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Nanostructured surface possessing ultrahigh adhesion like ‘‘gecko foot’’ or ‘‘rose petal’’ can offer more
opportunities for bionic application. We grow flower-like few-layer graphene on silicon nanocone arrays to
form graphene nanoclusters, showing robust adhesion. Their contact angle (CA) is 1646 with a hysteresis
CA of 1556 and adhesive force for a 5 mL water droplet is about 254 mN that is far larger than present reported
results. We bring experimental evidences that this great adhesion depends on large-area plentiful edges of
graphene nanosheets tuned by conical nanostructure and intrinsic wetting features of graphene. Such new
hierarchical few-layer graphene nanostructure provides a feasible strategy to understand the ultra-adhesive
mechanism of the ‘‘gecko effect’’ or ‘‘rose effect’’ and enhance the wettability of graphene for many practical
applications.

I
n nature, there are two particularly fascinating classes of adhesive phenomena: some plants like roses1,2 can
suspend a water droplet and keep it in a spherical shape on their petals and some animals, like certain species
of gecko3–5 can selectively adhere to vertical surfaces, able to support far more than their body weight. In

particular, the rose effect was once seen as paradoxical because of its coexisted properties of large contact angle
(CA) and affinity to water6. As our related knowledge grows, this phenomenon has aroused great interest, both for
fundamental research in surface wettability and for practical applications. And many procedures have been used
in the ongoing effort to reveal the mechanism underlying this ‘‘rose petal effect.’’2,7–12 Some typical strategies of
explaining for the rose effect include morphological factors2,11 composite micro-nanostructure7,9,10 chemical
defects of hydrophobic surfaces8, and the triple-phase line (the solid-liquid-vapor line of contact)9,13. Although
the mechanism remains unexplained, it is certain that nanostructure plays a key role in this perplexing phenom-
enon. Therefore, to design a nanostructure of some functional nanomaterials that has superior wettability is very
helpful in further revealing and understanding the mechanism.

So far, this rose petal phenomenon has greatly inspired researchers to try to mimic experimentally the natural
phenomenon for an extensive range of applications, such as dry adhesives and no-loss transport of liquid micro-
droplets14–19. Typical among such research, L. Jiang’s group2 has reported preparation of a polystyrene nanotube
layer with high adhesive force and large CA, mimicking gecko’s foot. In addition, other nanomaterials, such as
carbon nanotubes15, ZnO nano pillars16 and MnO nanotubes20 have been used to form surfaces with high water
adhesion and large CA16. Although adhesion force of about 130 mN was obtained using a MnO nanomaterial20,
science is still far from mastering the adhesive force and superhydrophobic surface for practical applications.

Recently, the wettability of graphene film has been widely studied21-29, and its strong hydrophobicity has been
demonstrated in both theory and experiment. Theoretical results using density functional theory30 indicate that
the binding energies between water molecules are larger than the associated adsorption energies on the graphene
surface, explaining why water molecules form clusters on a graphene sheet. Experimental reports show that the
contact angle (CA) of intrinsic graphene is of 127u23. In addition, the higher adhesive property of graphene was
also reported21,22, So the graphene may be a suitable candidate material to simultaneously realize large CA and
ultrahigh adhesion. And some work has been done to study such properties of graphene25,29 by using thermal or
chemical exfoliation of graphite flakes and depositing them on paper by suction filtration. But the morphology of
films prepared this way may be hard to control and the flakes may be unstable for practical applications. A new
method for fabrication of this kind of graphene surface is needed.

Toward this aim, we designed and fabricated a hierarchical structure of flower-like few-layer graphene
nanosheets (GNSs) grown on silicon nanocone arrays (SNAs) to obtain super-wettability. The flower-like
GNSs is synthesized by hot filament chemical vapor deposition, and SNAs are fabricated by maskless plasma
etching. By taking advantage of silicon nanoconical structures, few-layer graphene can be grown on it into fuller-
blooming and better-dispersing nanosheets than can be synthesized on a planar surface. Thus, a dual roughness is
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introduced by this design, which is favorable for enhancing the sur-
face’s wettability into a large CA state with ultrahigh adhesion. In
addition, the effect of chemical modification and morphology tuning
on hydrophobic and adhesive performance are explored. We find
that the hydrophobic performance is similar with CA hysteresis, and
the adhesive and hydrophobic properties can be improved synchro-
nously by optimizing the hierarchical structure. Also, the mechanism
behind such phenomenon is tentatively described. Our results pro-
vide a strategy to understand the ultra-adhesive mechanism of the
‘‘rose effect’’ and enhance the wettability of graphene for many prac-
tical applications.

Results
The hierarchical structures of GNSs combined with SNAs were fab-
ricated by two simple steps schematically illustrated in Figure 1a).
First, the fabrication of SNAs was realized in an Induction Coupling
Plasma system31, as shown in Figure 1b). Geometric features of the
SNAs have an apex diameter in the range 5,10 nm, a base diameter
of ,300 nm, lengths from ,300 to 800 nm, and a tip density of
,83109/cm2. In the second step, the GNSs were synthesized by
hot filament chemical deposition HFCVD. The morphology of the
as-synthesized GNSs on polished silicon and SNAs respectively has
also been characterized by scanning electron microscopy (SEM), as
seen in Figure 1c) and d). It can be seen that the GNSs are uniform
and perpendicular to the surface on both the polished silicon surface
and the SNAs substrate. But, because of large surface area of the
conical structure array, the GNSs grown on SNAs form fuller bloom-
ing structures than those grown on the polished silicon surface. This
nano-textured surface will be fundamentally significant in under-
standing the film surface wetting property. More details of preparing
samples were given in Method Section.

GNSs have been further characterized by transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM). Figure 2a)
show the TEM images of single graphene growth vertically on the

surface of SNAs. The plainly evident upward curling at the edges of
the individual flakes might be due to internal stress in the few-layer
graphene, and these edges make it possible to evaluate the thicknesses
of the sheets.32 An HRTEM image of selected region b of Figure 2a) is
shown in Figure 2b) which shows that the number of layers in the
graphene sheets is less than three. And an HRTEM images of selected
region c of Figure 2a) is shown in Figure 2c), in which highly ordered
lattice fringes can be observed, indicating that the GNSs are well-
crystallized. On the other hand, a TEM image of a perfect flowerlike
GNSs is shown in Figure 2d) which reveals the flowerlike GNSs
consist of a curled graphene nanoconical framework with scattered
few-layer graphene sheets. An HRTEM image of selected region e of
Figure 2d) is edge details of the flowerlike GNSs is shown in
Figure 2e), which make it possible to evaluate the thicknesses of
sheets at the areas indicated by arrows. Statistics of the sheets’ thick-
nesses are shown in Figure 2f), based on examining 57 sections in
several TEM images; this demonstrates that most of the GNSs are less
than 4 nm thick.

The chemical composition and stoichiometry of the synthesized
GNSs were further verified via Raman spectroscopy and electron
energy loss spectroscopy (EELS) shown in Figure 2g) and h), respect-
ively. The most prominent features in the Raman spectra of carbon
materials are the so-called G band appearing at 1582 cm21 and the D
band at about 1350 cm21. Besides, a symmetrical single 2D peak at
around 2701 cm21 is also observed, which stems from the second
order of the zone-boundary phonons and is closely related to the
number of layers in the graphene sheet. This 2D peak is more intense
than the G peak, indicating that the flower-like nanostructure is
indeed highly organized few-layer graphene. The D peak is related
to the disorders and defects of graphene33, and the intensity of the D
peak relative to the G peak (ID/IG) reflects the abundance of defects in
this graphene. The Raman spectrographic results of our sample indi-
cate that the films contain SP2 carbon networks, but the disorder
from defects is high, which is due both to the frequent defects in

Figure 1 | (a) schematic illustration of the fabrication procedure of this hierarchical structure, (b) SEM image of SNAs, (c) SEM image of GNSs grown on

polished surface, (d) SEM image of GNSs grown on SNAs; the inset shows high-magnification SEM image of GNSs grown on SNAs.

www.nature.com/scientificreports
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the graphene film and to the numerous edges. Even so, most of the
carbon atoms are in a highly oriented arrangement. The two main
features of a graphite EELS spectrum in the carbon K-edge region are
a peak at 285 eV that corresponds to transitions from the 1s to the p*
states (1s-p*), and a peak at 291 eV that corresponds to transitions
from the 1s to the s* states (1s-s *)34,35. The EELS spectrum for our
GNSs (Figure 2h)) also exhibited these characteristics. No trace of
impurities is observed in the EELS spectrum. Based on the above
mentioned characterizations, we judged that the GNSs were pre-
pared successfully.

To investigate the wettability properties of as-formed surface char-
acterized by the static CA, dynamic CA and adhesion force, the CA
was measured using a Krüss DSA CA goniometer equipped with a
dispensing needle. All the tests were performed in air at ambient
temperature, and the CA value we report is the average of five mea-
surements on the same sample. The biggest CA of our samples is
about 164u (shown in Figure 3a). From the Equation (2.2.1)36,

cos h~Rf fSL cos h0{1zfSL, ð2:2:1Þ

where h and h0 are the CA and original CA of a water droplet on the
rough surface and flat surface respectively, Rf is the roughness factor,
fSL is the fraction of the solid-liquid contact area. The dual roughness
of the surface is the main factor in enhancing the Rf factor, leading to
large CA. In addition, typical advancing angles (ha)and receding
angles (hr) of as-formed surfaces are obtained by the dynamic sessile
drop method, i.e., inflating and deflating the droplet volume, respect-
ively, as shown in Figure 3c) and d). A prime result shows that ha and
hr values of our sample are 165u and 10u. Thus, the CA hysteresis is
155u. Such high CA hysteresis can be explained by two factors: an
adhesion hysteresis term DW0 and an roughness term Hr, seen in
Equation (2.2.2)9,

cos ha{ cos hr~
DW0

cLV
zHr, ð2:2:2Þ

where ha and hr are the advancing CA and receding CA of a water
droplet on the rough surface. Here, the work of adhesion of isolated
graphene film is considerable, as previous reported,21 which contri-
butes to this high CA hysteresis. Also, the roughness term Hr is
proportional to length of contact edges and density of silicon nano-
cones. It can be expressed by the Equation(2.2.3)9:

Hr! D
P2 , ð2:2:3Þ

where D is the contact length per nanocone and P is the distance
between neighboring nanocones. Here, the flowerlike GNSs provide
numerous contact edges that make D extremely large, and the high
density of SNAs can makes the P parameter very low. As a result, the
high CA hysteresis is reasonable. Considering energy, if the triple-
phase line moves, it must overcome the potential barrier between
metastable states. In this system, several strong forces are at play near
the triple-phase line: the capillary force from nano-gaps among the
GNSs and SNAs, the chemical affinity arising from the graphene
defects revealed in the Raman spectra and the physical adhesion of
numerous graphene edges. All three of these contribute to a high
energy barrier between metastable states, i.e. a robust triple-phase
line.

In addition, the high CA hysteresis value leads directly to the a high
adhesive force7. Figure 3b) shows that a 5 mL water droplet can be
suspended on an upside down surface, and the inset shows the critical
volume of water droplet hanging from the surface is 75 mL. And the
slide angle of a 100 mL water droplet on the verge of motion is about
70u as can be seen in Figure 3f). In this case, the value of the retention
force is equal to the down slope gravitational force of magnitude
Fr5rVgsina37, where V is the drop volume, r is the density of water

Figure 2 | (a) Low-magnification TEM image of single graphene growth vertically on the surface of silicon nanocone. (b), (c), HRTEM images of the areas

marked b, c in panel (a). (d) Low-magnification TEM image of a perfect flowerlike GNSs. (e) HRTEM images of the areas marked e in panel (d). (f)

Statistics of the thickness distribution of GNSs. (g) Raman spectroscopy of GNSs. (h) Typical EELS spectrum of the GNSs.

www.nature.com/scientificreports
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and g is the gravitational acceleration. Thus the Fr value of this kind
surface is about 700–900 mN. Furthermore, the adhesive action was
assessed accurately by a high-sensitivity micro-electromechanical bal-
ance system, and detailed measurement process was given in Method

Section. Figure 3e) displays the force-distance curves recorded before
and after the water droplet contacted the structure with GNS-coated
SNAs. It is observed that the surface has the very high adhesive force
of 254 mN for a 5 mLwater droplet, which was nearly two times higher
than the highest value reported so far20.

We have shown that this GNSs/SNAs surface has unique wettabil-
ity due to two factors: the morphological influence of this hierarch-
ical structure and the material properties of GNSs. However, either
factor independently influences the wettability remains unclear. To
decouple the two effects, the samples were coated by self-assembled
monolayer of 1H, 2H, 2H-Perfluorodecyltriethoxysilane (PFTES) by
gas-phase evaporation in a desiccator under vacuum for several
hours, creating a surface with very low surface energy as reported
earlier38–40. The wettability of these samples was measured and the
results are listed in Table 1. It is notable that, after modified by
PFTES, the wettability state of SNAs surface can be transformed from
superhydrophilicity (CA,10u) to superhydrophobicity (CA5172u)
with low adhesion about 10mN. It is known that a silicon surface
etched by oxygen plasma is hydrophobic due to numerous water
affinitive chemical groups41. When a water droplet contacts the
SNAs surface, it promptly penetrates to the bases of the cones and
spreads out due to capillary action and disjoining pressure, as shown
in Figure 4a). But, after modified with PFTES, the silicon cone’s
surface free energy becomes low and disjoining pressure becomes
weak, making the cone repellent to water while the meniscus of water
between cones becomes convex. Thus, water cannot enter into the
space between silicon nanocones and many air pockets are packed
under water, as seen in Figure 4b), which leads to less solid/water
contact and a discontinuous triple-phase line. Therefore, the water
droplet on the modified SNAs surface has larger CA and easy roll
away at a very small tilt angle, as seen in the inset of Figure 4b).

However, for GNSs/SNAs surfaces, their water wetting process
becomes more complex and different due to an introduction of ver-
tical few-layer graphene nanosheets on the surfaces of silicon cones,
and these graphene nanosheets define rich petal-like nanogaps
between nanosheet-walls. Latest reports point out that the wetting

Figure 4 | Illustration of mechanism: (a) on the SNAs surface, water

penetrates to the bases of the cones and spreads out (the inset is side view,

after water contact); (b) on the SNAs surface modified with PFTES many

air pockets exist between SNAs (the inset shows that a water droplet easily

rolls away at very small tilt angle); (c) on GNSs/SNAs surface water cannot

penetrate into the nano-gaps between the GNSs but does go partway into

spaces between cones (the inset is side view of water CA 164u); (d) on the

GNSs/SNAs surface modified with PFTES water also cannot penetrate into

the nano-gaps between the GNSs, and it cannot go into spaces between

cones as deeply as in unmodified samples (the inset is side view of water CA

155u).

Figure 3 | (a) Shape of a water droplet on the sample’s surface, indicating its large CA of 164u (the inset is side view of 5 mL water droplet). (b) Shape of

water on the sample’s surface when the sample is turned upside down (the inset is the side view of 75 mLwater droplet). (c) Receding angle of water droplet

when withdrawing water. (d) Advancing angle of water droplet when adding water. (e) Force-distance curves recorded before and after 5 mL water droplet

contacted the as-prepared hierarchical structure. (f) Slide angle of a 100 mL water droplet on the verge of motion.

www.nature.com/scientificreports
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behavior of graphene mainly depends on its supporting substrate,
due to graphene’s extreme wetting transparency42. If this supporting
substrate of graphene is air, the graphene is hydrophobic. In our
experiment, few-layer graphene nanosheets stand in the air, and thus
both sides of each nanosheet are hydrophobic. When water contacts
GNSs/SNAs surfaces, it cannot penetrate between the nanosheets,
which leads to a large CA of about 164uas shown in the insets of
Figure 4c). Here, the disjoining pressure effect may be very weak due
to the hydrophobic nanostructures. This deduction is totally in
accord with many previous reports that have directly observed in
experiments that water can be repelled out of hydrophobic nano-
pores and nanocavities43–46. However, water still can partly enter
these spaces between cones due to the affinity of plentiful graphene
edges with high surface free energy, which leads to a high CA hys-
teresis of about 155u and an adhesion force of about 254 mN, as drawn
in Figure 4c). On the other hand, after the nanoclusters are modified
with PFTES, the value of CA is lowered from 164u to 155u as shown in
the insets of Figure d), and accordingly the value of CA hysteresis
changes from 155u to 96uand adhesion force is 104 mN weaker than
that of unmodified GNSs/SNAs surfaces, as listed in table 1. The large
decrease of CA hysteresis and adhesion can be explained by the fact
that surface free energy of graphene edges is much lower after the
graphene is modified with PFTES. In addition, water in contact with
this modified surface cannot penetrate between the nanosheets as
mentioned above, but water penetrates into spaces between cones

less deeply than in unmodified samples due to a hydrophobic
treatment by PFTES coating, as shown in Figure 4d). Thus, the triple
phase line strength is weakened by the decreased CA, and the affinity
of edges is partly suppressed due to lower CA hysteresis and adhesive
force. These findings imply that if plenty of edges can be generated in
nanoscale for water to contact, those edges will increase the overall
adhesion of the larger scale surface. Further, our results above indi-
cate that a great adhesion of 254 mN is closely linked with the gra-
phene edge’s intrinsic properties, and the profuse defects induced by
the abundant edges lead to high local surface energy and make an
outstanding contribution to the graphene nanoclusters’ high adhe-
sion. Therefore, these distinct characteristics of the graphene edge
play an important role in the ultrahigh adhesion of our GNSs/SNAs
nanostructure’s surface.

As discussed above, the hierarchical structure of GNSs/SNAs plays
an important role in the wettability of such a surface. Here, we study
morphology’s effect on wettability. A series of GNSs with different
morphology were synthesized through control of growth time. Their
SEM images are shown in Figure 5a). Corresponding results of wett-
ability tests are presented in Figure 5b), where it can be seen that the
variability of CA is similar to that of CA hysteresis and that these
values are lower for samples with either short growth time or long
growth time. The GNSs’ morphologies with 10–20 min growth time
show the best wettability. This can be explained by the fact that with
increasing growth time the GNSs grow more blooming. Thus, the
surface roughness increases, which makes the CA become gradually
bigger, and the numbers of graphene edges become more, which
makes the triple line longer – i.e. increases CA hysteresis.
However, when the nano-gaps of SNAs are filled little by little the
effective GNSs will shrink to that like grown on a polished silicon
surface. Then, these values deceased to a constant with the longer
growth time. Thus, we determined that the optimal condition for
synthesis of these morphologies was crucial to obtain ultra adhesive
properties with large CA.

Discussion
We designed and fabricated a kind of hierarchical structure with
flower-like GNSs coated on SNCs to mimic successfully the wett-
ability ‘‘rose petal effect’’. This hierarchical structure shows CA larger
than 160u, CA hysteresis of 155u and ultrahigh adhesion to water, at
about 254 mN for a 5 mL water droplet, which is far larger than
previously reported results. By using chemical modification and
morphological modulation, we find that the large CA of flower-like
GNSs on the SNAs are due to the dual roughness of their hierarchical
nanostructures. Further, their ultrahigh adhesion is mainly attribu-
ted to an integrated effect of plentiful nano-edges of GNSs and con-
trollable nanogap between nanoclusters tuned by silicon nanocones.
Among a great quantity of defects induced by these abundant edges
lead to high local surface energy and hence make outstanding con-
tribution to these GNS nanoclusters’ high adhesion. In addition,
unique intrinsic wetting features of graphene surface also play a
positive role in increasing the adhesion of GNSs, which makes the
triple line more robust. Therefore, both large and ultrahigh adhesion
of material surface depends on the nanodetails of surface morpho-
logy and the material’s intrinsic property, and flowerlike GNSs on the
Si nancones possess both factors and hence show robust adhesion
with large CA. Our design widens the practical function of related
graphene nanostructures, and this chemically and mechanically
stable surface might be useful for some devices such as ‘lab on a chip’
that need to hold and shunt around tiny quantities of liquid without
leaking or being contaminated by nearby materials and for micro/
nanofluid handling applications.

Methods
First, the fabrication of SNAs was realized in an Induction Coupling Plasma (ICP)
system (PlasmaLab System 100, Oxford Instruments). SF6 and O2 were utilized as
etching gases, and a cryogenic temperature of 2110uC was maintained during the

Figure 5 | (a) SEM images of GNSs coatings synthesized at 900uC for

different durations, from 5 to 60 min. Insets show optical images of a

millimeter-sized water drop deposited with a syringe on corresponding

surfaces. (b) The variation of CA, advancing CA (CAa), receding CA (CAr)

and CA hysteresis (CAh) of hierarchical structures with GNSs and SNAs

prepared with different growth times.

www.nature.com/scientificreports
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etching process, as we reported elsewhere31. In the second step, the GNSs were
synthesized by hot filament chemical deposition HFCVD. A mixed gas consisting of
4% methane and 96% hydrogen was used at a constant pressure of 20 Torr with a total
gas flow of 100 sccm. This chemical reaction was activated by a tantalum filament
(8 cm in length and 0.5 mm in diameter) positioned at 8 mm above the substrate.
The morphological and structural and chemical bond-state characterization of the
samples obtained were carried out by scanning electron microscopy (SEM) image,
transmission electron microscopy (TEM) images, high resolution transmission
electron microscopy (HRTEM) images (at 200 kV), electron energy loss spectroscopy
(EELS) and Raman spectra. The CA was measured using a Krüss DSA CA goniometer
equipped with a dispensing needle. The sessile droplet was formed by fixing the
needle and approaching the substrate parallel to the needle direction with a very
gentle feed rate of a few micrometers per minute. All the tests were performed in air at
ambient temperature. The adhesive action was assessed accurately by a high-
sensitivity micro-electromechanical balance system. First, the sample surface was
placed on the plate of a balance system, a 5 mLwater droplet was suspended on a metal
ring, and the force of the balance system was initialized to zero. Then, the sample
surface was brought into contact with the droplet while maintaining the balance force
at zero. The surface was moved at a rate of 0.02 mm s21. When the surface left the
water droplet after contact, the balance force increased gradually and reached its
maximum. Finally, the balance force decreased immediately when the surface broke
away from the droplet to finish one cycle of the measurement.
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