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In the past, electrowetting was usually analyzed on large solid surfaces. In the current study, the effective solid-liquid
interfacial tension in a nanoporous silica, which is measured by the ion transport pressure, is investigated
experimentally. The interfacial tension decreases as the applied potential difference increases, while the magnitude
of variation is much smaller than its bulk counterpart. The effect of the external electric field is saturated at a relatively
low voltage. These unique phenomena can be attributed to the confinement effect of nanopore walls.

I. Introduction

As a potential difference is generated across a solid-electrolyte
interface, the system free energy can be changed considerably,
which in turn affects the surface wettability.1 Very often, electro-
wetting measurement is performed at the surface of a large,
nonconductive flat layer, which separates a drop of electrolyte
solution from an electrode.2 The thickness of the nonconductive
surface layer is typically in the range of a few micrometers to
a fraction of a millimeter.3,4 By applying a voltage between the
electrode and the liquid, the contact angle can be adjusted in
a wide range.5,6 According to the classic electrochemistry theory,
γ = γ1 - Cφ2/2, where γ is the interfacial tension, γ1 is the
reference wettability, C is the interfacial capacity, and φ is the
applied potential difference. Note that, no matter whether the
applied voltage is positive or negative, the interfacial tensionalways
decreases as the magnitude of φ increases. The effective interfacial
tension, γ, can be taken as γsv - γsl, with γsv and γsl being the
solid-vapor and solid-liquid interfacial energies, respectively.

For the past decade, electrowetting of nanostructured sur-
faces has been an active area of research. Many studies re-
vealed important wetting and dewetting phenomena under
external electric fields7-10 and/or other forms of loadings.11-14

These investigations were focused on the wettability of outer
(nonconfining) surfaces of nanostructures. In a confining nanoen-
vironment, e.g., at inner surfaces of nanochannels, nanotubes, or
nanopores, the electrowetting phenomena can be quite different.
For instance, Prins et al. 15 developed a microtransport device by
using a membrane containing straight microchannels. The inner
surfaces of the microchannels were coated by insulation layers. As
an external electric field was applied across the solid and the liquid
phases, the wetting characteristics of the channel walls could be
controlled quite precisely, which caused a surface tension-driven
microfluidic motion. In this study, the microchannel size was at
the level of 102 μm, and the variation of interfacial tension fitted
well with the data of contact angle measurements. Other applica-
tions of electrowetting techniques include adjustment of liquid
morphology,16 nanomaterials processing,17 and so forth.

Recently, using thermal or electrical methods to control nano-
fluidic behaviors has drawn increasing attention.18,19 For exam-
ple, a nanoporous material-functionalized (NMF) liquid can be
formed by suspending hydrophobic nanoporous particles in a
liquid phase. The nanopores can be filled only when a sufficiently
high pressure is applied.20-22 As the liquid molecules contact the
nonwettable nanopore surfaces, the system free energy largely
increases by γ 3A0, with A0 being the total surface area. In a
number of systems, the confined liquid does not defiltrate when
the external pressure is lowered, and thus the increase in system
free energy is dissipated. The mechanical work is converted either
to interfacial tension23 or thermal energy.24,25

One of the key parameters that dominate the performance
of NMF liquids is the transport pressure of the confined liquid,
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Pin, i.e., the critical pressure that overcomes the capillary effect of
nanoporewalls. In the past, a few techniques have been developed
to control Pin, by adjusting the nanoprous structure,26 surface
treatment,27-29 and/or using chemical admixtures.30-33However,
if the system works in a changing environment, the value of Pin

may vary over time, which can cause unexpected loss in energy
dissipation capacity. For instance, it was noticed that, if tempera-
ture increases, Pin can be significantly decreased.34 This softening
effect must be taken into consideration for systems where stable
performance is required in broad temperature ranges.

A possible environmental factor that can be employed to
control Pin is the external electric field. However, the study on
the electric field effect on solid-liquid interfacial tension in a
confining nanoenvironment is still in its early stage. As suggested
by a number of researchers,35-38 many physical and chemical
concepts, including the definitions of density, viscosity, and phase
diagram of liquids, need to be reinvestigated at the nanometer
scale, for which not only fundamental understanding but also
basic testing data are still lacking. In a recent study39 it was argued
that, in a nanopore, the classic Laplace-Young equation is no
longer valid. A new term that takes into account the column
resistance of nanopore walls must be added to explain the testing
data.

In the current study,we focus on the experimental investigation
on the electric field-induced changes of effective interfacial ten-
sion in a nanoporous silica. Compared with other factors that
affect the system free energy, such as temperature, using electric
field to control wetting or dewetting at a nanopore’s inner sur-
face is more straightforward and fast, yet it is still a relatively
uninvestigated area.

II. Experimental Section

The concept of contact angle breaks down in a nanopore, since
there are only a limited number of liquid molecules in the cross
section. Even if an effective contact angle could be defined, e.g., at
a Gibbs surface, observing it in the interior of a nanoporous
particle is prohibitively difficult. To analyze the solid-liquid
interaction in a confining nanoenvironment, a pressure-induced
infiltration (PII) experimental setup was designed. The nano-
porousphasewasproducedbyusing ananoporous silicaprovided
by Davsil. The as-received material was in particle form, having
a large volume fraction of relatively regular nanopores.40 The
particle size was 20-50 μm. In order to increase the degree of
hydrophobicity, the inner surfaces of nanopores were modi-
fied by silyl groups. About 2 g of the particles were first dehy-
drated at 100 �C for 36 h, and then immediately immersed in
40 mL 1.5% dry toluene solution of chlorotrimethylsilane. The
mixture was refluxed at 90 �C for 20 h. During this process,
the hydroxyl groups at nanopore surfaces were deactivated by

chlorotrimethylsilane molecules, forming a hydrophobic mono-
layer,41 the details of which have been discussed elsewhere.42,43

The treated silica particles were filtered, washed with dry toluene
andwarmwater, and dried in vacuum at 50 �C for 12 h. The dried
silica was placed in a steel mold and compressed by a type 5580
Instronmachine at 20MPa, leading to the formation of nanopor-
ous silica disks. The mass of each disk was 16.5 mg, and the
thickness was around 100 μm, with a cross-sectional area of
285 mm2. Through a gas absorption analysis by using a Micro-
meritics ASAP-2000 analyzer, it was confirmed that the nano-
pores were open, as shown inFigure 1. The average nanopore size
was 7.4 nm, and the specific nanopore volume was 560 mm3/g.

By repeatedly folding an aluminum foil coatedwith Teflon thin
film and inserting the silica disks in between adjacent aluminum
layers, a nanoporous layer stack was produced, as depicted in
Figure 2. The Teflon film thickness was 50 μm.This structure was
condensed in the Instron machine in a steel mold under 0.1 MPa,
so that the layers were firmly compressed together. The electrode
was placedona steel piston,with the edges of the aluminum layers
in direct contact with the steel. The remaining area of the steel
piston was insulated from the liquid phase by a thick layer of
epoxyadhesive. The steel piston, togetherwith the layer stack,was
placed at the bottom of a steel cylinder, inside which 10 g of 15%
potassium chloride (KCl) solution was sealed by another steel
piston from the top. The inner surface of the cylinder was
insulated from the liquid phase by a Teflon layer. By using a
DCpower source, anopen-circuit voltage,φ, was applied between
the lower piston and a platinum counter-electrode, which was
separated from the silica-aluminum layer stack by a porous
polystyrene membrane. The porous membrane thickness was
80 μm, and the pore size was 1-2 μm. The value of φ was in the

Figure 1. The nanopore volume distribution.

Figure 2. Schematic of the experimental setup. The nanoporous
slica disks are about 100 μm thick. They are inserted in between
folded aluminum layers coated by 50 μm thick Teflon thin films,
and immersed in an electrolyte solution. The counter electrode and
the nanoporous silica disks are separated by a 80 μm thick porous
membrane separator.
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range of -380 V to +420 V. By using the Instron machine, the
upper piston was intruded into the cylinder at a constant rate of
0.5 mm/min. As the applied load, F, exceeded 4.5 kN, the cross-
head was moved back. The quasi-hydrostatic pressure in the
liquid phase was calculated as P = F/Ap, where Ap = 286 mm2

is the cross-sectional area of the piston. Figure 3 shows typical
sorption isotherm curves. The measured ion transport pressure
(Pin) is given in Figure 4 as a function of the applied voltage. In
order to minimize the influence of the definitions of the starting
and the ending points of infiltration, the value ofPin was taken as
the pressure at the middle point of the infiltration plateau, where
the slope of the sorption isotherm curve is quite small. Compared
with the pressure at the beginning of infiltration, the so-defined
Pin better reflects the energy exchangebetween the solid and liquid
phases.39

A reference test was performed on a large 60 μm thick glass
slide, which was surface treated by chlorotrimethylsilane through
a process similar to that of the nanoporous silica. A 50 μm thick
Teflon layerwas firmly compressedwith the slide on top of a large
aluminum electrode. A drop of 15% potassium chloride solution
was placed on the Teflon layer, and its contact angle was
measured in situ through a horizontal optical microscope. The
external voltage applied between the aluminum electrode and the
electrolyte solution was in the same range of-380 V to+420 V.
The measurement results are shown in Figure 5.

III. Results and Discussion

At 0 V, the contact angle of the KCl solution at the large
glass slide is 121�, indicating that the surface-treated glass is highly
hydrophobic. According to the classic Laplace-Young equa-
tion, the solid-liquid interfacial tension can be calculated as

γsv - γsl = γ0 3 cos θ,
44 with γ0 = 74 mJ/m2 being the surface

tension of the potassium chloride solution. From Figure 5, it can
be seen that, when the applied voltage is relatively low, the
variation in interfacial tension is mild; as φ increases, γ decreases
with an increasing rate. The direction of the electric field does not
have a pronounced influence on the interfacial tension, and thus
the φ-γ curve is quite symmetric. All these phenomena fit well
with the prediction of the conventional electrochemistry theory.45

As the voltage is applied between the electrode and the electro-
lyte solution, the glass slide and the Teflon layers serve as the
insulation phase.

In the setup depicted in Figure 2, the interface of the liquid and
solid phases is inside the nanopores. As a result of the silyl
treatment, the inner nanopore surfaces are hydrophobic. There-
fore, under ambient pressure when the nanoporous silica samples
are immersed in the potassium chloride solution, the liquid cannot
enter the nanopores, because of the repelling effect of thenanopore
walls. When an external pressure is applied by the upper piston,
themechanicalwork leads to the increase in the system free energy.
When the system free energy is sufficiently high, the capillary effect
is overcome, and the liquid infiltration starts. Associated with the
liquid infiltration, the system volume rapidly decreases with a
relatively small pressure increment, and thus a plateau region is
formed in the sorption isotherm curve (Figure 3). The liquid
transports in the nanopores until the entire nanoporous space is
occupied. The width of the infiltration plateau is close to the
specific nanopore volume. When the peak pressure is reached and
the piston moves out, the pressure in the liquid phases keep de-
creasing. The unloading behavior of the system is quite different
from the loading path, indicating that the system is energy ab-
sorbing. The hysteresis may be related to the sliding of liquidmole-
cules and ions along the solid surface,46,47 the effects of entrapped
gas/vapor nanophase,48,49 and so forth, which is still under inves-
tigation and is not the focus of the current study. Note that, while
the PII experimental procedure is somewhat similar to mercury
porosimetry, the results should not be analyzed by a Washburn
type method, since the interfacial tension may not be a constant.

By compressing a unit volume of liquid phase into the nano-
pores, the work done by the external load is Pin. As the nanopore
surfaces are in contact with the confined liquid, the system free
energy increases by γ 3A, where A ≈ 2/r is the specific nanopore

Figure 3. Typical sorption isotherm curves. The system volume
decreases as the external pressure is increased. As the PII takes
place, an infiltration plateau is formed.

Figure 4. The ion transport pressure (Pin) and the effective
interfacial tension (γ) as functions of the applied potential
difference (φ).

Figure 5. Thecontactangle (θ) andthe interfacial tension (γ) as func-
tions of the applied potential difference (φ) at a large flat surface.
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area per unit nanopore volume, and r is the effective nanopore
size. At equilibrium, γ = Pin 3 r/2; i.e., the system free energy
change associated with the liquid infiltration is captured by the
effective interfacial tension. According to the gas absorption
measurement shown in Figure 1, the media nanopore size is
7.4 nm. The ion/liquid transport pressure corresponding to it,Pin,
is assessed as the pressure at the intersection of the sorption
isotherm curve and the median line between the low-pressure
section of loading path and the unloading path. Thus, the values
of γ can be calculated as a function of the applied voltage.

When φ = 0, the values of γ of the nanoporous silica and the
large glass slide are different. It can be caused by not only the
confinement effect of the nanoporus environment, which will be
discussed below, but also the different surface coverage due to
the distinct surface reaction conditions aswell as the differences in
the electric loading mode and the thickness and configuration of
silica layer. In the current study, we focus on the relative variation
of γ associated with the change in external electric field.

It is clear that the measured effective interfacial tension in
nanopores decreases as the electric field becomes stronger. The
change in γ is quite symmetric with respect to φ=0. In the setup
shown in Figure 2, the dielectric layer between the confined liquid
phase and the electrode is the bilayer of Teflon film and silica
nanopore wall. While near the Teflon-silica interface the silica
layer thickness is quite small, the average silica layer thickness is
comparable with that of the large glass slide used in the reference
experiment.As the nanopores are filled by the electrolyte solution,
the insulation effectiveness of the silica phase is reduced. Hence, if
the interface properties in nanopores are similar to that at a large
surface, the electrowetting effect on the nanoporous silica should
be stronger than the result of the reference experiment.

However, the testing data show that themagnitude of variation
of the interfacial tension of the nanoporous sample is much
smaller than that in the reference test, even though the average
silica layer thickness is thinner. When φ is increased from 0 to
420 V, the effective interfacial tension decreases by only about
15%, while, in the reference test in the same voltage range, the
interfacial tension changes from positive to negative bymore than
140%, nearly 10 times larger. The effective interfacial tension can
be regarded as the increase in system free energy per unit area of
nanopore inner surface, after the liquid infiltrates into the
nanopore. Its dependence on the applied voltage may be attrib-
uted to the confinement effect of nanopore walls on the ion
transport behavior (Figure 6). At a large surface, outside the outer
Helmholtz plane (OHP) there exists a bulk liquid phase, which
can be regarded as an infinitely large ion reservoir. When the
interface potential becomes different, the electrode-liquid electro-
static energy and the double layer at the insulator-liquid interface
would change, both of which lead to the variation in surface ion
density; that is, ions tend to move across the OHP into or out of
the bulk phase. In the bulk phase, ions are in thermal disarrays.
The effective surface ion density can be assessed as the total
number of confined ions normalized by the nanopore surface
area. In a nanopore, the surface-to-volume ratio is ultrahigh. As a
result of the lackof bulk liquid phase in the interior of a nanopore,
when the surface potential varies, the motion of ions can quickly
make the confined liquid monopolar, creating a reverse double-
layer-like structure that prevents the ion structure in the interface
layer from being fully developed; that is, the interface capacity
tends to be lower compared with that of a large surface. There-
fore, while the tendency of interfacial tension variation is the
same, its magnitude is reduced.

Another interesting observation is that the γ-φ relation of the
nanoporous system cannot be described by the classic equation of

γ= γ1-Cφ2/2. Around 200 V, the variation rate of the interfacial
tension greatly decreases. In the negative voltage range, there is
a similar step. Above the critical voltage, dγ/dφ keeps decreasing as
φ rises. When φ is close to 400 V, the slope of the γ-φ curve is
smaller than that at the low-voltage section by about an order of
magnitude. The saturation of the electric field effect can also be
caused by the small volume-to-surface area ratio of the confined
liquid. As the excess ion concentration in the interior is balanced,
further increase in potential difference would not cause much
variation in the effective ion density in the interface layer, unless
ions diffuse away or into the nanopores along the axial direction. In
a previous experiment,50 it was observed that ion exchange between
the confined liquid phase and the bulk liquid phase outside the
nanoporous particles can be quite slow. The suppression of the ion
density change can result in reductions in variations in electrode-
liquid electrostatic effect and in silica-liquid interaction, which in
turn stabilize the system free energy, so that the effective interfacial
tension is less sensitive to the external electric field.

Note that the above analysis based on the assumption that the
lack of bulk liquid phase in nanopores suppresses the electrowet-
ting effect is not directly supported by the experimental evidence.
More comprehensive experiments and computer simulations
must be performed to eventually validate it, which will be the
focus of our future work.

IV. Concluding Remarks

The effective solid-liquid interfacial tension in a nanoporous
silica ismeasured as a function of the applied potential difference.
Similar to the prediction of classic electrochemistry theory, the
interfacial tension decreases with the increase in potential differ-
ence, and the effect of electric field direction is negligible. How-
ever, compared with a large solid surface, in the nanopores the
electrowetting effect is quite weak, and it tends to be saturated
when the voltage is relatively low. One possible cause of these
phenomena is the large surface-volume ratio of the confined
liquid phase, where the interior cannot be regarded as a neutral,
infinitely large ion reservoir.
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Figure 6. Schematic of confined ions in a nanopore. As a result of
the confinement effect of nanopore walls, the effect of external
electric field on the effective ion density in nanopores is suppressed.
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