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Bioinspired Fabrication of Superhydrophobic Graphene
Films by Two-Beam Laser Interference

surfaces such as self-cleaning, anti-icing,
anti-corrosion, and drag reduction,[3] great
Reported here is a bioinspired fabrication of superhydrophobic graphene surefforts have been devoted to the manufacfaces by means of two-beam laser interference (TBLI) treatment of graphene
turing of superhydrophobic surfaces based
oxide (GO) films. Microscale grating-like structures with tunable periods and
on a wide range of materials, including
additional nanoscale roughness are readily created on graphene films due to
metal, metal oxides, polymer, carbon and
even biomaterials.[4–7] It is well known that
laser induced ablation effect. Synchronously, abundant hydrophilic oxygentwo factors govern the wettability of solid
containing groups (OCGs) on GO sheets can be drastically removed after
surfaces, one is geometrical microstrucTBLI treatment, which lower its surface energy significantly. The synergistic
ture, and the other one is chemical compoeffect of micro-nanostructuring and the OCGs removal endows the resultant
sition.[8,9] According to this basic principle,
graphene films with unique superhydrophobicity. Additionally, dual TBLI
artificial superhydrophobic surfaces have
treatment with 90° rotation is implemented to fabricate superhydrophobic
been readily prepared by the combination
of the as-mentioned two factors. Genergraphene films with two-dimensional grating-like structures that can effecally, the microstructuring with respect to
tively avoid the anisotropic hydrophobicity originated from the grooved
hierarchical roughness could be realized
structures. Moreover, the superhydrophobic graphene films become conducwith the help of various micronanofabricative due to the laser reduction effect. Unique optical characteristics including
tion techniques, represented by classical
transmission diffraction and brilliant structural color are also observed due to
“bottom-up” approaches (e.g., LangmuirBlodgett
technique,
Layer-by-layer
the presence of periodic microstructures. As a mask-free, chemical-free, and
assembly)[10–12] and “top-down” method
cost-effective method, the TBLI processing of GO may open up a new way to
(e.g., lithography, tip-technique);[13,14]
biomimetic graphene surfaces, and thus hold great promise for the developwhile the tuning of surface energy with
ment of novel graphene-based microdevices.
respect to the surface chemical composition usually resorts to covalent grafting of
guest molecules (e.g., fluorinated silane)
1. Introduction
or coating with low-surface-energy materials.[15] To date, despite
the fact that artificial superhydrophobic surfaces have already
Recent advances in biomimetic fabrication continue to stimurevealed a cornucopia of both fundamental research and praclate the development of artificial materials and functional
tical applications, continued efforts in endowing novel matesurfaces that possess fascinating properties similar to natural
rials with unique dewetting property are still highly required to
creatures.[1] The wettability control of solid surfaces is one of
realize their structural and functional integrity.
the most intensively investigated scientific fields.[2] Especially,
Considering the fact that graphene exhibits outstanding electriggered by the promising properties of superhydrophobic
trical, optical, thermal, and mechanical properties,[16–18] which
are promising for a wide range of scientific fields,[19,20] fabriH.-B. Jiang, Dr. Y.-L. Zhang, D.-D. Han, Dr. H. Xia,
cation of micro-structured graphene films with unique superProf. J. Feng, Prof. Q.-D. Chen, Prof. Z.-R. Hong,
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challenging to tailor the surface topography
of graphene films through a biomeimetic
manner towards exquisite control of their
surface wettability, since considerable difficulties arise when shaping the large but
ultra-thin graphene sheets into periodic 2D
or 3D microstructures.
Inspired from butterfly wings that exhibit
both superhydrophobicicty and brilliant
structural color due to the presence of hierarchical roughness and the photonic crystal
structures,[29] herein, we design and fabricate
superhydrophobic graphene films with the
help of two-beam laser interference (TBLI)
technique. Periodically distributed gratinglike microstructures could be easily created
once the GO film was exposed to the interfered laser beams due to the laser induced
ablation and reduction of GO sheets.[30] dual
TBLI treatment with 90° rotation has been
adopted for the construction of 2D gratinglike structures on GO films, which effectively
avoids the anisotropy in superhydrophobicity and conductivity. At the same time,
the tuning of the surface chemical composition has been realized synchronously, since
the laser treatment would remove most of
the hydrophilic oxygen-containing groups
(OCGs) on GO sheets, which renders the
Figure 1. Schematic illustration of the fabrication of superhydrophobic graphene films by TBLI reduced GO (RGO) films both lower surand dual TBLI treatment with 90° rotation. The insets are laser intensity distributions of TBLI
face energy and higher conductivity. Conand dual TBLI treatment with 90° rotation, which are calculated by Matlab.
sequently, the combined effects of microstructuring and OCGs removal endow the
resultant RGO film with both superhydrophobicity and brilliant
surface wettability of thermally reduced GO form superhydrostructural color that mimic butterfly wings.
phobicity to superhydrophilicity by simply altering the solvents
used for graphene dispersion.[22] The roughness effect in conjunction with the surface chemistry of the graphene sheets
have been used to dramatically change the wettability of the
2. Results and Discussion
RGO films. Kuo et al., reported a facile and inexpensive fabrication of superhydrophobic and superoleophilic graphene sponge
2.1. Optical System for the Fabrication of Superhydrophobic
using a simple dip coating method.[23] The porous structure of
Graphene Films
the sponge together with the microstructure of hydrophobic
Laser holography technique has been widely recognized as
graphene nanosheets create a dually roughened surface, and
a powerful tool for rapid, mask-free, chemical-free and largethus alter its wettability from superhydrophilic to superhydroarea micronanofabrication, especially in the case of 2D or 3D
phobic property. Zhao et al., realized reversible control of the
photonic crystals.[31,32] Previously, multi-beam laser interfercrumpling and unfolding of large-area graphene sheets on a
[
24
]
PDMS sheet. In this manner, the crumpled graphene films
ence (MBLI) induced micronanostructuring reported by our
group[33,34] and others,[35,36] has already proved its value in the
with self-organized hierarchical structures exhibit superhydrophobic property, which enable large-area and conductive
fabrication of biomimetic structures and devices that feature
graphene coatings with tunable wettability and transmittance.
natural materials. In this work, we use TBLI to fabricate periAdditionally, superhydrophobic graphene films have also been
odically structured graphene films in a biomimetic manner.
fabricated through combined techniques such as suction filtraFigure 1 shows the schematic illustration of TBLI fabrication of chemically reduced GO,[25] template-directed chemical
tion system. A frequency-tripled, Q-switched, single-mode
Nd:YAG laser (Spectra-Physics) with the emission wavelength
vapor deposition (CVD) growth of graphene foam,[26] and covaof 355 nm, frequency of 10 Hz, and pulse duration of 10 ns
lent graft of hydrophobic molecules on GO sheets.[27] However,
was employed for the processing. By using a beam splitter, the
in spite of these successful examples, the hierarchical rough355 nm laser beam was split into two equal-intensity beams,
ness of the reported superhydrophobic graphene film usually
which were guided to interfere right on the surface of a GO
comprises irregularly stacked multilayer graphene nanosheets
film. The inset of Figure 1 shows the laser intensity distribution
and the folding of graphene wrinkles.[28] Currently, it is still

wileyonlinelibrary.com

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Funct. Mater. 2014, 24, 4595–4602

www.afm-journal.de
www.MaterialsViews.com

2.2. Tunable Periods of Graphene Microstructures
Taking advantage of TBLI technique, the periodicity of the
grating could be precisely controlled by changing the angle of
two laser beams, as shown in the following
equation:
Λ=

λF
2sin (θ /2)

(1)

where Λ is the period, λF is the laser wavelength and θ is the angle between two beams.
Figure 2a–h shows the SEM images of GO
films with different periods fabricated by
once TBLI. It could be clearly identified from
the images that 1D grating-like structure
formed on graphene films after TBLI treatment. By changing the angle between two
laser beams, structured graphene films with
periods in the range from 4 to 1 μm have
been readily fabricated. Figure 2h shows
the comparison between the as-formed
morphology and the LID. Obviously, in the
region of high laser intensity, GO sheets have
been partially ablated, whereas in the low
intensity region, RGO survived and turnup
graphene fragments formed on the top of
the grating. Interestingly, additional layered
nanostructures formed between the highest
and the lowest laser intensity region, this
could be attributed to the laser cutting effect
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which makes edges of the interlayer RGO sheets expose to
the surface. It is noteworthy that the formation of microscale
grating-like structures together with the turnup graphene nanofragments and nano-layer structures significantly increase the
surface roughness, and therefore contribute to the superhydrophobicity. According to our experiments, the suitable laser
power for the fabrication of hydrophobic graphene film is
0.2–0.4 W (before beam splitting). Further increase of the laser
power would result in the ablation of more GO sheets, which
decreases the surface roughness on the contrary; whereas the
decrease of the laser power would lead to unobvious structures.
In this work, all of the processing has been carried out under
a moderate laser power of 0.4 W. Additionally, low magnified
SEM image shows that the grating-like microstructures of the
as-fabricated graphene film is very uniform over large area
(Supporting Information, Figure S1). For comparison, the SEM
image of pristine GO film reveals that the surface before TBLI
treatment is very smooth (Supporting information, Figure S2),
which indicates that TBLI is an effect processing technique for
making periodic microstructures.
To quantificationally investigate the anisotropic superhydrophobicity of the microstructured graphene films with different
periods, static water contact angle (CA) measurement has been
carried out both along the grating direction and from the vertical direction. As shown in Figure 3, all of the microstructured
graphene films show anisotropic hydrophobicity, generally
with a CA value in the range of 120–153°. Considering the fact
that the CA of the pristine GO film with a flat surface is only
70° (Figure S2, Supporting Information), the TBLI treatment
induced micronanostructures are considered to be an essential
factor to gain the hydrophobicity. Here, the period also plays
a very important role, when the period was tuned from 1 to
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(LID) in the laser interference region. Generally, the intensity
is constant along one direction, whereas the LID appears sinusoidal along its vertical direction. The highest intensity is calculated to be four times of each laser beam, and the minimum
value is zero. When the GO film was exposed to the interfered
laser beams, the surface morphology would be expected to be
defined in a similar distribution due to the laser induced ablation and reduction effect, which means, in addition to the
removal of OCGs, the GO sheets could be partially ablated in
the region of high laser intensity, and survive in the low intensity region. It is well known that the parallel grooved microstructure would give rise to an obvious anisotropic dewetting
property.[37] To avoid such anisotropy, the GO film could be
rotated by 90° along the surface normal of the substrate, and
additional TBLI treatment could be carried out in the perpendicular direction. As shown in the bottom of Figure 1, the LID
reveals 2D grating structure in the case of dual TBLI; and the
highest laser intensity is calculated to be eight times of each
laser beam. In fact, the LID patterns could be precisely tuned
by applying MBLI (e.g., four-beam laser interference, eightbeam laser interference) or multi-exposure of TBLI (e.g., thrice
exposure of TBLI).[38,39] As proved in our previous work, up to
18-fold symmetry could be readily fabricated based on the negative photoresists.[40] However, in this work, we did not tune the
LID patterns further, since more complex micropatterns would
contribute little to the surface dewettability.

Figure 2. SEM images of TELI treated graphene films with different periods, a) 4 μm, b) 3.5 μm,
c) 3 μm, d) 2.5 μm, e) 2 μm, f) 1.5 μm, g) 1 μm. h) SEM image and the contrastive laser
intensity distribution.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

wileyonlinelibrary.com

4597

www.afm-journal.de

FULL PAPER

www.MaterialsViews.com

OCGs. A water droplet could pin to the graphene surface firmly
even when the surface was turned upside down (Figure S3,
Supporting Information).

2.4. Characterization of Superhydrophobic Graphene Films

Figure 3. Dependence of the CA in both vertical and parallel directions of
the grating structure on the grating periods from 1.0 to 4.0 μm. The insets
are the photographs of a water droplet on superhydrophobic graphene
film with a period of 2.0 μm viewed from vertical and parallel direction.

4 μm, the CA changes with the periods, among which the graphene film with 2 μm period shows the highest CA of ≈153°,
reaching the superhydrophobic level. Additionally, the anisotropy of hydrophobicity is very obvious, the CA value along
the parallel direction (observed from the vertical direction of
grating) is generally 7–10° smaller than that along the vertical
direction. The formation of such anisotropic hydrophobicity
could be attributed to the macroscopic distortion of water drops
which has been widely observed on some periodically grooved
surfaces.[41]

2.3. From Anisotropic to Isotropic Superhydrophobicity
Despite the anisotropic superhydrophobicity shows great potential in water droplet manipulation and microfluidic devices,
refined control over the dewetting property from anisotropy to
isotropy is still highly desired in the consideration of the omnidirectional anti-water applications. In this work, to alter the
structure/superhydrophobicity anisotropy, dual TBLI treatment
with 90° rotation has been implemented to fabricate isotropic
2D grating-like structures on GO films. As shown in Figure 4,
2D micro-pillar arrays with square lattice structures have been
successfully fabricated on the graphene films after dual TBLI
treatment. Since the grooved graphene films with 2 μm period
show the strongest hydrophobicity, we fixed the period at 2 μm
in the case of dual TBLI. The CA of the resultant film measured
from different direction is a constant value of 155°, which is
similar with that of 1D grating-like structure (measured along
the vertical direction). But obviously, it is isotropic. Magnified
SEM images show that the 2D grating, the nano-layered structures on the side of the microgrooves, and the turnup graphene
nano-fragments on the surface of each micro-pillar constitute
the hierarchical roughness, which contributes to the surface
superhydrophobicity (Figure 4c,d). It is worthy pointing out that
the superhydrophobic graphene surfaces exhibit strong water
adhesive property due to the presence of residual hydrophilic
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As mentioned previously, both the surface geometry and the
chemical composition govern the surface dewetting property.
In order to get further insight into the inherent mechanism
of the formation of surface superhydrophobicity on the laser
treated GO films, we investigate the surface topography and
the chemical composition by atomic force microscope (AFM)
and X-ray photoelectron spectroscopy (XPS), respectively.
Figure 5 shows the AFM images of the superhydrophobic graphene films. Notably, after TBLI and dual TBLI treatment, 1D
and 2D grating-like structures could be clearly identified from
the images, respectively. Interestingly, the patterns shown
in the AFM image (Figure 5a,d) are quite similar with the
LID patterns shown in Figure 1, and so do the SEM images
(Figure 2, 4). In this regards, the formation of the periodically
distributed sunken grooves is very obvious, it is due to the laser
induced ablation and reduction of GO. Height profile along the
white line of Figure 5a shows that the period is 2 μm, and the
height of the structure is ≈500 nm (Figure 5b). 3D transformed
AFM images of 1D and 2D grating-like patterns reveal a visual
observation of the surface topography.
In addition to the surface geometry, we also investigate the
surface chemical composition of our GO films before and after
TBLI treatments. Figure 6 shows the C1s XPS spectra of pristine GO, TBLI treated RGO film and dual TBLI treated RGO
films. The C1s peak could be simply deconvoluted into three
peaks at 284.8, 286.9, and 288.8 eV, which could be attributed
to C–C (nonoxygenated ring carbon), C–O (hydroxyl and epoxy
carbon), and C = O (carbonyl), respectively. Notably, the content
of oxygen atoms in pristine GO is as high as 31.5%, and the
C/O atom ratio is only 2.2 (Figure 6d). After TBLI treatment,

Figure 4. a) SEM images of superhydrophobic graphene film with 2D
grating-like structures. The period is 2.0 μm. b) Photograph of a water
droplet on its surface, the CA is measured to be ≈155°. c,d) Magnified
SEM images of 2D grating-like structures.
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indicates that GO sheets have been effectively
reduced to RGO during the TBLI induced
ablation. It is noteworthy that the removal of
hydrophilic OCGs would significantly reduce
the surface energy, and thus contribute
to the surface superhydrophobicity. Dual
TBLI treatment would further decrease the
oxygen content, as shown in Figure 6c. The
oxygen content further decreased to 5.5%,
and the C/O atom ratio increased to as high
as 17.1, exhibiting a much higher reduction
degree. Surface energies for both TBLI and
dual TBLI treated graphene surfaces have
been estimated according to Young’s equation. Despite a simplified structure model
has been used for the calculation, in which
nanostructures have not been taken into
account, the calculated results confirm that
dual TBLI treatment would further decrease
the surface energy, in good agreement with
the XPS results (for calculation details, see
Supporting Information).
To evaluate the structural change before
and after TBLI, Raman spectra of GO and
TBLI treated RGO films have been collected. As shown in Figure S4 (Supporting
Information), the samples display two broad
−1
Figure 5. a–c) AFM image of superhydrophobic graphene films with 1D grating-like structures picks at 1354 and 1599 cm , corresponding
fabricated by TBLI. b) Height profile of the surface along the white line in (a). d,e) AFM image to D and G band, respectively. Generally, the
of superhydrophobic graphene films with 2D grating-like structures fabricated by dual TBLI
G band peak is attributed to an E2g mode
treatment with 90° rotation.
of graphite associated with the vibration of
sp2 bonded carbon atoms, whereas the D
band peak is related to the vibrations of carbon atoms with
the C–O and C = O peaks decreased significantly (Figure 6b),
dangling bonds in plane terminations of disordered graphite.
indicting the removal of OCGs on the GO sheets. According
After TBLI treatment, D and G band peaks show neglectable
to the XPS results, the oxygen content of the TBLI treated grachanges. Since the laser intensity in the interfered region is
phene film decreased to 9.0%, and the C/O atom ratio increased
periodically distributed, we collect the Raman spectra alone
to 10.2 accordingly. The significantly reduced oxygen contents

Figure 6. C1s XPS spectra of pristine a) GO and RGO films prepared by b) TBLI and c) dual TBLI treatment with 90° rotation. d) C/O atom ratios and
the atom contents (C, O) of GO, and RGO films prepared by TBLI and dual TBLI treatment with 90° rotation.
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Figure 7. I–V curves of RGO films with 1D and 2D grating-like structures
measured on both vertical and parallel directions. The insets are schematic illustrations of the I–V measurements.

the red line (Figure 7b,c). It could be clearly observed from
the Raman maps that the D/G intensity ratios almost keep
the same value. Theoretically, the removal of oxygen defects
(OCGs) would render a much higher content of sp2 carbon,
represented by a significantly increased G band peak. However, in the case of TBLI, the laser cutting induced ablation
would bring abundant new defects on the edges of graphene
sheets, which leads to the increase of D band peak. As a result
of both “reduction” and “cutting” effects, the spectra show
nonobvious changes.

2.5. Electrical and Optical Performance
Since the XPS spectra indicate that GO film have been effectively reduced after TBLI treatment, we also measure the electrical characteristics of the RGO films. In our work, the I–V
curves have been measured both along and against the 1D
grating-like structure. As shown in Figure 7, as compared with
GO which is isolating, the TBLI treated RGO film become conductive after laser reduction, the significant increase in conductivity could be attributed to the effective removal of the OCGs.
However, considering the fact that TBLI treatment would cut
RGO sheets into small pieces, and the some oxygen groups
would survive in the low-laser-intensity region (Figure 1), the
cutting effect together with the residual oxygen groups would
decrease the conductivity to some extent. In this regards, the
anisotropism in conductivity is very obvious. Resistance along
the parallel direction (curve 2) of the grating is much smaller
than that along the vertical direction (curve 1). This could be
explained by the difference in reduction degree of the patterned
RGO films, which is dominated by the LID (inset of Figure 1). In
this regards, the bottom of the groove (cutted region, Figure 2h)
is considered to be reduced more thoroughly, giving rise to
much higher conductivity along the groove direction; whereas
the survived region (Figure 2h) contains more OCGs residuals,
leading to relative poor conductivity. This anisotropic conductivity could be effectively avoided by dual TBLI treatment with
90° rotation. After applying another TBLI treatment along the
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Figure 8. a) Optical images of graphene film with 1D grating-like structures, the period is 2.0 μm. b) Optical images of graphene film with 2D
grating-like structures, the period is 2.0 μm. c,d) Diffraction spots fired by
laser with wavelength of 405 nm on the RGO film with 1D and 2D gratinglike structures. e) Structural color of the RGO films with 2D grating-like
structures. The rose patterns are derived from pristine photographs the
graphene film viewed from different angle by computer design.

vertical direction, RGO films with square lattice structures
have been created, and the I–V curves along the two directions
(curves 3 and 4) confirm the isotropic conductivity.
Due to the scattering and diffraction of the grating-like
structures, our superhydrophobic graphene films also exhibit
unique optical characteristics. It could be clearly observed from
the optical microscopic images that TBLI/dual TBLI treated
graphene films show continuous and uniform 1D/2D gratinglike structure in a large area (Figure 8a,b). Interestingly, when
a 455 nm excitation light irradiates on the graphene films, uniform transmission diffraction spot could be clearly observed
on the received screen (Figure 8c,d), indicating the uniform
grating structures of the TBLI/dual TBLI treated graphene
films. Additionally, when a beam of white light source irradiates on the graphene films, brilliant structural color could be
clearly observed by naked eyes through a reflected mode. The
iridescence could be attributed to the diffraction of the grating
structures, expressed as the following equation:
mλ = d ( sin θ D − sin θ I )
where m is the diffraction order, d is the period of the grating,
and θD and θI are the diffraction and incident angles, respectively. By changing the viewing angle, light of a different wavelength diffracted, and beautiful colors separated ranging from
purple to red could be observed due to the chromatic dispersion. We recorded such a structure color with a camera, filled
them in a “Rose” template, as shown in Figure 8e.
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Inspired from butterfly wings, periodically structured graphene
films that feature superhydrophobicity and brilliant structural color have been successfully fabricated with the help of
laser holography technique. TBLI and dual TBLI treatments
of GO films gave rise to the formation of hierarchical roughness including microscale grating-like structres, graphene
nanolayers and turnup graphene nano-fragments on the graphene surface due to the laser induced ablation and reduction
effect. Besides, the laser treatments of GO also lead to drastic
removal of hydrophilic oxygen groups on the GO sheets, which
is confirmed by the results of C1s XPS. The micro-nanostructuring and the reduction of GO contributes to the tailoring of
the geometrical microstructure and the tuning of the chemical
composition of the graphene surface, respectively, giving rise
to unique superhydrophobic properties that mimic butterfly
wings. To avoid the anisotropy of superhydrophobicity in the
case of 1D grooved structures, dual TBLI treatment with 90°
rotation has been performed, graphene films with 2D gratinglike structures show isotropic superhydrophobicity and electric
property. Moreover, due to the presence of periodically distributed microstuctures, the superhydrophobic graphene films also
exhibit transmission diffraction property and brilliant iridescence, which could be directly observed by naked eyes. Taking
advantage of these unique optical properties, it is reasonable to
assume that novel optoelectronic devices, such as organic light
emitting diodes (OLEDs) and organic solar cells (OSCs), would
be developed based on the TBLI treated graphene films. Additionally, since graphene and graphene oxides have proved to be
biocompatible scaffolds for human mesenchymal stem cells
(hMSCs),[42] the micro-nanostructured graphene surface with
tunable dewetting property may hold great potential in tissue
engineering. We anticipate that the bioinspired graphene films
would find broad application in various scientific fields, maybe
beyond we can expect.

Supporting Information is available from the Wiley Online Library or
from the author.
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