based material, chemically

exfoliated graphene oxide (GO), which can be prepared from
natural graphite on a large scale, has been widely used as a
precursor for the fabrication of graphene-based devices.25−29

The presence of abundant oxygen-containing groups (OCGs)
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on the GO sheets endows GO with excellent hydrophilicity,
contributing to the tractable solution-processing capability.
Actually, the inherent hydrophilic nature makes GO an ideal
candidate for the construction of various underwater super-
oleophobic surfaces. In this paper, we report on the facile
preparation of bioinspired underwater superoleophobic mem-
branes by coating a GO layer on commercially available wire
meshes. Similar to fish-scale structures that consist of
microscale grooves and hydrophilic slime, GO-coated wire
meshes also exhibit underwater superoleophobicity. The antioil
property could be further optimized by tuning the mesh size.
However, in spite of the superoleophobicity, the GO film on
the wire meshes obturated all of the apertures. To make open
pores on the GO-coated wire meshes, O2 plasma treatment has
been implemented from the back side of the mesh; in that way,
the mesh structure acted as a ready-made shadow mask and a
GO mesh formed on the wire mesh. The superoleophobic GO
meshes reveal great potential for efficient oil/water separation.

2. RESULTS AND DISCUSSION
2.1. Fabrication of GO-Embellished Mesh with Open

Apertures (GO@mesh). Scheme 1 shows a diagrammatic

sketch for the fabrication procedure of GO@mesh. In a typical
experiment, commercially available stainless steel wire meshes
were ultrasonically rinsed in acetone to remove any organic
residual on the surface. Then a GO aqueous solution, prepared
by a modified Hummers’ method, was drop-coated onto the
mesh surface. Owing to the high viscidity of the GO precursor,
a continuous GO film formed on the mesh surface after
evaporation of the solvents, and thus all of the apertures have
been obturated. To make open pores on the GO-coated wire
meshes, an O2 plasma treatment was implemented to the back
side of the wire mesh. In this procedure, the wire mesh acted as
a ready-made mask to protect the GO film underneath, and the
exposed region was etched away, forming GO@mesh. The as-
obtained GO@mesh samples have been directly used for
subsequent experiments without any surface modifications.

2.2. Comparison of Microstructures of Carp Scales
and GO-Coated Wire Mesh. To mimic the surface
topography of fish scales, we investigated the microstructures
on carp scales by confocal laser scanning microscopy (CLSM).
Figure 1 shows a comparison of the microstructures of fish
scales and GO-coated wire mesh. The fresh fish scales were
obtained from a carp (Figure 1a), and we analyzed its surface
topography by CLSM. As shown in Figure 1b,c, periodically
distributed grooves with an average period of ∼70 μm and a
groove depth of ∼150 μm cover almost the entire scale. The
groove structures contribute to the surface roughness, which is
helpful to achieve underwater superoleophobicity. To repro-
duce the surface structure of the carp scale using artificial
materials, we used wire mesh with different pore sizes as a
template. According to the period of the microgrooves on the
carp scale, GO-coated wire mesh with a mesh size of 300 shows
a similar period. Figure 1d shows a photograph of the GO-
coated wire mesh, which is yellow-brown in color because of
the presence of the GO layer. Parts e and f of Figure 1 show the
detailed surface microstructures. A continuous GO film covers
the surface of the wire mesh. The interaction between GO and
the mesh is van der Waals force. In our work, despite the fact
that we did not modify the stainless steel wire mesh, the GO
sheets attached well to the wire mesh after complete drying in
air (Figure 1e). The topography of the wire mesh can be clearly

Scheme 1. Diagrammatic Sketch for the Fabrication of GO@
mesh

Figure 1. (a) Photograph of the fish scales. (b) CLSM image of the microstructures on a fish scale. (c) Height profile of the red line marked in part
b. (d) Photograph of the GO-coated wire mesh. (e) CLSM image of the microstructures on the GO-coated wire mesh. (f) Height profile of the red
line marked in part e.
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observed. Compared with the grooves on the fish scale, the
roughness of the GO-coated mesh is much lower and the depth
is only ∼30 μm. Nevertheless, after an O2 plasma treatment,
when the pore region has been etched away, the roughness is
further increased.
2.3. Role of GO. In order to expatiate the role of the GO

layer, we measured the static contact angles (CAs) and the
sliding angles (SAs) of a chloroform droplet on fresh fish scales
and ultrasonically treated the fish scales and GO-coated fish
scales, respectively. As shown in Figure 2, fresh fish scales

exhibit excellent underwater superoleophobicity; the CA is as
high as 156° (Figure 2a), and the SA is only ∼3° (Figure 2d),
indicating the low adhesion. However, after the ultrasonic
treatment, the hydrophilic slime of the fish scales has been
removed, and the CA of a chloroform droplet on the surface
decreased to 140° (Figure 2b), which is no longer super-
oleophobic. More importantly, the oil droplet pinned to the
surface and could not roll away, even if the substrate has been
tilted to more than 30° (Figure 2e). These results indicate that
the hydrophilic slime of the fish scales plays a very important
role in the underwater superoleophobicity. We further coated a
thin layer of GO on the surface of the ultrasonically treated fish
scales. To our surprise, the CA increased to 155° (Figure 2e),
and the SA decreased to ∼3° (Figure 2f). The underwater
superoleophobicity recovered with the help of GO. According
to these results, it is quite clear that GO with plenty of OCGs
could be used as a hydrophilic coating layer to design and
fabricate underwater superoleophobic surfaces.
2.4. Characterization of GO@mesh. Raman spectra of

both pristine GO and the surface GO layer of GO@mesh have
been collected to evaluate the structural change before and after
O2 plasma treatment. As shown in Figure 3a, two broad peaks
at 1354 and 1599 cm−1, corresponding to the D and G bands,
could be clearly observed. Generally, the G band peak is
attributed to an E2g mode of graphite associated with the
vibration of sp2-bonded carbon atoms, whereas the D band
peak is usually related to the vibrations of carbon atoms with
dangling bonds in plane terminations of disordered graphite.30

Notably, the ID/IG ratio of GO is very large, ∼0.90, which
indicates the presence of abundant defects on the GO sheets.
After O2 treatments, the ID/IG ratio further increased to ∼1.15.
The significantly increased D band peak is attributed to an
increase in edge defects caused by the O2 plasma treatment. In
most cases, the defects could be ascribed to OCGs.
The presence of OCGs could be confirmed by Fourier

transform infrared (FT-IR) spectroscopy, as shown in Figure

3b. Characteristic vibration bands include a strong CO peak
(1740 cm−1), an O−H deformation peak around 1420 cm−1, a
C−OH stretching peak around 1230 cm−1, and a C−O
stretching peak around 1050 cm−1, which can be clearly
identified from the FT-IR spectrum of pristine GO, indicating
the presence of hydroxy, epoxyl, and carboxyl groups on the
GO sheets. After an O2 plasma treatment, the FT-IR spectra
remained almost the same. The presence of OCGs guarantees
the hydrophilic nature of the surface GO layer on the wire
mesh and contributes to the underwater superoleophobicity,
accordingly.
In our experiments, the morphologies of bare wire mesh,

GO-coated wire mesh, and GO@mesh have been characterized
by scanning electron microscopy (SEM). As shown in Figure 4,
the left column shows the SEM images of bare wire mesh with
different pore sizes, which were measured to be 350, 150, 45,
and 25 μm for 50, 100, 300, and 500 mesh samples,
respectively. The 2000 mesh sample shows very small pores
formed in the gap of microwires. After GO coating, a
continuous GO film covers the entire surface. Despite the
fact that the presence of the GO layer alters the surface energy
of the wire mesh and leads to unique underwater oleophobicity,
the apertures have been fully obturated, which limits their
applications in oil/water separation. To make open pores on
the GO-coated wire mesh and retain the GO coating layer on
the wire surface, an O2 plasma treatment was applied from the
back side of the wire mesh. In this case, the GO film in the pore
region was selectively etched away with the protection of wire
meshes. The right column of Figure 4 shows the SEM images

Figure 2. Underwater CAs (upper images) and SAs (bottom images)
of a chloroform droplet on (a and d) fresh fish scales, (b and e)
ultrasonically treated fish scales, and (c and f) GO-coated fish scales.

Figure 3. (a) Raman spectra of pristine GO and the GO film after an
O2 plasma treatment (GO@mesh). (b) FT-IR spectra of GO and the
GO film after an O2 plasma treatment (GO@mesh).
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of the GO@mesh samples. Open pores can be observed from
the SEM images. The GO-covered wire mesh and that after an
O2 plasma treatment (GO@mesh samples) have also been
characterized by CLSM, in which the GO film could be clearly
identified (Figure S1, Supporting Information).
2.5. Underwater Superoleophobicity of GO@mesh. To

evaluate the underwater oleophobic properties of GO@mesh
samples, we measure the static CAs of a chloroform droplet on
various substrates including bare wire meshes, GO-coated
meshes, and GO@mesh samples with different mesh sizes.

Figure 5 shows the dependence of CAs on these substrates.
Typically, before GO coating, the bare wire mesh shows
relatively weak underwater oleophobicity. The CAs are in the
range of 125−140°, among which the 300 mesh substrate gives
the highest CAs of 140°. The relatively weak underwater
oleophobicity is attributed to the hydrophobic property of
stainless steel. According to Jiang et al.’s model,17 the
underwater CA of an oil droplet on the solid surface can be
described by

θ
γ θ γ θ

γ
=

−− −

−
cos

cos cos
3

o a 1 w a 2

o w

where γo−a is the oil/air interface tension, θ1 is the CA of oil in
air, γw−a is the water/air interface tension, θ2 is the CA of water
in air, γo−w is oil/water interface tension, and θ3 is the CA of oil
in water. It is known that γo−a values are generally 20−30 mN·
m−1 and γw−a is 73 mN·m−1. Because θ1 is very small, usually
near 0°, and the interface tensions of the various liquids have
fixed values, a decrease of θ2 leads to larger θ3; in other words, a
more hydrophilic substrate becomes more oleophobic under-
water. After GO coating, a hydrophilic GO film formed on the
surface of the wire mesh. Considering the fact that GO-coated
mesh still shows a similar surface topology, as discussed in
Figure 2, the main change is attributed to alteration of the
surface chemical composition. The presence of GO significantly
decreases θ2, as indicated by the above-mentioned equation.
Obviously, the underwater CAs of chloroform increased by
more than 10° for each sample. Most of the GO-coated meshes
show CAs larger than 150°, indicating the superoleophobic
nature. An O2 plasma treatment was applied to create the open
pores on the GO film. Because the removal of GO only occurs
in the pore region, the underwater superoleophobicity does not
show obvious changes. The GO@mesh-300 sample gives the
highest CA of 154°. These results indicate that the GO@mesh
sample with a mesh size of 300 seems to be a suitable candidate
for further use in oil/water separation.
The hydrophilic property of the GO@mesh-300 sample was

confirmed by CA tests. Figure 6a shows the static CA of a water
droplet on the GO@mesh-300 surface. At the beginning, the
CA was measured to be ∼48°, indicating the hydrophilic
nature. However, the CA decreased gradually because of
capillary action; the water droplet could be fully adsorbed after
80 s. It is necessary to point out that the hydrophilic nature and

Figure 4. SEM images of bare wire meshes (left column), GO-coated
wire meshes (middle column), and GO@mesh samples (right
column) with a mesh sizes of (a) 50, (b) 100, (c) 300, (d) 500,
and (e) 1000 mesh.

Figure 5. CAs of a chloroform droplet on bare wire meshes, GO-coated wire meshes, and GO@mesh samples with different mesh sizes. The insets
are photographs of the chloroform droplet on various substrates.
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the aperture structures are two important factors for oil/water
separation applications because the former contributes to the
underwater oleophobicity, whereas the latter would guarantee
the permeation of water.
To further investigate the underwater superoleophobic

property of GO@mesh-300 toward other organic solvents or
oils, we examine the CAs of a series of organic reagents
including oil mixtures such as bean oil, kerosene, and petroleum
ether and organic reagents of n-decane, n-heptane, n-hexane,
toluene, acetic ether, and chloroform. Notably, all of these oil
droplets have CAs larger than 150°, indicating the excellent
underwater superoleophobic properties of GO@mesh-300.
Obviously, the GO@mesh membrane does not have selectivity
toward different oils, but it could be used for the efficient
separation of any oil species that are insoluble in water.
2.6. Oil/Water Separation Tests. As a remediation of

accidents, the cleanup of leaked oil is a global environmental
issue. Compared with porous materials that have high
adsorption capability,31 oil/water separation membranes with
proper dewetting properties show superior behavior because of
their high separation efficiency and recycling usage. To evaluate

the oil/water separation capability of the GO@mesh
membrane, we prepared an oil/water separation setup. As
shown in Figure 7, the GO@mesh-300 membrane was
sandwiched between two plastic tubes. Then a mixture of
bean oil and water (40% v/v of oil), which mimics culinary
sewage, was poured into the upper tube. When the stopper was
opened, water quickly permeated through the hydrophilic
GO@mesh-300 and dropped into the beaker below, whereas
the oil layer remained above the superoleophobic GO@mesh.
The whole separation procedure was realized by gravity, and no
external force was employed to the mixture. Detailed
photographs show that bean oil was stopped at the oil/GO@
mesh interface. The collected water was very clear with no
visible oil in the water, indicating a high oil/water separation
efficiency. Despite the fact that no visible oil could be detected
by the naked eye, residual oil in the filtrate was extracted by
ethyl acetate. On the basis of spectroscopic data, the oil content
was measured to be ∼0.02% by weight.
Additionally, the oil/water separation system could be reused

many times. In our experiments, we found that the GO@mesh
membrane works well even after recycling 50 times; no visible

Figure 6. (a) CA of a water droplet on GO@mesh-300. The initial CA was measured to be 48°, and the CA decreased gradually because of the
capillarity of the open pores. (b) CAs of different organic solvents and oils on GO@mesh-300. The insets are photographs of various droplets.

Figure 7. Oil/water separation tests using GO@mesh-300. (a) Diagrammatic sketch of the homemade device used for oil/water separation.
Experimental procedure: (b) A mixture of bean oil and water was poured into the plastic tube. (c) Gravity induced drainage of the mixture. (d) Oil
cannot pass GO@mesh-300, and pure water was separated from the mixture. (e) Detailed photograph of the oil/GO@mesh interface. (f)
Photograph of the pure water separated from the mixture.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b06326
ACS Appl. Mater. Interfaces 2015, 7, 20930−20936

20934

http://dx.doi.org/10.1021/acsami.5b06326


oil residuals could be detected from the filtrate. The oil content
of the filtrate obtained from the 50th separation is 0.07% by
weight. Moreover, we examined the surface morphology of our
GO@mesh-300 membrane after oil/water separation experi-
ments. It showed that GO sheets did not shell off, and they
firmly attached to the wire mesh (Figure S2, Supporting
Information), indicating its good stability. To further illustrate
its durability and integrity, a rubbing test was carried out using
silica spheres (∼8 μm) in water. The mixture (50 mL) was
forced through the membrane (GO@mesh-300, ∼4 mm2)
within 1 min. After this treatment, the GO layer did not shell
off (Figure S3, Supporting Information), which indicates good
durability and integrity.

3. CONCLUSIONS
In conclusion, inspired from natural fish scales that possess oil
repellancy in water, an underwater superoleophobic membrane
was successfully prepared by coating a thin layer of the GO film
on wire meshes. The crossed microwires form a rough
microstructured surface, whereas the GO layer contributes to
the surface hydrophilicity, similar to that of the fish-scale slime.
A GO-coated wire mesh demonstrated underwater super-
oleophobicity. To realize open pores on the GO-coated wire
mesh, an O2 plasma treatment was applied from the back side.
Using the wire mesh as a ready-made mask, the GO film in the
pore region could be selectively etched away, leaving a GO
mesh layer underneath. Additionally, by tuning the pore size of
the wire mesh from 50 to 1000 mesh, the underwater
oleophobicity could be controlled within a certain range, with
the 300-mesh sample showing the best underwater antioil
property. The GO@mesh-300 sample also shows underwater
superoleophobicity for a wide range of oil species including oil
mixtures such as bean oil, kerosene, and petroleum ether and
organic reagents of n-decane, n-heptane, n-hexane, toluene,
acetic ether, and chloroform. With the help of GO@mesh-300,
we successfully realized the separation of bean oil from water.
The superoleophobic GO-embellished wire meshes may hold
great promise for the treatment of sewage.

4. EXPERIMENTAL SECTION
4.1. Preparation of a GO-Coated Wire Mesh. Commercially

available stainless steel wire meshes with different pore sizes (from 50
to 1000 mesh) have been used for the fabrication of a biomimetic oil/
water separation membrane. Fish scales were obtained from general
carp. A GO aqueous solution was prepared via a modified Hummers’
method by using natural graphite (Aldrich, <150 μm) as the raw
material. First, the wire meshes were ultrasonically rinsed in acetone
and deionized water, respectively. Then, GO was applied on the
surfaces of different wire meshes by simple drop coating. The GO-
coated wire meshes were dried in air at room temperature. To make
open pores on the GO-coated wire meshes, O2 plasma treatments
(YZD08-2C, plasma cleaning instrument, 40 kHz, 100 W) were
applied from the back side of the GO-coated meshes for 10−35 min,
depending on the mesh size used. The distance between GO and the
plasma source was ∼5 cm. The resultant GO-coated wire meshes with
open pores were denoted as GO@mesh-x, where x is the mesh size.
4.2. Characterization. The wettability and superoleophobicity of

neat meshes, GO-coated meshes, and GO@mesh-x samples were
measured by using the Contact Angle System OCA 20 (DataPhysics
Instruments GmbH, Filderstadt, Germany) at ambient temperature.
The CAs of various oil and organic reagents were measured with a
droplet of 4 μL. SEM images were obtained by using a field-emission
scanning electron microscope (JSM-7500F, JEOL, Tokyo, Japan).
CLSM images were captured using a LEXT 3D measuring laser
microscope (OLS4100). Raman spectra were measured with a

Renishaw Raman microscope using a 514-nm-wavelength laser.
FTIR spectra were performed on an IFS 66 V·S−1 (Bruker) IR
spectrometer in the range 400−2000 cm−1.
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