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a  b  s  t  r  a  c  t

Precise  transportation  of  liquid  microdroplets  is  a great  challenge  in  the  microfluidic  field.  A sticky  super-
hydrophobic  surface  with  a high  static  contact  angle  (CA)  and  a large  contact  angle  hysteresis  (CAH)  is
recognized  as  the  favorable  tool  to deal  with  the challenging  job.  Some  approaches  have  been proposed
to  fabricate  such  surface,  such  as  mimicing  the  dual-scale  hierarchical  structure  of a natural  material,  like
rose  petal.  However,  the  available  approaches  normally  require  multiple  processing  steps  or are  carried
out with  great  expense.  In this  study,  we  report  a straightforward  and  inexpensive  method  for  fabricat-
ing  the  sticky  superhydrophobic  surfaces.  The fabrication  relies  on electroless  galvanic  deposition  to  coat
the  copper  substrates  with  a textured  layer  of  silver.  The  whole  fabrication  process  is  carried  out  under
ambient  conditions  by  using  conventional  laboratory  materials  and  equipments,  and  generally  take  less
than  15  min.  Despite  the  simplicity  of  this  fabrication  method,  the  rose  petal-like  hierarchical  structures
roplet transportation and  the  corresponding  sticky  superhydrophobic  wetting  properties  were  well  achieved  on the  artificial
surfaces.  For  instance,  the  surface  with  a deposition  time  of  10 s  exhibits  the  superhydrophobity  with
a  CA  of 151.5◦, and  the  effective  stickiness  with  a  CAH  of  56.5◦. The  prepared  sticky  superhydrophobic
surfaces  are  finally  shown  in  the  application  of  droplet  transportation,  in which  the  surface  acts  as  a
mechanical  hand  to grasp  and  transport  the water  droplet.
. Introduction

In the past decade, numerous studies [1–4] have focused on
he design of “slippery” superhydrophobic surfaces by mimick-
ng the dual-scale hierarchical structure of lotus leaves on which
he microscopic epidermal cells (3–11 �m diameter and 7–13 �m
eight) are decorated with the nanoscopic wax crystals (100 nm)
5]. These surfaces have a high static contact angle (CA) ( >150◦)
nd a low contact angle hysteresis (CAH) ( < 10◦). The low CAH
mplies that the surface has low adhesion and friction to water.
onsequently, the water droplets on such surfaces cannot remain
table, but spontaneously roll off. Due to the distinct wettability,
he slippery superhydrophobic surfaces have been used in various
ommercial and industrial fields, including paints, textiles, water
epellence, dirt-removal, oil-water separation and low-friction sur-
aces for fluid flow and energy conservation [6–9]. On the other
and, in the microfluidic field, the researchers usually have the dif-

cultly in conducting the analysis on very small volumes of liquid
amples and transporting the liquid microdroplets over a surface
ithout any loss or contamination. In such circumstances, a “sticky”
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superhydrophobic surface with large CAH (or adhesion) is recog-
nized as the favorable tool to meet the researchers needs [10]. Such
surface has the special properties that the water droplet, which
remains spherical in shape (CA > 150◦), stays pinned to the surface
and does not roll off even if the surface is turned upside down.
Therefore, in the application of droplet transportation, the sticky
superhydrophobic surface can act as a“mechanical hand” to grasp
and transport the droplet [10].

Although the sticky superhydrophobic surface has significant
applications, few attentions have been paid on its fabrication com-
paring with slippery superhydrophobic surface. It is reported [11]
that rose petal is such a surface having a large CAH, as well as high
CA. It also shows the micro- and nanoscale hierarchical structure.
However, its microstructures, formed by micropapillaes (16 �m
diameter and 7 �m height) [11], have a larger pitch value than the
lotus leaf [12]. Inspired from the structures of rose petal, the sticky
superhydrophobic surfaces were achieved artificially with several
approaches, including photolithography followed by thermal evap-
oration [12], photolithography followed by spin-coating [13] and
fluorination of raspberry-like particles [14]. These approaches yield

the surfaces exhibiting superhydrophobicity with large CAH, but
require multiple processing steps. The rose petal-like surfaces have
also been obtained by one-step direct methods, such as femtosec-
ond laser [15], dielectric barrier discharge [16] and electrospinning

dx.doi.org/10.1016/j.apsusc.2016.05.128
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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Fig. 1. Schematic of wetting scenarios. (a) Wenze

17]. However, applying these approaches is still not cost-effective
n many applications.

Electroless galvanic deposition is considered to be a remarkably
traightforward and cost-effective approach to fabricating super-
ydrophobic surfaces [18]. This approach coats a metal substrate
ith a textured layer of a second metal by galvanic deposition.

ubsequent immersion of the coated sample in a surface modifier
overs the textured layer with a low surface free energy mono-
ayer and renders it hydrophobic. The deposition of the coating

etal naturally generates the double roughness structures which
re made up of 0.2–1 �m clusters constructed from smaller agglom-
rated primary particles (50–200 nm). In the study [18], since the
eposition time is long enough, the microscale clusters is observed
o be compact and like lotus leaf more than rose petal. Accordingly,
he prepared sample displays the great slippery superhydrophobic
roperty with CA more than 170◦ and roll-off angle less than 1◦

18]. Due to these advantages, the approach has been applied to
abricate the low-friction surfaces in various applications [19–21].
owever, most of these works only focused on the realization of

uperhydrophobic surfaces. Little is known about the influence of
ifferent dual-scale structures on the surface wettability. In addi-
ion, none of works has been carried out for the fabrication of sticky
uperhydrophobic surfaces with this approach.

In this study, we present a remarkably straightforward method
or fabricating the sticky superhydrophobic surfaces. The fab-
ication relies on electroless galvanic deposition to form the
re-defined structured on metal surfaces, which yield robust sticky
uperhydrophobic property. The whole fabrication process is under
mbient conditions using conventional laboratory materials and
quipment, and generally take less than 15 min. The outline of this
tudy is as follows. At first, we introduce the wetting mechanisms
f the water droplets on rough solid surfaces. On the basis of the
echanisms, a synthetic procedure that enables the rose petal-

ike hierarchical structure on artificial surfaces is then described.
fter that, the morphologies of the surfaces are observed on micro-
nd nanometer scales to prove the formation of distinct structures
n artificial surfaces. Subsequently, the sticky superhydrophobic
roperty of the samples is verified by measuring the static CA and
AH. Finally, the application of the sticky superhydrophobic surface

s demonstrated by a droplet transportation process.

. Backgrounds

There are two models or states to describe the wettability of

ough surfaces: the homogeneous (Wenzel) [22] and the com-
osite (Cassie-Baxter) [23] models. As schematically illustrated

n Fig. 1a, the Wenzel state describes that the liquid completely
lls the valleys of a rough solid surface. Cassie-Baxter extended
, (b) Cassie state, (c) Lotus leaf and (d) Petal state.

Wenzel’s model for a heterogeneous surface composed of two  dif-
ferent materials. As shown in Fig. 1b, the model describes that a
gaseous phase, normally referred to as “air”, may be trapped in
the valleys of the structure, resulting in a composite solid-liquid-
air interface. The Cassie-Baxter model indicates that increasing the
roughness may  result in the formation of air pockets, leading to the
increase of CA and the decrease of CAH [24].

It is well known [16,25,26] that for the lotus leaf (schematically
illustrated in Fig. 1c), the small pitch value (p) and the large peak-to-
base height (h) make the droplets on this surface to be Cassie-Baxter
state. In contrast, the rose petal’s microstructure (schematically
shown in Fig. 1d) has a larger p and a smaller h [12,16,17,27]. Thus,
the liquid is allowed to impregnate between the microstructure.
This is referred to as the Cassie impregnating wetting state or petal
state, in which the wetted surface area is greater than that in the
Cassie-Baxter state but less than that in the Wenzel state [12]. In this
state, both CA and CAH values can be large, resulting a remarkable
adhesive force for the water droplet sticking to the surface.

From the understanding of wetting mechanisms, the artificial
sticky superhydrophobic surface can be obtained by control-
ling the dual-scale structure to have a large p and small h. As
described above, the former investigation [18] has applied the
electroless galvanic deposition method to fabricate the slippery
superhydrophobic surfaces. With the long deposition time, the
microstructure shows a much smaller p. Therefore, it is possible
to fabricate the sticky superhydrophobic surface by shortening the
deposition time to enlarge p of microstructure.

3. Experimental

3.1. Surfaces preparation

The superhydrophobic surfaces with high CAH were prepared
on copper plates with dimensions of 30 × 30 mm.  The plates were
mechanically polished to mirror finish before preparation. The
reagents used in the fabrication were listed as follow: AgNO3 (99%),
1H, 1H, 2H, 2H-perfluorodecanethiol (HDFT, 97%, Aldrich), 1, 2-
dichloromethane (DCM, 99%), acetone and deionized water.

Fig. 2 schematically shows the simple and facile way of prepar-
ing sticky superhydrophobic surfaces. These surface are prepared
with short deposition time (t). For the purpose of comparison,
slippery superhydrophobic surfaces were also fabricated with
long t. Firstly, the polished plates were cleaned with acetone.
Subsequently, several pieces of plates were put into a con-

tainer synchronously which held 50 mL  aqueous AgNO3 solution
(0.010 mol  dm−3) with a temperature of 25 ◦C. A silver structure
was produced at the plate surface by electroless galvanic deposi-
tion. t for each plate was  controlled precisely: after a given time
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Fig. 2. Schematic illustration of surfaces fabrication.

eriod (5–240 s), the plates were taken out and immersed into
00 mL  deionized water in sequence. After 1 min, all plates were
emoved and dried with compressed air. Then, all plates were
mmersed into a HDFT solution in DCM (0.001 mol  dm−3) for 5 min.
inally, the plates were washed twice with fresh DCM and dried
nder normal atmosphere. The entire process was performed under
mbient conditions at 25 ◦C and carried out on two  groups of copper
lates.

.2. Surface characterization

The morphologies of the silver-coated surfaces were observed
n micro- and nanometer scales using scanning electron micro-
cope (SEM) and atomic force microscope (AFM). SEM and AFM
ere carried out with FEI Sirion-200 and Shimadzu SPM-9700,

espectively. The AFM image covers an area of 5 × 5 �m.
Static CA and CAH were measured using an optical contact

ngle meter (Kruss, DSA25). For the measurement of static CA, the
roplet size should be smaller than the capillary length, but larger
han the dimension of the microstructures on the surfaces [28].
n this study, 4.5 �L of deionized water droplets (with diameter of
bout 2 mm)  was gently deposited on the surfaces using a microsy-
inge. A picture of the droplet was taken after a few seconds to
void any problems related to the droplet. Tangent measurement

as made on the profile of the droplet to obtain the value of CA.

or each sample, three images (six angles) were taken to get the
verage value. CAH is defined as the difference between the advanc-
ng contact angle and receding contact angle. The advancing and
ience 385 (2016) 562–568

receding angle measurements were made using the dynamic sessile
drop method [16,25]: perform the CA measurements starting with
a 3 �L droplet which was  slowly increased to 10 �L and decreased
to 3 �L at 0.5 �L increment step. Advancing angle is the possible
maximum contact angle for the drop without the contact line mov-
ing when adding volume, while receding angle corresponds to the
possible minimum contact angle upon removing volume.

3.3. Droplet transportation

Droplet transportation was  conducted to present the application
of sticky superhydrophobic surfaces. Two  processes were recorded
with a high-speed camera (Photron, SA3). The first process is to use
a prepared sticky superhydrophobic surface to grasp a small water
droplet from a slippery superhydrophobic surface. The second is to
transfer the droplets to a hydrophilic surface. Since the length of
shooting time is limited for the high-speed camera, two  processes
were recorded separately.

4. Results and discussion

4.1. Characterization of surface structure

Fig. 3 provides the SEM images of the surfaces with t from 10 s
to 40 s. The low-magnification micrographs shows that the silvers
are deposited line-by-line on the copper plates. The formation of
parallel structures is related to the nucleation of silvers, which
incline to nucleate along the parallel scratches left by mechanically
polishing the copper substrates. It is observed from the medium-
and high-magnification images that the coating metals naturally
generates hierarchical structures on surfaces, which are made of
microscale clusters (0.8–3 �m)  constructed from smaller agglom-
erated nanoparticles (50–800 nm). Fig. 4 also shows the 3D AFM
topography images. These images for microstructure and nano-
structure illustrates the similar morphology to that in the SEM
micrographs.

Although the dual-scale structure is observed easily on all sur-
faces, the microstructures of them show a great disparity. Firstly,
when the deposition time is ranging from 10 s to 20 s, apart from
the clusters, there exist some independent micro- or nanoparti-
cles (indicated by red arrows in the SEM images), which have not
yet constructed the dual-scale structure. While, after 20 s, almost
all particles are found to form the hierarchical structures based on
the observation of high-magnification SEM images of Fig. 3c–d. In
addition, comparing the medium-magnification SEM images, the
microstructures are shown to be more compact with t increas-
ing. The average dimensions of clusters are also found to increase
with t when comparing the high-magnification SEM and AFM
images. Using the SEM and AFM images, the statistical parame-
ters of microstructure, including p, clusters diameter (d) and h, are
obtained and summarized in Table 1. In this work, p is estimated
using another statistical parameter, clusters density (f), which is
defined as the average number of clusters counted in the medium-
micrographs with an area of 22.5 × 17.5 �m2. The lower f implies
the larger values of p. d is measured using high-magnification SEM
images and h is assumed to be the maximum height of roughness
profile derived from the AFM images. From the data, we can find
that the surfaces with shorter t (10–20 s) have the larger p and
smaller d and h.

In addition to microstructures, there is a slight disparity of
nanostructures among the surfaces. Through observing the high-
magnification SEM images, the geometry of the nanoparticles,

composing the microscale clusters, are identified and summarized
in Table 1. When t is 10 s, the nanoparticles exhibit a platelet shape.
As t increases, the nano-platelets become nano-spheres with a
larger surface area.
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ig. 3. SEM images of silver-deposited copper surfaces with different deposition ti
he  text, the reader is referred to the web version of this article.)

.2. Characterization of surface wettability

As expected, the sticky superhydrophobic property is achieved

n the surfaces fabricated with relative short t. One of the exam-
les is shown in Fig. 5, which was prepared with 20 s. The
igh CA (155.1◦) presented by Fig. 5a proves the achievement of

Fig. 4. AFM images of silver-deposited copper surfaces with diffe
) 10 s, (b) 20 s, (c) 30 s and (d) 40 s. (For interpretation of the references to color in

superhydrophobicity on that surface. Furthermore, tilting experi-
ments present its sticky property. As shown in Fig. 5b–c, despite
high CA, small water droplets (3.5 �L) can stick to the surface and

does not roll off when the surface was  tilted at 80◦ (Fig. 5b) or turned
upside down (Fig. 5c).

rent deposition time: (a) 10 s, (b) 20 s, (c) 30 s and (d) 40 s.



566 C. Yuan et al. / Applied Surface Science 385 (2016) 562–568

Table 1
Summary of morphology, microstructure statistics and nanostructure geometry for the silver-deposited surfaces with different deposition time.

Deposition time (s) Morphology Clusters density
(1/394 �m2)

Clusters diameter
(�m)

peak-to-base
height (�m)

Nanostructure geometry

10 Clusters and independent particles 70 1–2.4 0.66 Platelet
20  Clusters and independent particles 74 0.8–2.6 1.24 Platelet and sphere
30  Clusters 146 1.4–3 2.44 Sphere
40  Clusters 252 1.5–2.5 2.76 Sphere

Fig. 5. Images of water droplets (3.5 �L) on the surfaces prepared with a depo

F
(

s
m
a
n
6

between the surface and the droplet, resulting a three-phase solid-
ig. 6. CA and CAH of a water droplet on the surfaces with different deposition time.
a)  Group 1 and (b) Group 2.

We  also intend to investigate the correlation between the
urface morphologies and wetting property. Fig. 6 provides the
easured CAs and CAHs of water droplets on the silvers coated
nd uncoated surfaces. For the first group (Fig. 6a), it should be
oticed that the uncoated copper has a CA of 70.5◦ and a CAH of
5.8◦. So this surface is hydrophilic. While, after treatment with
sition time of 20 s at different tilting angles: (a) 0◦ , (b) 80◦ and (c) 180◦ .

our proposed approach, the surfaces turn highly hydrophobic. The
hydrophobicity is attributed to the sufficient roughness generated
by silver deposition and the low-surface-energy surface modifier
(HDFT) covering on the silver. Furthermore, when t is longer than
5 s, CAs of surfaces are found to be larger than 150◦ and reach to
165.3◦ at 240 s. According to Fig. 3, it is evident that these sur-
faces superhydrophobicity is given by the dual-scale hierarchical
structures.

Despite the common property, Fig. 6a shows a remarkable dis-
parity of CAHs among the hierarchically structured surfaces. The
slippery wetting property was attained for the surfaces with t
longer than 20 s, which exhibit CAHs less than 10◦. The droplets
on these surfaces easily roll off when the surfaces are tilted slightly
or even laid flat. In contrast, the surfaces with t ranging from 10 to
20 s exhibit the sticky wetting property. CAH is found to be 56.5◦

when the surface is deposited for 10 s. In this case, 3.5 �L of water
droplets can be firmly pinned on the surface without any move-
ment when it is turned upside down (Fig. 6a). Large CAH (24.6◦) is
still obtained on the surface with a t of 20 s. Its sticky character-
istic has been presented by Fig. 5b and c. In this study, we  repeat
the samples fabrication to obtain another group of surfaces. Fig. 6b
presents the measurement results of CAs and CAHs for this group.
The results are similar to those of the first group. When t is larger
than 15 s, the surfaces exhibit the slippery superhydrophobic wet-
ting property with CAs larger than 150◦ and CAHs less than 10◦.
While, the surface with t ranging from 5 to 15 s possess the sticky
superhydrophobic property with high CAs (>150◦) and large CAHs
(>45◦).

We  use the two wetting states, Cassie-Baxter and Cassie impreg-
nating states, to describe the wetting properties of the fabricated
surfaces. A conclusion made from the measurement results (Fig. 6)
is that water droplets on the surfaces with t larger than 20 s are in
the Cassie-Baxter state and on the surfaces with t ranging from 5
to 20 s are in the Cassie impregnating states. It has been illustrated
that the wetting states are greatly affected by surfaces structures.
Table 1 has summarized the features of surfaces structures with t
from 10 s to 40 s. When t is above 20 s, the microscale clusters have
smaller P and larger h. It is believed that a layer of air is trapped
water-air interface. For this state, the air parts of the surface can
be considered perfectly nonwetting, leading to a remarkable low
water adhesion. While, the clusters of the surfaces with t no more
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ig. 7. Photographs showing the droplet transportation process. (a–e) Water dropl
ater  droplets from a sticky superhydrophobic surface to a hydrophilic surface.

han 20 s have lower density and height, making the droplets
mpregnate into the clusters. The state has an increased liquid-solid
ontact area, resulting in an enlarged adhesion to water. In addi-
ion, the wetting state can also be determined by the nanostructure.
ccording to the study [12], the lower nanostructure density may

ead to the droplet impregnation. For the surfaces with t no more
han 20 s, the geometry of the nanostructure is platelet or com-
ined platelet and sphere. The platelet-shaped nanostructure has
he lower surface area, promoting a higher degree of impregnation.

According to the above analysis, the wetting property of the
ilver deposited surfaces is strongly associated with t. Taking a
hort t can fabricate the sticky superhydrophobic surfaces due to
he formation of dual-scale hierarchical structure on which the

icrostructure has small density and height, and the nanostructure
as low surface area.

. Application

The prepared sticky superhydrophobic surfaces can be used as
 “mechanical hand” to grasp small water droplets from a slippery
uperhydrophobic surface and transfer the droplets to a hydrophilic
ne. Since the length of shooting time is limited for the high-speed
amera, we recorded the two processes separately. This first pro-
ess is shown in Fig. 7a–e and Supplementary Movie 1 (see the
upplementary Material). A 3.5 �L of water droplet is first placed on
he prepared slippery superhydrophobic surface with a CA of 157.4◦

nd a CAH of 0.5◦. After that, a prepared sticky superhydrophobic
urface with a CA of 154.8◦ and a CAH of 45.1◦ is used to touch
he droplet (Fig. 7a and b). The water droplet sticks to the surface
Fig. 7c) and departs from the slippery surface after lifting the sticky
urface (Fig. 7d and e). So the droplet is successfully grasped by a
ticky superhydrophobic surface. The transfer process is shown in
ig. 7f–j and Supplementary Movie 2 (see the Supplementary Mate-
ial). At first, the sticky superhydrophobic surface holding a droplet

oves down to touch a hydrophilic surface (Fig. 7f and g). Then, the
ater droplet spreads on the hydrophilic surface with the contact

ine increasing. After lifting the sticky superhydrophobic surface,
he droplet is released on the hydrophilic surface.

. Conclusion
In this study, a remarkably straightforward method was  pro-
osed to fabricate the sticky superhydrophobic surfaces. The

abrication used electroless galvanic deposition to coat the cop-
er substrates with a textured layer of silver. With the precise
m a slippery superhydrophobic surface to a sticky superhydrophobic surface; (f–j)

control of deposition time, the rose petal-like hierarchical struc-
tures were achieved on the substrates. Subsequent immersion of
the coated substrates in the surface modifier (HDFT) covers the tex-
tured layer with a low surface free energy monolayer and renders
it hydrophobic. The prepared artificial surface shows a great sticky
superhydrophobic wetting property. For example, the artificial sur-
face with a deposition time of 10 s exhibit the superhydrophobity
with a CA of 151.5◦, and effective adhesion with a CAH of 56.5◦. It
is believed that the water droplets on this surface are on the Cassie
impregnating wetting state. For this state, the droplets are impreg-
nate between the microstructure, resulting in an enlarged adhesion
to water. The prepared sticky superhydrophobic surfaces are also
shown in the application of droplet transportation. In this process,
this surface can act as a mechanical hand to grasp and transport the
droplet.
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