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S
olid surfaces with controllable wetta-
bility are promising for applications
such as microfluidics, oil degreasing,

painting, molecular filtration, cell adhesion,

and drug delivery.1�4 In contrast to smooth

surfaces which often have a maximum con-

tact angle not exceeding 120° and thus a

narrow range for the dynamic control of

surface wettability, nanostructured surfaces

have recently drawn considerable interest

because of their capability to achieve more

effective and flexible control properties

ranging from superhydrophobicity (contact

angle �150°) to superhydrophilicity (con-

tact angle �20°).5�7 Superhydrophobic

nanostructured surfaces exist naturally (e.g.,

lotus leaf) and can also be designed

through precise tailoring of the surface

roughness/texture at the nanoscales.7�9

The Wenzel and Cassie mechanisms are

commonly invoked to explain the observed

superhydrophobic properties of the

surfaces.10,11 The Wenzel mechanism plays

a role when the surface is gently roughened

and the relatively large surface areas lead

to significant water-repellent responses. In

this case, the contact angle is enhanced by

cos � � r cos �0 (� is the measured contact

angle, �0 is the angle on a smooth surface,

and r is the nondimensional surface rough-

ness).10 The Cassie mechanism, in turn, is

applicable to the cases when the surface

has a relatively high roughness. It was sug-

gested that in this case air bubbles can be

trapped below the droplet, resulting in

larger contact angles given by cos � � �S(1

� cos �0) � 1, where �S is the fraction of

solid in contact with the liquid.11 Figure 1a

shows the plots of both the Cassie (blue

line) and the Wenzel (red line) wetting

curves along with the changes in hydropho-
bicity of smooth surfaces.

In many cases, however, liquid droplets
residing on nanostructured surfaces are in
a metastable Cassie state. When the sur-
faces are slightly hydrophobic (�0 just above
90°), �0 is less than the critical value �C,
which is defined by the intersection be-
tween the Cassie and the Wenzel lines (Fig-
ure 1a). Under these conditions, the Cassie
state is metastable (dotted line) and the
Wenzel state is the minimum energy state
(Figure 1a). A transition for the droplet from
the metastable Cassie state to the stable
Wenzel state is possible if external stimuli
such as temperature, compression, vibra-
tion, impact, and electrostatic interactions
are provided to overcome the associated
energy barrier.12�16 It is known that al-
though both Cassie and Wenzel states can
enable surface hydrophobicity, their dy-
namic wetting behaviors are very different.
The contact angle hysteresis (the difference
between the advancing and the receding
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ABSTRACT The possibility of effective control of the wetting properties of a nanostructured surface consisting

of arrays of amorphous carbon nanoparticles capped on carbon nanotubes using the electrowetting technique is

demonstrated. By analyzing the electrowetting curves with an equivalent circuit model of the solid/liquid

interface, the long-standing problem of control and monitoring of the transition between the “slippy” Cassie

state and the “sticky” Wenzel states is resolved. The unique structural properties of the custom-designed

nanocomposites with precisely tailored surface energy without using any commonly utilized low-surface-energy

(e.g., polymer) conformal coatings enable easy identification of the occurrence of such transition from the optical

contrast on the nanostructured surfaces. This approach to precise control of the wetting mode transitions is generic

and has an outstanding potential to enable the stable superhydrophobic capability of nanostructured surfaces

for numerous applications, such as low-friction microfluidics and self-cleaning.
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angles) is usually low for liquid droplets in the Cassie
state but can be over 100° for the Wenzel state.12 The
droplets can therefore move freely in the Cassie state
(i.e., “slippy” state) but usually remain “pinned” in the
Wenzel state (i.e., “sticky” state). In addition, the contact
area between the liquid and the solid surface is also in-
creased along with the transition, which possibly af-
fects the interfacial adhesion behaviors. Therefore, a
simple technique that can characterize the Cassie-to-
Wenzel transition on nanostructured surfaces is highly
desirable to avoid the unwanted sticking transition in
water-repellent applications such as low-friction micro-
channels, self-cleaning, antifouling, etc.

To solve this problem, we have custom-designed
and synthesized superhydrophobic carbon nanotube
(CNT)-based nanocomposites and employed the elec-
trowetting technique to control the surface wettability.
The microstructure of the nanocomposites shows arrays
of spherical amorphous carbon (a-C) nanoparticles
(�100 nm thick) capped on CNTs, i.e., forming a-C/CNT
nanocomposites (Supporting Information S1 and S2).17

The diameter of CNTs ranges from 50�200 nm and the
diameter of the a-C caps is slightly larger than that of
CNTs, giving an “overhang” structure. The height of
a-C/CNT is about 1�2 	m and the average intertube
distance is about 300 nm. These nanocomposites were
prepared using the plasma/ion-aided deterministic
nanofabrication and were not deliberately conformally
coated with fluoropolymers (or any other low-surface-
energy coatings), which is commonly used to enhance
hydrophobicity.18 The mechanism of electrowetting is
that when a potential is applied between the liquid and
the solid, the charges and dipoles redistribute to re-
duce the interfacial energy, leading to an increase in
surface wettability.19 Electrowetting has been success-
fully applied to control surface wettability as well as to
manipulate tiny amount of liquids on surfaces, without
changing surface composition and structure. In this
way, liquids with high surface tension (e.g., mercury)
can be filled into nanoscale channels and nonwetting
polymers can be infiltrated into the CNT forest.20,21 As

compared to other techniques, elec-
trowetting is advantageous in con-
trolling surface wettability due to
its simplicity, efficiency, and fast
response.

RESULTS AND DISCUSSION
To demonstrate the superhydro-

phobicity of the custom-made
a-C/CNT nanocomposites, a deion-
ized (DI) water droplet (10 	L) was
dispensed on the surface and a con-
tact angle of approximately 160° was
achieved, as measured by the static
sessile drop method. This droplet
could easily roll off from the surface

with a slight tilting angle (�5°), indicating that it was
in the Cassie state where air bubbles were trapped in
the gaps between neighboring CNTs (Supporting Infor-
mation S3). The Cassie state is supported due to the
“overhang” structure of a-C/CNTs, although a-C nano-
particles on the top surface have a moderate hydropho-
bicity (the contact angle does not exceed 90°).22 It was
shown that in this structure, because the liquid�air in-
terface between the neighboring nanotubes would
have to deform considerably to exceed a large advanc-
ing contact angle, droplets could hardly penetrate into
the internanotube gaps unless a high pressure (�104

Pa) was applied (Supporting Information S3).22 In con-
trast, for uncapped CNT forests without the “overhang”
structure, nearly complete wetting can be observed as
water effectively seeps into the gaps (Supporting Infor-
mation S4).23

The electrowetting setup is schematically shown in
Figure 1b. When a DI water droplet is dispensed on
the surface, an electric field is applied to the droplet
by inserting a Ti/Ni electrode wire and to the support-
ing substrate (n-type Si, resistivity 0.01�0.03 
 · cm) of
the a-C/CNT nanocomposites, respectively. The thin a-C
layer in the nanocomposites serves as a dielectric layer
to block the current flow, whereas the underlying CNTs
remain conducting, which is a typical structure for
electrowetting-sensitive devices. Previous work has
shown that the positive potential applied to the CNTs
and the negative potential applied to the droplet
caused strong electrochemical oxidation of the CNTs
and, eventually, an abrupt switching from the nonwet-
ting to the wetting state.24 To avoid this, we have ap-
plied a negative potential to the substrate and a posi-
tive potential to the droplet. Indeed, no abrupt change
in wetting states was observed throughout the
experiments.

Figure 2a shows typical contact angle images for
droplets measured at different applied potentials. The
contact angles were found to reduce at voltages as low
as 9 V. As the applied potential increased, the angles de-
creased further in a nonreversible fashion and the drop-

Figure 1. (a) The plots of the Cassie and the Wenzel angles as a function of the contact angle
on smooth surfaces. Liquid droplets residing on the solid surface are in the metastable Cassie
state if surface hydrophobicity has a contact angle less than the critical angle �C, which is the in-
tersection between the Cassie and the Wenzel angles. (b) The schematic diagram for electrowet-
ting setup. The droplet is in contact with the a-C nanoparticles and air is trapped between neigh-
boring CNTs in the Cassie state. The inset shows the microstructure of a-C/CNT nanocomposites.
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lets tended to detach from the top electrode (a dis-
tance of 2 mm to the solid surface). Both the effects of
the gravity force and the hydrostatic pressure exerted
by the droplet on the substrate (�102 Pa) are weak in
the current case, therefore not affecting the electrowet-
ting effect.12 At a voltage of 43 V, the droplet was fully
detached and a stable angle of 104° with an interfacial
area of approximately 2 mm in diameter between the
droplet and the surface was observed (Figure 2a). These
observations are substantially different from elec-
trowetting on smooth surfaces where a rapid contact
angle saturation was reported.19 In this series of experi-
ments, no contact angle saturation has been observed
in the whole range of the applied potentials. The hydro-
philic or even superhydrophilic regime can be achieved
by reducing the distance between the electrode and
the solid surface and increasing the applied voltage.
These results are also quite different from electrowet-
ting on densely packed CNT forests, where an abrupt
transition from the superhydrophobicity to the com-
plete wetting occurred when the applied potential was
higher than a threshold value.24�26

An electrolyte of 0.05 M NaCl solution was then
used to replace the DI water to simulate the biological
saline solutions in contact with the nanostructured sur-
faces. The same electrowetting process was applied. In
this case, the angles reduced much faster than in the DI
water case, as shown in Figure 2b. In fact, the angles
started to decrease at a very low surface potential and
the droplet detached from the electrode at potentials as
low as 18 V. Further increasing the concentration of
the electrolyte to 0.1 M NaCl only changed the angles
slightly, as shown in Figure 2c.

The above observations have been examined using
the Lippmann equation for electrowetting with an
equivalent circuit model of the liquid/solid interface. It

is known that the contact angles depend on the ap-

plied potential according to the Lippmann equation19,21

where �V and �0 are the angles with and without the ap-

plied potential VA, C is the capacitance at the interface,

and �L is the surface energy of the liquid droplet. In the

present case, using the Randle-type equivalent circuit

model of the liquid/solid interface, the interfacial ca-

pacitance C at the equilibrium state consists of the three

parts, namely, CEDL, Ca-C, and Cair, which are the capaci-

tances of the electric double layer (EDL), the a-C nano-

particles, and the trapped air, respectively (Figure 3b).

The capacitances of Ca-C and Cair can be determined

from the geometry of the nanostructured surface and

are independent of the droplet (note that because the

trapped air occupies a large portion of interfacial area, it

can contribute significantly to the interfacial capaci-

tance and hence the electrowetting behaviors (see also

ref 27)). On the other hand, CEDL, which is dependent

on the thin electric sheath in the vicinity of the solid sur-

face, can be strongly affected by both the ionic concen-

tration of the droplet and the applied potential.28

The plots of cos �V as a function of VA
2 for all liquids

used in the experiments are shown in Figure 3a. For DI

water, two different regimes have been identified; these

regimes are separated by the potential VA � 36 V. In

the first regime where the potential increased from 0

to 36 V, the contact angles decreased slowly from 160°

to 142°. In the second regime, however, the angles de-

creased much faster and the droplet fully detached

from the electrode with a final angle of 104° at 43 V.

This indicates that the droplet in the first regime was

in the Cassie state, as justified by the high contact

angles and the low contact angle hysteresis. The small

Figure 2. The electrowetting images for different liquids at
different potential: (a) DI water, (b) 0.05 M NaCl, and (c) 0.1
M NaCl. The scale bar is 1 mm for all images.

Figure 3. (a) The plots of cos �V as a function of the squared
applied potential VA

2 for DI water (9), 0.05 M NaCl (�), and
0.1 M NaCl (Œ). Dashed lines are linear fits for the corre-
sponding measurements. The Cassie-to-Wenzel transition
occurred at the threshold value �V � 142°. (b) The Randle-
type equivalent circuit model of the liquid/solid interface.
CEDL, Ca-C, and Cair are the interfacial capacitance for the elec-
tric double layer, the a-C nanoparticles and the trapped air,
respectively.

cos θV ) cos θ0 + C
2γL

VA
2
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interfacial capacitance between the liquid and the solid
surface in this state led to a relatively weak electrowet-
ting effect and hence slow changes in contact angles,
consistent with the observations. On the other hand,
when the contact angle was reduced to a threshold
value (�V � 142°) at the elevated potential, strong elec-
trocapillary forces pushed the droplet to penetrate
into the gaps between neighboring CNTs and propa-
gate further down the CNTs.21,22 A transition from the
superhydrophobic Cassie to the superhydrophobic
Wenzel state was therefore induced. The threshold
angle here agreed well with Lafuma et al. who used a
superhydrophobic surface with similar nanostruc-
tures.12 In the Wenzel state, the interfacial capacitance
could be of an order of magnitude higher after the tran-
sition because water was in contact with the CNTs. A
much faster reduction in angles was the case for the
large applied potentials, consistent with the observa-
tions in the second regime. Nonetheless, as compared
to the densely packed CNT forests with a high aspect ra-
tio, the electrowetting effect in the present case is fairly
weak due to a relatively small interfacial area between
the liquid and the solid surface.24 This weak electrowet-
ting effect is preferred in certain circumstances be-
cause it offers a more flexible control of surface
wettability.

The interfacial capacitance could be large for elec-
trolytes at the initial stage due to their large CEDL. Zhu
et al. measured the capacitance of aligned CNT arrays in
contact with the DI water to be 0.017 	F/cm2, whereas
the capacitance of CNT arrays wetted with a 0.03 M
NaCl solution was approximately 0.311 	F/cm2.21 As
shown in Figure 3a, very strong electrowetting effects
were observed for 0.05 M NaCl and the Cassie-to-
Wenzel transition occurred at a low applied potential
(�V � 143° at VA � 3 V). A linear fit can therefore be ap-
plied to the experimental data in the whole range of
the applied potential. A further increase in the concen-
tration of the electrolyte only led to a slight increase in
CEDL, therefore weakly affecting the electrowetting
effects.

Visualization of the Cassie-to-Wenzel transition is a
very delicate process. Indeed, Krupenkin and co-
workers employed a UV polymerizable liquid to con-
firm the Cassie-to-Wenzel transition in the electrowet-
ting processes.16,22 Under UV irradiation, the liquid be-
came solidified so that the penetration of liquids into
the surface can be visualized microscopically. However,
this technique is quite tedious and time-consuming.

Here we used another simple visual indication of
this wetting mode transition. An unique structural prop-
erty of CNT forests is that CNTs collapse into bundles
upon the evaporation of penetrated water due to cap-
illary forces.23 Since this effect was also observed for the
a-C/CNT nanocomposites, it provided an additional re-
liable justification for the Cassie-to-Wenzel transition. In
this case, it is possible to visually distinguish the two dif-
ferent states. We first observed different evaporation
modes of droplets with and without electrowetting
(Supporting Information S5). For freely dispensed drop-
lets, the evaporation followed the constant-contact-
angle mode when the volume was reduced, a phenom-
enon associated with the Cassie state. However, after
electrowetting, the droplets followed the constant-
contact-area mode when evaporated, clearly indicat-
ing the occurrence of the Wenzel state.29

In addition, we compared the optical images
taken at the boundary of the evaporated droplet af-
ter electrowetting. As shown in Figure 4a, apparently
there is an optical contrast between the electrowet-
ted area (light gray color; region A) and the unwet-
ted a-C/CNT nanocomposites (dark gray color; re-
gion B). The microstructures in the two regions were
also investigated microscopically using scanning
electron microscopy (Figure 4b). The vertically
aligned a-C/CNT nanostructures remained intact in
the unwetted area but collapsed into bundles in the
electrowetted area. For droplets of NaCl solutions,
one can also observe condensed NaCl nanocrystals
on top of a-C/CNT bundles after the evaporation
(pointed by an arrow in Figure 4b). This is in a good
agreement with the results that NaCl can be re-
moved from aqueous solutions through electrosorp-
tion.30 In contrast, droplet evaporated from the sur-
face without electrowetting did not reveal any
optical contrast.

CONCLUSIONS
In this work we have investigated the electrowet-

ting control of and visualized the Cassie-to-Wenzel tran-
sition on the surface of the custom-designed superhy-
drophobic a-C/CNT nanocomposites. By applying a
potential between the water droplet and the solid sur-
face, the contact angles reduced from the angles attrib-
uted to the superhydrophobic Cassie state owing to
the lowered interfacial energy. When the angles ap-
proached the threshold value (�142°), a transition from
the “slippy” Cassie to the “sticky” Wenzel state oc-

Figure 4. (a) The optical graph at the boundary of an evapo-
rated electrolyte droplet. Region A is light gray color denot-
ing the electrowetted region and region B is dark gray color
denoting the unwetted region. (b) The scanning electron
micrographs for regions A and B. Arrow in B points to NaCl
nanocrystals condensed on top of the a-C/CNT bundles.
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curred. Subsequently, the larger capacitance in the
Wenzel state resulted in a much faster response of the
contact angles to the applied potential. An equivalent
circuit model that takes account of both the surface
microstructure and the electric double layer has also
been used to determine the interfacial capacitance for
electrowetting with electrolyte. This model further sug-
gests that if the density of CNTs is changed through,
for example, lithographic patterning, the interfacial ca-
pacitance will be changed and hence the electrowet-
ting behaviors. In addition, the Cassie-to-Wenzel transi-

tion was confirmed and monitored by analyzing the
optical contrast on the surface after the droplets were
evaporated. Our approach demonstrated the elec-
trowetting as a simple, yet effective technique to con-
trol surface wettability of superhydrophobic nanostruc-
tured surfaces. We believe that the approach used
here is viable not only to study the Cassie-to-Wenzel
transition but also to enable the stable superhydro-
phobic capability of nanostructured surfaces for nu-
merous applications, such as low-friction microfluid-
ics and self-cleaning.

EXPERIMENTAL METHODS
Carbon nanotube (CNT) forests were first synthesized by

plasma-enhanced chemical vapor deposition (PECVD), a reliable
and reproducible process for the controlled growth of many one-
dimensional nanostructures such as nanowires and
nanotubes.18,23,31�35 Briefly, a thin catalyst layer (10 nm Ni) was
first deposited on a Si wafer (n-type, resistivity 0.01�0.03 
 · cm)
by using the e-beam evaporator (AUTO 306, Edwards). The wa-
fer was then cut into samples with a size of 1  1 cm2 and the
samples were loaded into the PECVD system. The dc PECVD re-
actor consisted of a suspended graphite cathode and a gas
showerhead 5 cm above it. When the samples were heated to
800 °C by a tungsten heater embedded in the cathode, the cath-
ode, biased negatively at a dc power of 80 W and a ratio of
240/60 sccm for NH3/C2H2 at the pressure of 12 mbar, was used
to grow CNT forests. NH3 etching gas was used in the whole pro-
cess to prevent the deposition of amorphous carbon phase. Ver-
tically aligned CNTs are observed owing to the plasma-sheath
controlled orientation in the PECVD process.36�38

The as-grown CNT forests were then processed by energetic
Ar� ions by applying a negative pulsed bias at a voltage of �10
kV, a repetition rate of 500 Hz, and a pulse width of 20 	s.17 The
ion flux was focused by the bias and bombards the top but not
the side walls of CNTs.39,40 Ni nanoparticles melted because of
heat generated in the process and protruded down along the
CNT channel. Subsequently, the graphitic side walls of CNTs were
partially smashed and spherical amorphous carbon (a-C) nano-
particles were formed on top of CNTs because of the nanotube
amorphization induced by the energetic ions.41 A typical process
of fabrication of the a-C/CNT nanocomposites lasted approxi-
mately 10 min.

Scanning electron microscopy (SEM) images were taken us-
ing a JEOL JSM5910LV scanning electron microscope. Transmis-
sion electron microscopy (TEM) was carried out using a JEOL
JEM2010 transmission electron microscope. The preparation of
TEM samples was done by shaving the nanostructures on the
surface layer off into ethanol and then dispensing the ethanol so-
lution on the carbon-coated copper grids. The grids were then
dried for TEM investigations. Contact angle measurements used
the Dataphysics OCA 20 system. The sessile drop method was
employed and the dynamic wetting processes can be recorded
by a light source together with a camera.
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