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d design of underwater
superoleophobic microcone arrays by sucrose
solution assisted femtosecond laser irradiation for
multifunctional liquid manipulation†

Guoqiang Li,a Yang Lu,b Peichao Wu,a Zhen Zhang,a Jiawen Li,*a Wulin Zhu,a

Yanlei Hu,a Dong Wu*a and Jiaru Chua

The preparation of superhydrophilic/superoleophilic/underwater superoleophobic surfaces is inspired by

natural surfaces such as fish scales possessing hierarchical micro/nanostructures. In this paper, we report

the assembly of self-organized hierarchical microcone arrays on a nickel surface by sucrose solution-

assisted femtosecond laser irradiation. The processed surface is superhydrophilic (13.47�–4.01�),
superoleophilic (7.45�–3.73�), and underwater superoleophobic (135.22�–166.16�) which are comparable to

those of fish scales. The wettabilities of the processed surfaces are tunable by adjusting the mass ratio of

sucrose to water and pulse energy to control the height (1.62–10.34 mm) and size (2.1–2.81 mm) of the

microcones. Multifunctional liquid manipulation such as microdroplet transferring, static and dynamic

storage, liquid transportation and mixing is demonstrated. Our proposed method features rapidness,

simplicity and ease of large-area fabrication, which may find broader applications in many fields such as

microfluidic devices, fluidmicroreactors, biomedicine, biomedical scaffolds, and chemical–biological sensors.
1. Introduction

Aer billions of years of evolution, shes have developed perfect
underwater superoleophobic ability, which makes their bodies
well protected from oil contamination in aqueous environ-
ments, exhibiting appealing properties such as self-cleaning
and anti-fouling.1–3 It is reported that sh scales consist of
superhydrophilic micropapillae covered with nanostructures,
exhibiting superhydrophilicity in air.1,4 Hence, water can be
trapped in the hierarchical micro/nanostructure to form an oil-
repellent layer, leading to underwater superoleophobicity and
ultralow oil-adhesion.1,4 Inspired by sh scales, many kinds of
underwater superoleophobic and low-adhesive interfaces have
been fabricated with diverse technologies to boost their appli-
cations in self-cleaning coatings, uidic devices, oil/water
separation, bioadhesion, oil-droplet manipulation and so on.
For example, conventional top-down microfabrication
methods,5–8 consisting of etching,6 lithography,7 and anodiza-
tion,8 have been widely used in underwater superoleophobic
surface fabrication due to their simplicity and cheapness.
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However, these methods have many drawbacks such as the
fabricated surfaces being fragile, or processes needing a long
molding cycle, and even formation of residual solutions which
will pollute the environment. On the other hand, bottom-up
methods5,9–15 including electro/spray/vapor/deposition,9,10

hydrothermal methods,11 sol–gel processes,12 dip coating,13 self-
assembly,14 and template methods15 are also used for fabri-
cating underwater superoleophobic surfaces due to their
cheapness. Nevertheless, these methods need complex multi-
step manipulation. Therefore, new routes to effectively and
economically produce such functional surfaces with large area
are still highly desirable.

Laser processing has emerged as an innovative method to
prepare special surface micro/nanostructures overcoming the
disadvantages of traditional methods.4,5,16–18 It is a one-step and
fast method without the need for a mask or a harsh environ-
ment.5 In addition, the surface structures, even complex 3D
structures can be controlled by modulating the processing
parameters.17 For example, Chen et al.16,18 have put forward an
effective method for preparing underwater superoleophobic
surfaces by femtosecond laser microfabrication on Ti materials.
As a kind of important ferromagnetic metal, nickel shows
outstanding optical, catalytic, electrical, and superior resistant
characteristics to corrosion, whichmakes it widely applicable in
electronic devices,19 nickel-batteries,20 alloys,21 and chemical
catalysts.22 However, studies on the present fabrication on
nickel materials using femtosecond laser microfabrication and
J. Mater. Chem. A, 2015, 3, 18675–18683 | 18675
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underwater superoleophobicity are still few. Therefore, it is of
great interest to produce underwater superoleophobic surfaces
on nickel substrates, and study their functions and potential
applications.

Here, we demonstrate a facile and rapid method to fabricate
large-area microcone arrays by one-step femtosecond laser
irradiation on nickel targets in sucrose solutions. The prepared
surfaces are superhydrophilic in air and superoleophobic in
water. It is indicated that the height and size are tunable by
controlling the ratio of sucrose to water in solution and the laser
pulse energy, leading to controllable wettabilities for water and
oil. Furthermore, these processed surfaces covered with
microcone arrays exhibit multiple functions, which can be used
in microuidic devices, uid microreactors, biomedicine,
biomedical scaffolds, and chemical and biological sensors.

2. Experimental section
2.1. Materials

Nickel sheets with a purity of 99.99% were purchased from New
Metal Material Tech. Co., Ltd, Beijing, China. The oil used in our
experiment is 1,2-dichloroethane, and its chemical formula is
C2H4Cl2. Sucrose (chemical formula is C12H22O11 and the relative
molecular mass is 342.3), milk (the color is white) and red ink are
purchased from a supermarket. The sucrose solution is prepared
by dissolving a certain mass of sucrose in 100 g distilled water,
and the mass ratio ranges from 10 : 100 to 70 : 100.

2.2. Structuring nickel surface

A regenerative amplied Ti:sapphire femtosecond laser system
(Legend Elite-1K-HE, Coherent, America) that generates 104 fs
pulses at a repetition rate of 1 kHz with a central wavelength of
800 nm is employed for irradiation. The focused spot at the
nickel surface through the sucrose solution layer is about 30
mm. To structure the nickel surface, the incident laser pulse
energies are set from 0.10 to 0.20 mJ per pulse, the scanning
speed is 1 mm s�1, and the step size between the adjacent
scanning lines is 50 mm.

2.3. Characterization of the structured nickel surface

Aer laser processing, the structural properties of the samples
are observed by using a scanning electron microscope (SEM,
JSM-6700F, JEOL, Tokyo, Japan). The surface structures are
studied by X-ray diffraction spectra measurements. The contact
angles of 5 ml water or oil droplet and the sliding angles of the
oil droplet underwater are measured by using a contact-angle
system (CA100D, Innuo, China). The average values are
obtained by measuring ve drops at different locations on the
same surface.

3. Results and discussion
3.1. One-step formation of superhydrophilic and underwater
superoleophobic microcone arrays

Fig. 1(a) shows that the nickel surface irradiated in the sucrose
solution with a mass ratio of 55 : 100 for sucrose and water and
18676 | J. Mater. Chem. A, 2015, 3, 18675–18683
a laser pulse of 0.19 mJ displays a gray color. It is found that the
water rapidly spreads out once it contacts with the structured
surface. The measured contact angle is less than 5�, exhibiting
superhydrophilicity.1,4 Furthermore, the oil droplet can spread
out much faster than water and forms a smaller contact angle
due to the smaller surface tension of oil than that of water,
displaying superoleophilicity in air.1,4 In contrast, the processed
nickel surface shows underwater superoleophobicity with an oil
contact angle of nearly 170�.1,4

Previously, we have reported the assembly of self-organized
3-dimensional porous nickel micro/nanocage arrays by ethanol-
assisted femtosecond laser irradiation.17 In direct contrast to
the irradiation in sucrose solution, the processed nickel
surfaces show a black color, and the surface is hydrophobic and
oleophilic in air [Fig. 1(d)]. The formation of the hydrophobic
and oleophilic surface is related to the laser induced surface
rough porous micro/nanocage structures [Fig. 1(e)] and the
chemical composition. The XRD analysis veried NiO was
formed aer the ethanol-assisted femtosecond laser irradiation
[Fig. 1(f)],23 and the chemical formula can be described as

Ni + C2H5OH / NiO (1)

The micro/nanostructures formed in the two liquids are very
different [Fig. S1, ESI†]. In sucrose solution, hierarchical cone
arrays with a size (here, we dene the size of the cone as the
cone bottom radius, which is labeled as “R” in gures) of 3 mm
covered by 10–30 nm nanovillus structures are induced
[Fig. 1(b)]. In addition, it is almost difficult to see the ame and
there appear only a few bubbles during the course of irradia-
tion. The processing in sucrose solution is peaceful. These
distinct features promote the formation of hierarchical cone
arrays. The nickel with a clean surface is initially hydrophilic. In
addition, the XRD study shows that there is no chemical change
on the irradiated nickel,23 so the produced pure nickel rough-
ness enhances the hydrophilicity in air [Fig. S2, ESI†].

3.2. Precisely controlling the growth of the cone by adjusting
the mass ratio of the sucrose solution and the laser pulse
energy

From the aspect of practical application, it is acceptable to
fabricate the controllable structures via a simple parameter.
According to the experimental observation, it is found that two
critical parameters, namely the mass ratio of sucrose to water
in the solution and laser pulse energy should be carefully
controlled. In experiments, four typical mass ratios ranging
from 10 : 100 to 55 : 100 with pulse energies ranging from 0.10
to 0.19 mJ were examined [Fig. S3 and S4, ESI†]. It is easily seen
that the mass ratio of the solutions greatly affected the cone
topography. With the increasing mass ratio, the refractive
index and viscosity of the solution can be sharply increased,
leading to the stronger penetration into the nickel sheet, which
plays an obvious role in the growth of the height and size. For
example, when the mass ratio is increased from 10 : 100 to
55 : 100, the height and the size can increase from 1.62 to 8.02
mm and 2.1 to 2.63 mm at a pulse energy of 0.10 mJ, respectively.
In addition, the laser pulse energy was also used to control
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 The preparation of microcones by sucrose solution-assisted femtosecond laser irradiation. (a) The nickel prepared in sucrose solution
displays gray color and the surface shows ultralowwater CA 4� and underwater oil CA 166�. (b) The SEM images of themorphology of the surface
structures prepared in sucrose solution. It is indicated that the structures formed in sucrose solution are hierarchical microcones with 3 mm size
and 10.5 mm height. (c) The XRD analysis shows that no chemical changes happen in sucrose solution. (d) The surface processed in ethanol
exhibits black color, and it is hydrophobic with water CA 142� and underwater oil CA 3.7�. (e) SEM results indicate that the structures formed in
ethanol are porous micro/nanocages with 1.6 mm size and 6.5 mm height. (f) The XRD results show that NiO is generated in ethanol.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
5 

A
ug

us
t 2

01
5.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

Sc
ie

nc
e 

an
d 

T
ec

hn
ol

og
y 

of
 C

hi
na

 o
n 

06
/0

3/
20

17
 0

8:
02

:1
0.

 
View Article Online
cones. As the pulse energy increases, the cones become larger
due to the stronger interaction of laser with nickel surfaces.
Taking a mass ratio of 10 : 100 for example, at a low pulse
energy of 0.10 mJ, the laser can only induce a small cone with a
height of 2.14 mm and a size of 2.31 mm. With the increase of
pulse energy, the laser-induced plasma is further expanded to
produce a stronger shock wave, higher temperature and higher
pressure at the interface, so higher and larger cones are
produced.17 By carefully modulating these two parameters, a
series of representative microcone arrays are prepared [Fig. 2].
It is noteworthy that the growth rate of the cone height caused
by the mass ratio is faster than that of the pulse energy. The
possible reasons for the growth of the cones are the higher
boiling point and higher viscosity of the sucrose solutions with
greater mass ratio.

The laser induced cone arrays are schematically illustrated
in Fig. 3(a), and the height and size for a single cone can be
standardized as in Fig. 3(b). In order to further investigate the
inuence of the mass ratio and pulse energy on the growth of
the cones, the heights and the sizes as a function of pulse
energy under different mass ratios are indicated in the
This journal is © The Royal Society of Chemistry 2015
histogram statistics [Fig. 3(c) and (d)], respectively. The statis-
tical results demonstrated that the height and the size can be
effectively modulated in the ranges of 2.1–2.81 mm and 1.6–
10.34 mm, respectively. Compared with other methods reported
before, our proposed method featured simplicity and
exibility.
3.3. The wettabilities of the microcone arrays

The water contact angle of the at nickel surface in our exper-
iment is qWA ¼ 58.26� [Fig. S5(a), ESI†], showing intrinsically
weak hydrophilicity in air. As mentioned above, its wetting
property can be tuned to be more hydrophilic and even super-
hydrophilic by the laser-induced rough hierarchical micro/
nanostructures.1,3 The roughness factor of the structures in our
case can be dened as the ratio of the actual apparent surface
area to geometric projected area,24 and the expression is shown
as

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

�
H

R

�2
s

(2)
J. Mater. Chem. A, 2015, 3, 18675–18683 | 18677
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Fig. 2 45� tilted SEM images of the samples by femtosecond laser irradiation in sucrose solution with different mass ratios and laser pulse
energies. The insets show themagnified SEM images for microcones, and the bar is 2 mm. These results indicate that the size and the height of the
laser induced microcones can be tuned from 2.1 to 2.81 mm and from 1.62 to 10.34 mm, respectively, by adjusting the mass ratio of the sucrose
solution and the laser pulse energy. In addition, all the microcones are distributed into periodical arrays. From the magnified SEM images, it is
observed that the microcones are covered by microvilli. These hierarchical multi-level microstructures can further enhance their wetting
properties.
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The roughness factor based on the data in Fig. 3(c) and (d) is
calculated [Fig. 4(a)].17 It is indicated that the roughness factor
increased with the increasing microcone height and size. In
addition, the nanoscale structures on the microcone also
increase the supercial area of micro/nanocages, which further
enhances the roughness factor. By introducing the roughness,
the water contact angle of the nickel surface is modied to less
than 14� [Fig. 4(b)]. Due to the hydrophilicity, the water can
completely contact the rough surface, as shown in the sche-
matic diagram of Fig. 4(b). The contact model for this case is
described by the Wenzel model25,26 as follows

cos q0WA ¼ r cos qWA (3)

where q0WA and qWA are the water contact angle on the struc-
tured surface and at surface, respectively. According to Wen-
zel's model, the hydrophilic surfaces will be more hydrophilic
with the increase of roughness. In addition, it can be observed
that most surfaces are modied to be superhydrophilic with a
contact angle less than 10�, and the minimum value is as small
as 4�. On the other hand, the contact angle for oil on at nickel
is qOA ¼ 26.04� [Fig. S5(b), ESI†], but all the contact angles on
18678 | J. Mater. Chem. A, 2015, 3, 18675–18683
rough ones are below 7.5� [Fig. 4(c)], much less than that of
water, demonstrating superoleophilicity. This is because of the
lower surface tension of oil than that of water, which enables
the oil droplet to be more easily spread on the rough nickel
surface. Similarly, the oil contact angle is decreased with the
increasing roughness, and the minimum value reached 3.5�.

It is indicated that the hydrophilic at nickel surface is tuned
to be an oleophobic one when it is immersed in water. Deduced
from Young's equation,1,27 the oil contact angle can be
described as the following equation:1,27–30

cos qOW ¼ gOA cos qOA � gWA cos qWA

gOW

(4)

where qOW is the contact angle of oil on a at surface in water.
gOW, gOA, and gWA are the surface tensions of the oil/water, oil/
air, and water/air interfaces. For 1,2-dichloroethane, the surface
tension with air and water are 24.15 and 28.1 mN m�1,
respectively.1 The water surface tension is 73 mN m�1 at room
temperature. Calculated from eqn (4), the oil contact angle on
the at nickel surface in water is 126.47�, which is in good
agreement with the measured value of 124.13� [Fig. S5(c),
ESI†].
This journal is © The Royal Society of Chemistry 2015
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Fig. 3 (a) Schematic diagram for the prepared microcone arrays. The microcone consists of the standard cone and the ambient villus nano-
structures, which endows the microcones with hierarchical structures. (b) The schematic diagram of a single magnified microcone. The height
(H) and the size (R) of the microcone are marked in the figure. (c and d) The statistical height and size of the microcones, which are obtained by
calculating the average value. At each given mass ratio of the sucrose solution, the height and the size become bigger with the increasing pulse
energy, but the growth rates are lower. In addition, at a given pulse energy, the growth rate of the height is larger than that of the size.
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In Fig. 4(d), it is found that the underwater oleophobic at
nickel surface is tuned to be more oleophobic (135.22� < qOW <
150�) and even superoleophobic (qOW > 150�) by introducing the
microcones. When the nickel is immersed in water, the pro-
cessed area can be entirely wetted by water due to the super-
hydrophilicity.1 The water molecules can be trapped in the
micro/nanostructures when the oil drop comes into contact
with the processed surface, developing a composite water/solid
interface. For the incompatibility, the trapped water acts as an
insulation layer to prevent the oil droplet from permeating into
the micro/nanostructures. In this case, the oil droplet can only
contact the top of the inducedmicro/nanostructures, displaying
oleophobic or superoleophobic surfaces in water.1 The state of
the oil droplet can be described by the Cassie model,1,27,31,32 and
the contact angle can be expressed as

cos q0OW ¼ f cos qOW + f � 1 (5)

where q0OW is the contact angle of oil on the rough surface in
water. f is the area fraction of the solid, which is dened as the
ratio of the actual contact area by the oil droplet to the whole
area of the cone. Although the exact value of f is not readily
available, it can be theoretically deduced from eqn (5), as shown
in Fig. 4(e). In our study, the area fraction f is below 0.66, and
the value decreases when the roughness increases. According to
eqn (5), for a rough nickel surface, the contact angle for
underwater oil droplet is increased with decreasing area
fraction.
This journal is © The Royal Society of Chemistry 2015
It is observed from Fig. 4(d) that the measured contact angles
on some surfaces with smaller roughness are below 150�.
According to the reported studies, these structured surfaces are
in metastable Wenzel/Cassie hybrid states33,34 as shown in the
schematic diagram of Fig. 4(f1). It is stated that some part of the
oil droplet can homogeneously wet the rough surface, while the
other part shows heterogeneous wetting, which can be more
clearly observed from the magnied illustration in Fig. 4(f2).
When the contact angle is above 150�, the contact is the Cassie
model. In this case, the state represents a non-wet-contact
mode, where the oil contacts the upper end of the microcones,
leaving the lower end immersed in water, as shown in Fig. 4(f3).
Especially, as indicated in Fig. 4(f4), when the area fraction f is
about 0.066, the contact angle can nearly reach 170�, in which
the oil droplet only contacts the peak of the cones, demon-
strating extreme underwater superoleophobicity.

Based on the above discussion, our prepared microcone
arrays have the key properties of superhydrophilicity, super-
oleophilicity and underwater superoleophobicity, which are
very similar to the features of the sh scales. Furthermore, it is
indicated that all these wettabilities can be easily tuned over a
wide range by adjusting the mass ratio and pulse energy.
3.4. The liquid manipulation

3.4.1. Liquid droplet transferring. It is reported that the oil
can easily roll off the sh scales, keeping the sh body clean in
contaminated water. The structured nickel surfaces have
J. Mater. Chem. A, 2015, 3, 18675–18683 | 18679
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Fig. 4 The wettabilities of the laser induced microcone arrays. (a) The calculated roughness factor for the microcone arrays. The insets are the
model of the microcone and the calculation formula. The roughness factor is defined as the ratio of the actual apparent surface area (S1, the
sector) to the geometric area (S2, the circular). The roughness factors increased with the increasing mass ratio and pulse energy. (b and c) The
water and oil contact angles. The processed surfaces are superhydrophilic and superoleophilic and the contact models are the Wenzel state. All
contact angles decreased with the increasing roughness factor. (d) The surfaces are underwater superoleophobic and the oil contact angles
increased with the increasing roughness factor. (e) The calculated area fraction which is defined as the ratio of actual contact area (S3) by the oil
droplet to the whole area of the cone (S4). It is demonstrated that the area fractions decreased with the increasing roughness factor. (f) The
detailed contact model for underwater oil. When the contact angle is smaller, the contact model is metastable Wenzel/Cassie hybrid states.
However, if the contact angle is larger, the contact model is the Cassie state.
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similar self-cleaning effects to shes, which can be veried by
measuring the oil sliding angle (SA) [Fig. 5(a)].35,36 We found
that the surfaces with different roughnesses showed different
oil adhesions and SAs. The adhesion difference is ascribed to
the distinct contact models. In the metastable state [Fig. 4f1 and
f2],33,34 the oil droplet partially wets the microcones and the oil
sliding angle is higher than 9�. According to our previous
discussion, the metastable states should appear in the region
where the CAOW # 150�, marked above the dashed line in
Fig. 5(a). In contrast, below the dashed line, the contact modes
belong to Cassie's state.1,27 The oil droplet can slide on the
18680 | J. Mater. Chem. A, 2015, 3, 18675–18683
surface at a smaller sliding angle with lower adhesion. Espe-
cially, at a CAOW nearly 170�, there is hardly any contact space
between the oil droplet and the rough structures, so that the
adhesion is extremely low and the oil droplet easily rolls off with
the surface slightly tilted at only 2�. This study indicates the
adhesion force can be controllably tuned from the metastable
state with high adhesion to the Cassie state with ultralow
adhesion.

The sliding behaviors of three structured surfaces named
“A”, “B”, and “C” are studied in detail [Fig. 5(b)]. Fig. 5(b) shows
the time sequences of snapshots of a 5 ml oil droplet rolling on
This journal is © The Royal Society of Chemistry 2015
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Fig. 5 The adhesion contrast and the underwater oil transferring experiment. (a) The sliding angle of the underwater oil. It is indicated that the
SAs decreased with the increasingmass ratio and pulse energy. (b) The time sequences of snapshots of oil rolling on the three kinds of structured
surfaces. It can be seen that the oil droplet can roll easily even when the A surface is slightly tilted. The oil droplet only moves a shorter distance
on the B surface than that on A at the same time. While for the C surface, the oil droplet slides with an extremely slow speed even when the
surface is tilted about 9.9�. (c) Dynamical adhesive force behaviors on A, B and C surfaces. During the leaving process, it is found that the contact
areas are different, presenting distinct adhesive behaviors. (d) Process of transferring the oil droplet from the A surface to the C surface via the B
surface. Utilizing the differences of the adhesive force, the structured surfaces can be used as the “mechanical hand” to transfer the oil droplet
from the lower adhesive surface to the higher one.
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the three surfaces. It can be seen that the oil droplet can move
easily when the A surface is only slightly tilted 2.2�, and it rolls
off the entire surface in a very short time [supporting video 1,
ESI†]. On the contrary, the oil can only slide a short distance on
the B surface in the same time, and possesses a SA of 5.1�

[supporting video 2, ESI†]. As for the C surface, the oil droplet
slides with an extremely slow speed even when the surface is
tilted about 9.9� [supporting video 3, ESI†].

Another experiment about their adhesive behavior is con-
ducted by controlling the oil droplet to contact and leave the A,
B, and C surface [Fig. 5(c)].36–38 For the A surface, during the
whole course of contact and leave, the shape of the oil droplet
This journal is © The Royal Society of Chemistry 2015
remains spherical, with almost no changes, showing a very
small adhesive force. In this case, the oil droplet can be trans-
ferred away without any loss. For the B surface, it is found that
the oil droplet is rst elongated to elliptical, and has a certain
contact area with the B surface when it is about to leave. This
phenomenon indicates that the B surface has larger adhesive
force than that of the A surface. It is observed that the oil droplet
is seriously deformed into a long elliptical shape and has a large
contact area when it is pulled from the C surface, revealing
strong adhesion.

These surfaces could be applied in the manipulation of oil
droplets by transferring them from a lower adhesive surface to a
J. Mater. Chem. A, 2015, 3, 18675–18683 | 18681
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higher one, which have key potential applications in biomedical
elds.36,38–40 Fig. 5(d) shows an example of transferring a 5 ml oil
droplet. First, the oil droplet is placed at the low adhesive A
surface. Then, the medium adhesive B surface is used as a
“mechanical hand” to capture the oil droplet and release it onto
the C surface.

3.4.2. Liquid storage. Due to the superhydrophilcity and
superoleophilicity, the as-prepared nickel surfaces can be used
for liquid storage.41,42

Static storage. As shown in Fig. 6(a), milk, red ink, and oil are
dripped onto the processed ring-shaped area with 5 mm
diameter, forming 3 � 3 arrays. It is found that none of the
droplets overow from the designated circular regions, dis-
playing ultrahigh adhesion. In addition, the droplets still rmly
adhere to the surface even if it is tilted at a certain angle for
more than an hour. With this method, a few microliters to
several milliliters and an even larger dosage of various liquids
can be stored at the designated area [Fig. S6, ESI†].

Dynamic storage. In addition to the static storage, the surface
can also serve as a stable storage media for storing the owing
uid. As shown in Fig. 6(b), a 5 ml water droplet can be rst
xed at the central circle. Then the water will ow in all direc-
tions under wobbling. Finally, the water can be captured by the
surrounding arrayed circles. In this way, the owing liquid can
Fig. 6 The liquidmanipulation experiments. (a) The static storage for milk
fixed at the processed areas on the horizontal and oblique surface. (b) Th
central circle, and then it will flow in all directions under wobbling the sam
by the surrounding arrayed circles. (c) The capillary force driving propert
contacts the starting point of the path, and rapidly travels longer than 5
shaped lines consist of an untreated fine line and treated thick lines on bo
along the “Y” shaped lines and finally mix at the bottom of the pattern w

18682 | J. Mater. Chem. A, 2015, 3, 18675–18683
be stored successfully. This novel liquid storage technology may
nd applications in xing reagent in gas liquid reaction in
sensing system, collecting water and fog in hydropenic
environment.

3.4.3. Liquid transportation. Fig. 6(c) shows the trans-
portation dynamics of 5 ml red ink droplet pipetted on the
processed surface [supporting video 4, ESI†]. The track of the
red ink is marked with a red dotted line in each gure. It is
found that the red ink immediately ows along the set path
once it contacts the starting point, and rapidly travels over
50 mm in less than 6 s. It is thought that the extremely strong
driving force is derived from the wicking force due to the
surface superhydrophilicity. This experiment indicates that a
regular nickel surface can be readily transformed to a super-
wicking one, which may nd potential applications in micro-
uidics, lab-on-chip, and so on.43,44

3.4.4. Liquid mixing. Previous discussion indicates that in
water, the untreated nickel is oleophobic, while the treated one
is superoleophobic. By taking advantage of this property, we
have designed a path to form a hollow “Y” shape, as shown in
Fig. 6(d), composed of an untreated ne line and treated thick
lines on both sides. In this way, the ne line can grasp the oil
droplet and control it to move along the setting path, and the
ultralow adhesion force of the processed lines on both sides
, ink and oil. Due to the superhydrophilcity in air, the liquid can be firmly
e dynamic storage for water. The 5 ml water droplet can be fixed at the
ple. Due to the superhydrophilcity, water can be captured and stored

y for red ink. The red ink immediately flows along the set path once it
0 mm in less than 6 s. (d) The mixing function for oil in water. The “Y”
th sides. By gently vibrating the sample, oil droplets “1” and “2” can travel
ithout any loss.

This journal is © The Royal Society of Chemistry 2015
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ensures that the oil droplet moves without loss. As shown in
Fig. 6(d), by gently vibrating the sheet, oil droplets “1” and “2”
can travel along the “Y” shaped line and nally mix together.

4. Conclusion

In summary, inspired by the sh scales, hierarchical microcone
arrays are one-step assembled on a nickel surface by sucrose
solution-assisted femtosecond laser irradiation. The structured
nickel surface is superhydrophilic, superoleophilic, and super-
oleophobic underwater, possessing similar properties to sh
scales. In addition, by tuning the solvent environment and the
pulse energy, the height and the size of the microcones can be
controlled effectively. The controllable microcones endow the
processed nickel surface with multifunctions, such as liquid
transferring, storage, transportation and mixing. The unique
wetting properties of the structured nickel open new applica-
tions in the elds of microuidic devices, uid microreactors,
biomedicine, biomedical scaffolds, and chemical and biological
sensors.
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