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Unremitting efforts have been intensively making for pursuing the goal of the reversible transition of
electrowetting owing to its vital importance to many practical applications, but which remains a major
challenge for carbon nanotubes due to the irreversible electrochemical damage. Herein, we proposed a
subtly method to prevent the CNT array from electrochemical damage by using liquid medium instead of
air medium to form a liquid/liquid/solid triphase system. The dimethicone dynamically refills in CNT
arrays after removing of voltage that makes the surface back to hydrophobic, which is an elegant way to
not only decrease energy dissipation in electrowetting process but also obtain extra energy in reversible
dewetting process. Repeated cycles of in situ experiments showed that more than four reversible
electrowetting cycles could be achieved in air. It worth mention that the in situ reversible electrowetting
voltage of the dimethicone infused CNT array has been lowered to 2 V from 7V which is the
electrowetting voltage for the pure CNT array. The surface of the dimethicone infused CNT array can
maintain hydrophobicity with a contact angle of 145.6� after four cycles, compared with 148.1� of the
initial state. Moreover, a novel perspective of theoretical simulations through the binding energy has
been provided which proved that the charged CNTs preferred binding with water molecules thereby
replacing the dimethicone molecules adsorbed on the CNTs, whereas reconnected with dimethicone
after removing the charges. Our study provides distinct insight into dynamic reversible electrowetting on
the nanostructured surface in air and supplies a way for precise control of wettability in surface
chemistry, smart phase-change heat transfer enhancement, liquid lenses, microfluidics, and other
chemical engineering applications.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Dynamic control of surface wettability showed great signifi-
cance to many chemical and engineering fields [1], such as surface
chemistry [2], enhanced phase-change heat transfer [3–8], liquid
lenses [9–12], etc. Electrowetting triggered by the stimuli electric is
an effective approach to temporarily change the surfacewettability
through the spread of a potential-induced droplet. Carbon
nanotube (CNT) array has the advanced features of typical
nanostructured surface and excellent hydrophobicity properties,
and which can wet the droplet on their surface through the
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application of voltage and achieve rapid electrowetting switch
[1,13–16]. However, achieving reversible electrowetting on the
surface of CNT arrays in the air remains a big challenge due to the
electrochemical damage [17,18]. There are currently three possible
reasons for the mechanism of the change in interface energy
between multi-walled carbon nanotubes and liquids after an
electric field is applied. The first reason is that the energy barrier
entering the carbon nanotubes improves the stability of the
hydrogen bonds among the water molecules in the carbon
nanotubes, which is beneficial to increasing the water flux of
the carbon nanotubes, thereby increasing the wettability [19–21].
The second reason is that after applying a certain amount of
electric field, oxygen or oxygen-containing molecules are com-
bined with carbon nanotubes and form carbon oxide tubes. The
oxygen atoms either enter crystal hole defects on the surface of the
carbon tube or are adsorbed into Stone-Wales defects [22]. Both of
these causes can lead to an increase in the surface binding forces of
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 2. Fluorescence micrographs and contact angle images. The cross-section (a)
(inset: magnified TEM image shows the diameter of a CNT) and top surface (b)
micrographs of CNT array. The cross-section (c) and top surface (d) micrograph of
dimethicone infused CNT array. (e) The contact angle of deionized water on CNT
array in air. (f) The contact angle of the air bubble on the CNT array in dimethicone.
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water molecules with carbon nanotubes, making hydrophobic
surface of the carbon nanotube array hydrophilic. The third one is
that an external electric field can bring some oxygen-containing
functional groups, such as ��OH or ��COOH, to be grafted on
carbon nanotubes. These functional groups can change the surface
properties of the carbon nanotubes showing an increasing
wettability of water molecules [19,23].

In fact, there are two strategies to realize the reversibility of
electrowetting, one is decreasing energy dissipation during the
wetting process, and the other is providing additional energy
during dewetting process. The method of introducing energy
includes high temperature [24], ultrasound [25], electrolysis [26]
and oscillation [27]. The method of reducing energy dissipation
includes creating an oil environment [28] or electrowetting on oil-
infused electrode [29]. For carbon nanotube arrays, the structural
breakage caused by electrowetting require introducing extra
energy in the dewetting process, such as high-temperature
annealing in vacuum [23,30–32] or combination of UV [32–34]
and ozone [23,35]. Using liquid medium is a recent method to
obtain extra energy for reversible electrowetting, but it was
achieved in the oil phase while not in the air [36,37].

Here, we show a dynamic strategy of infusing an appropriate
amount of dimethicone in pristine CNT array. The infused
dimethicone can prevented the CNT array from electrochemical
damage and dynamically refill in CNT arrays after removing of
voltage, which makes the surface recover to hydrophobic. The oil
layer on the surface of the dimethicone infused carbon nanotube
array reduces dissipation in the wetting process, while the three-
phase system of liquid/liquid/solid built on the surface of the rough
nanostructure provides additional energy in the dewetting
process. By regulating the amount of dimethicone and the
magnitude of the voltage, we have achieved that more than four
reversible electrowetting cycles can be performed in situ. The
theoretical simulations further revealed that the charged CNTs
preferred to binding with water molecules thereby replacing the
dimethicone molecules adsorbed on the CNTs.

A schematic of the electrowetting experiment is shown in
Fig.1a, where the dimethicone is seen infusing andwrapping in the
CNT array. The effects of critical parameters like the infiltration
amount and size of the droplet have been optimized after
systematically studies to reduce the difference between the energy
at the liquid-dimethicone and CNT-liquid interface. Accordingly,
Fig. 1b shows the profile of the dimethicone infused CNT array
which was taken by the shape measurement laser microscope
because it contains a liquid phase. It can be seen that the
dimethicone did fill the gaps of the CNT array uniformly and
wrapped the carbon nanotubes. From the side altitudemorphology
on the right, the CNT array is well oriented, and the dimethicone
[(Fig._1)TD$FIG]

Fig. 1. The electrowetting of droplet on the surface of dimethicone infused CNT array. (a
platinum wire was inserted in the droplet to serve as the cathode. The silicon substrat
infused CNT array taken by shape measurement laser microscopy system. The unit of
coating is very smooth, without overflowing or damaging the
shape of the carbon nanotubes.

[12_TD$DIFF]Figs. 2a and b are fluorescence micrographs of the side and
surface morphologies of the CNT array. Correspondingly, the
morphologies after infiltration with dimethicone are shown in
[12_TD$DIFF]Figs. 2c and d. It can be seen that after infusing appropriate amount
of dimethicone in CNT array, the dimethicone does not sink down
to the bottom of the CNT array, but fills the gaps of the CNT array
and covers the CNTs, resulting in a reduction of the surface
roughness. Reflective dimethicone can be seen on the surface and
side of the CNT array, which is evenly soaked. For the subsequent
electrowetting experiments, we tested the contact angles of
deionized water and dimethicone on the surface of the CNT array.
The average contact angle of the deionized water droplets on the
surface of the CNT array was 153� (Fig. 2e), which exhibits
superhydrophobic properties in air. Since the CNT array is
lipophilic to dimethicone, we used the bubblemethod by inverting
the CNT array in the dimethicone and punching an air bubble on
the surface of the CNT array to test the average contact angle. The
average contact angle of the air bubble on the CNT array in
dimethicone was 43.6� (Fig. 2f). The results showed that the CNT
array is lipophilic to dimethicone while hydrophobic to water in
the air.

In order to demonstrate the electrowetting process on the
pristine CNT array, we conducted in-depth experimental research
) The schematic of electrowetting on the dimethicone infused CNT array in air. The
e was acted as the anode. (b) Cross-section morphology image of the dimethicone
the colorbar is 1mm.



1916 M. Wang et al. / Chinese Chemical Letters 31 (2020) 1914–1918
on electrowetting at parameters of different array thicknesses and
voltages (Figs. S1–S3 in Supporting information). It worth noted
that the electrowetting voltage of pristine CNT array was 7 V. From
the results, we have divided the electrowetting process of the
water droplet on the pristine CNTarray into three dynamic steps. In
the first step, the contact angle of the droplet was reduced to a
saturation value at a relatively rapid speed, and the contact area
with the surface was slightly enlarged. In the second step, the
contact anglewas saturated and decreased slowly. In the third step,
the contact area between the droplet and the surface began to
expand, and then the droplet sank significantly. The sinking caused
the contact angle to shrink rapidly until the droplet disappeared.
The time required for the liquid droplet to sink completely
decreases with the increase of the applied DC voltage, and the
saturated contact angle in the electrowetting process decreases
with the increase of the applied DC voltage as well. At the same
voltage, the thicker array had a larger saturated contact angle than
that of the thinner array, but it took a shorter time for the thicker
array to complete the electrowetting process.

Then, the reversible electrowetting experiment of the water
droplets on dimethicone infused CNT array was done using the
same optimized parameters above. The electrowetting switch
process and mechanism are shown in Fig. 3a. At zero voltage, the
lower surface tension of the non-polar dimethicone made it coat
on CNTs resulting in no wetted by the deionized water droplet.
According to the zero-charge potential, the solid-liquid interface
has the maximum energy without the accumulated charge. When
a sufficient voltage of 2 V is applied between the bottom of the CNT
array and the platinum electrode inserted in the water droplet, an
electric double layer is formed at the solid/liquid interface and
accumulates charge. Therefore, the solid-liquid interface tension
will be reduced because of the accumulation of charge. When the
surface tension between water and the CNTs is inferior to that
between dimethicone and CNTs, the dimethicone is pushed away
from the gap between the CNTs. The water partially took place the
dimethicone and contacted directly with the surface of the CNTs
and electrowetting occurred. At the same time, therewas still some
dimethicone remained in the gap of the array due to capillary
forces, which makes the dynamic recovery possible. After the

[(Fig._3)TD$FIG]

Fig. 3. The reversible electrowetting mechanism and properties. (a) Optical photos of co
CNT array infused with dimethicone. The corresponding images fromvideo of electrowet
2 V. (b) Dependence of the mass of dimethicone infiltration on the volume of CNT arra
voltage was removed, the charge density at the solid-liquid
interfacewent back to zero, and the surface tension betweenwater
and CNTs became larger than that between dimethicone and CNTs
again. Therefore, the surface of CNTs was recoated by dimethicone
and the dimethicone infused CNT array restored to be hydropho-
bicity. This low voltage electrowetting is attributed to the contact
interface transformation from liquid-solid interface to the liquid-
liquid interface [37]. For liquid-solid interface, the pining force is
strong; however, the liquid-liquid interface effectively eliminates
pinning points, which provides a pathway for free displacement of
the droplet with low contact line pinning, leading to superior
reversibility with lower driving voltage [38–40]. In order to better
observe the entire dynamic process of electrowetting more clearly,
we dyed the water red to distinguish it from dimethicone, and
recorded a high-definition video of the whole process, of which
representative photos are taken and shown below the mechanism
in Fig. 3a. It can be seen that when the voltage was applied, the
water drained the dimethicone gradually and finally wetted the
CNT array. After the voltage was removed, the dimethicone
recovered infiltration and the surface become hydrophobic again.

Moreover, the dimethicone infiltration masses in different
volumes of CNT array is shown in Fig. 3b. The infiltration mass
increased linearlywith thevolumeof theCNTarray. Fig.3c showsthe
contact angles in four cycles of electrowetting reversible test. Before
electrowetting, the contactangleof thedropletson thesurfaceof the
dimethicone infused CNT array is about 148.1�. After repetitive and
in-situelectrowetting for fourcycles, the contact angleswere147.9�,
146.8�, 145.1�, 145.6� respectively. Also, multiple tests at three
positions on theCNTarraywereperformed, and the trendswere the
same (Figs. S4–S6 in Supporting information). The results showthat
the surface of the CNT array after infusing dimethicone achieves
reversible conversion between hydrophilic and hydrophobic.
Importantly, after more than four times repetition, the surface
hydrophobic properties did not decline. The second cycle was
performed directly without recovery time.

To further investigate the variation of interactions between CNT
surfaces and different liquids (water and dimethicone) before and
after the CNT accumulates charges due to the applied voltage, we
built the models of the composites of CNTs with water and
ntact angle and relevant schematic mechanism of electrowetting on the surface of
ting process were shown below the mechanism schematic. The applied voltage was
y. (c) In situ contact angle with four cycles of reversible electrowetting.
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dimethicone, then we compared the binding energies of CNT
surface with different liquids and described how the binding
energies change after the voltage was applied. All the simulations
were performed using LAMMPS molecular dynamics simulator
[41]. In the experiments, water molecules and dimethicone
molecules moved into the gaps among CNTs and interacted with
the surfaces of CNTs. To simulate this process, we built simulation
models as shown in [12_TD$DIFF]Figs. 4a and b. Two CNTs are fixed in the centre
of the modelling systems and be frozen during the entire
simulations (Table S1 in Supporting information). Around two
CNTs, it is full of liquid molecules: water molecules and
dimethicone molecules.

In experiments, CNT array acted as the positive electrode.
Correspondingly, in the simulations, we assigned different
amounts of positive charge (q = +0|e|, +5|e|, +10|e|)) on CNT to
reveal the different voltages which are applied in experiments. The
binding energies between different liquids molecules (water and
dimethicone) can be calculated according to Eq. 1.

Eabsorption ¼ DE ¼ Eliquid=CNT � Eliquid þ ECNT
� � ð1Þ

In dynamic simulations, two CNTs were fixed, therefore the
total energy of CNT is constant. The binding energies due to the
adsorption of liquid molecules to the surface of CNTs are reflected
in the difference between the equilibrium energy of the composite
system and the equilibrium energy of the pure liquids. Based on
this, we simulated the NVT dynamic equilibrium process of the
pure water, the pure dimethicone and the composite systems with
different charged CNTs. The parameters of the systems are listed in
Table S1, and the force field parameters adopted are displayed in
Tables S2 and S3 (Supporting information) [42–44]. More details of
the simulation settings are described in Supporting information.

The energy variations over simulation time are shown in Fig. 4a
and b. As can be seen, during the equilibrium processes of the two
systems, the energy decreases rapidly and gradually approach an
equilibrium value which fluctuates up and down. This equilibrium
value is the energy of the current system. Comparing the two
graphs, when CNTs are added, the energy of the dimethicone
system increases while the energy of the water system decreases.
This shows that water molecules are more easily adsorbed to the
surface of the CNTs than that of dimethicone.
[(Fig._4)TD$FIG]

Fig. 4. The schematic of two modelling systems and the corresponding energy variation
(b) CNT array surrounding with dimethicone molecules. [8_TD$DIFF] (c) Comparation of binding en
dimethicone systems.
To better compare the energy changes in the two systems of
water and dimethicone, we calculated the energy change (DE) of
the composite system after adding the CNTs, that is, the strength of
the binding energy, as shown in Fig. 4c. It shows that the binding
energy of the dimethicone system is a positive value of
647.304 kcal/mol; the binding energy of the water system is a
negative value of -118.172 kcal/mol. At the same time, with the
increase in the number of positive charges on the surface of the
CNTs, the binding energies of the dimethicone systems are almost
unchanged, while the binding energies of the water molecule
systems are further reduced. When the surface charge of the CNTs
reaches 10e, the binding energy of watermolecules to the CNTs can
reach up to -471.420 kcal/mol, which is 3.99 times the binding
energy of uncharged CNTs (-118.172 kcal/mol). When CNTs adsorb
water molecules, the energy change of entire system is a negative
value, which means the energy of the entire system goes down
when water molecules absorb onto the CNTs; On the contrary,
when dimethicone molecules are adsorbed, the total energy of the
entire system tends to go up, the energy change is a positive value.
As we know, equilibrium system tends to the most stable structure
with the lowest energy. Therefore, the CNT surface is more likely to
adsorb water molecules instead of dimethicone molecules. Also,
the simulation data shows thatwhen the CNTswere charged due to
the applied voltage, the binding energies with watermolecules are
greatly increased, which further promotes the CNTs to preferen-
tially bind with water molecules, thereby replacing the dimethi-
cone molecules adsorbed on the CNTs and showing wettability of
water molecules.

In summary, a dynamic strategy has been developed by infusing
an appropriate amount of dimethicone in pristine CNTarray, which
could prevent the CNT array from electrochemical damage
meanwhile lower the energy input. We achieved more than four
reversible in situ electrowetting cycles at three positions in the air
with the applying voltage of 2 V, and the surface of dimethicone
infused CNT array can maintain hydrophobic with a contact angle
of 145.6�. A perspective of the theoretical simulation about surface
binding energy for electrowetting was proposed which validates
the experimental results well. This work may pave the way for
adroit control of dynamic surface wettability changes in relevant
smart chemical engineering fields.
s during the dynamic simulations. (a) CNT array surrounding with water molecules.[8_TD$DIFF]
ergies in charged (uncharged) CNTs/water systems and charged (uncharged) CNTs/
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