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With  the  addition  of  copper  microparticles,  the  electrical  conductivity  of  a hexagonal  mesoporous  silica
(HMS) disk  can  be  enhanced.  As  an  electric  field  is  applied  across  the  interface  of  the  HMS–Cu  mixture  and
an electrolyte  solution,  the  liquid  infiltration  pressure  increases  considerably,  which  is  also  dependent
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on  the  nanopore  size.  It may  be  attributed  to  the surface  charge  effect,  which  is  amplified  by the  large
surface  to  volume  ratio.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Understanding fluidic behaviors on nanoscale is critical to a
ariety of applications, e.g. [1,2]. Nanofluidic behaviors are funda-
entally different from the predictions of continuum theory. At the
olecular level, as water molecules are confined in a nanopore,

heir configuration is strongly affected by the solid atoms. Along
he axial direction, because the pore depth is much longer than the
haracteristic diffusion distance, the liquid structure is quite uni-
orm [3]. Along the radius direction, the confined liquid molecules

ay  form a few layers, depending on the surface features [4]. If
here are solvated ions, the system may  become heterogeneous
5,6]. In a molecular sized nanopore, the ions cannot be fully sol-
ated, and they may  form crystalline-like clusters [7,8]. If the
anopore is relatively large, the hydration shell may  be formed but
re distorted [9].  The coordination number tends to decrease, and
he structure can be anisotropic.

As a pressure gradient exists, water molecules and ions would
ove from the high potential area to the low potential area. If the
anopore is short, the molecules can rapidly transport across it in
 “frictionless” manner [10]. In a long nanopore, the “column resis-
ance” offered by the solid atoms must be taken into consideration,
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and a number of fundamental properties of the confined liquid,
including the effective viscosity and the effective surface tension,
must be re-investigated [11,12].

Other than external pressure, confined liquids would also
respond to thermal and electric fields. When temperature changes,
the effective solid–liquid interfacial tension in nanopores can
vary considerably, somewhat similar to the classic thermocapil-
lary effect [13]. The excess interfacial tension can trigger a net
motion of liquid molecules, either into or out of the nanopores.
Previous experimental results also showed that the liquid trans-
port pressure in nanopores can be adjusted by a voltage [14,15].
In order to separate the nanoporous electrode and the con-
fined liquid, the nanopore inner surfaces were coated by a
monolayer of field responsive groups. Thus, as the molecular
configurations change with the potential difference, the effective
interfacial tension varies, affecting the ion transport behaviors.
A nonconductive nanoporous phase can be employed as the
insulation layer [16]. Note that, in such a setup, the applied
voltage must be high, at the level of 102 V, comparable with
the voltage in a classic electrowetting test on a large, flat
surface.

Many nanoporous materials, such as silica, are nonconductive.
To extend their applications to electrowetting study, their conduc-
tivity should be improved, e.g. through addition of a conductive

phase. Similar methods have been used to form nanoporous elec-
trodes in energy conversion systems [17]. The influence of the
secondary, conductive phase on the nanofludic behaviors is still
inadequately understood.

dx.doi.org/10.1016/j.matchemphys.2012.01.019
http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
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Fig. 1. Schematic of the experimental setup.

. Experimental

The nanoporous material analyzed in the current investigation
as a Sigma–Aldrich hexagonal mesoporous silica (HMS). It was

 nonconductive powder material, with the particle size around a
ew to tens of �m.  To directly measure the ion transport pressure,
t was surface treated. The material was dehydrated in vacuum at
00 ◦C for 12 h. At 90 ◦C, 1 g of HMS  was mixed with 40 ml  of dry
oluene and 1 ml  of chlorotrimethylsilane. The mixture was vig-
rously stirred for 36 h, after which the HMS  sample was  filtered,
ehydrated in vacuum at 120 ◦C for 12 h, and rinsed repeatedly with
ethanol and dry toluene. According to a Barret–Joyner–Halenda

BJH) measurement, the nanopore size was mostly in the range of
–7 nm and the modal value was around 3 nm.

The treated HMS  was uniformly mixed with Dendritic-3 �m
opper (Cu) microparticles, with the silica–copper ratio of 1:1.5. The
verage size of the copper particles was 3 �m.  The HMS–Cu mix-
ure was compressed into thin disks under 10 MPa, with the disk
hickness around 460 �m.  Note that the silica nanoporous structure
ould remain stable up to a few hundreds MPa  [18], much higher
han the pressure range involved in the current study.

A HMS–Cu disk was placed in a stainless steel cylinder, as
epicted in Fig. 1, separated from a gold counter electrode by

 250 �m thick porous polypropylene membrane. The electrodes
ere immersed in a 15% aqueous solution of lithium chloride

LiCl). Across the HMS–Cu disk and the counter electrode, a voltage,
 = 0.5 V, was applied. The cylinder was sealed by two stainless steel
istons with reinforced gaskets. In a type 5580 Instron machine,
he upper piston was intruded into the cylinder at the rate of

 mm min−1. The piston pressure and the piston displacement were
easured continuously. Once the pressure reached about 14 MPa,

he piston was moved out at the same rate.

. Results and discussion

Typical sorption isotherm curves are shown in Fig. 2. After the
urface treatment, the nanopore walls are coated by hydrophobic
ilyl groups and become nonwettable to the liquid phase [19]. The
orption isotherm curve consists of a few stages. The dashed line
ndicates the system behavior when E = 0 V. The low-pressure sec-
ion from 0 MPa  to about 4 MPa  is quite linear. When the pressure
ises, the system volume is reduced smoothly, reflecting the lin-
ar compression of the liquid phase and the machine compliance.
rom about 4 MPa, the sorption isotherm curve becomes nonlinear.
ince both the HMS and the liquid phases are incompressible in this
ressure range, the formation of the plateau must be attributed to
he pressure induced infiltration. At the relatively high pressure, the
ulk liquid phase can overcome the repelling effect of the nanopore

alls, and the liquid starts to enter into the nanoporous space.

he liquid infiltration starts with the relatively large nanopores. As
ressure increases, smaller nanopores are filled. When the pressure
eaches about 8 MPa, the slope of sorption isotherm curve becomes
Fig. 2. Typical sorption isotherm curves.

linear again and increases rapidly, converging to the bulk modulus
of the liquid phase, indicating that the nanoporous space is occu-
pied and no more liquid infiltration would occur. Note that the
width of the infiltration plateau is close to the BJH measurement
result of nanopore volume.

As the pressure further increases, the nominal system volume
change is determined by the compressibility of the liquid phase as
well as the compliance of the testing machine. These factors are
independent of the HMS  properties, and are not affected by the
external electric field.

Upon unloading, the system volume does not recover, suggest-
ing that the confined liquid does not defiltrate. The irreversibility
of liquid infiltration and defiltration may be related to the energy
barrier of nanopore walls to the liquid motion [20], i.e. the “col-
umn  resistance” [21]. It may  also be caused by the “blocking effect”
of confined gas/vapor nanophases, which has unique characteris-
tics as the effective solubility is reduced by the nanopore surfaces
[22]. The details of liquid defiltration are still under investigation.
The following discussion will be focused on the liquid infiltration
phenomena.

The copper and the HMS  particles can be mixed together quite
uniformly. The former can form a semi-continuous, conductive
matrix. When it is connected to the voltage source, the surface of
the copper particles would be of a higher potential than the liquid
phase. In the framework of conventional electrowetting theory, at
a large solid surface, there is a high-ion-density interface double
layer, which can sometimes be modeled as the Outer Helmholtz
Plane (OHP) [23]. The molecular structure and the ion density in
OHP determine the effective solid–liquid interfacial tension. When
an electrical potential difference is created, according to the classic
Lippmann equation, the interfacial tension tends to decrease [24].
Therefore, the capillary pressure that a liquid must overcome to
enter a pore should be reduced. If the solid surface is conductive, the
interfacial tension change can occur at a low voltage. If the electrode
is coated with a monolayer of surface groups, the nonconductive
coating promotes the capacitive effect and suppresses current for-
mation, so that larger contact angle changes may be achieved at
similar voltages [25–27].  With an insulation layer of the thickness
at the level of 10–102 �m,  the required voltage is typically tens to
a few hundreds volts; otherwise the contact angle variation would
be negligible [24].

The liquid infiltration takes place in the nanopores of HMS. The
silyl monolayer is coated on the nonconductive silica. This is fun-
damentally different from the experiments on monolayer coated
large metallic electrodes [25–27],  where the insulation layers con-

tained only the surface groups. In the current investigation, the
conductive phase (Cu) and the liquid phase are separated by the
silica network. The silica particle size is as large as tens of microns.
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Fig. 3. The infiltration pressure as a function of the nanopore size.

herefore, without any size effect, the wettability change should
e comparable with that on a large electrode coated by a thin glass
late; the required voltage for detectable surface tension changes
hould be higher than tens of volts.

Fig. 2 indicates that, when the external voltage is applied, the
easured ion transport pressure varies significantly. It is remark-

ble that the pressure increases. Moreover, the pressure increase
s quite non-uniform over the infiltration plateau. The pressure
hange happens when the applied voltage is only 500 mV.  At the
eginning of infiltration, the pressure difference is small. As the

iquid infiltration volume increases, the pressure difference rises
onotonically to about 1 MPa. By using the nanopore size distribu-

ion data obtained in the BET measurement and a Washburn-type
nalysis [12], the accumulated pore volume can be related to the
ore size, d, as shown in Fig. 3. Clearly, the pressure difference

s more pronounced when the nanopore size is small. When the
anopore size is larger than 8 nm,  the effect of voltage becomes
rivial.

These phenomena are significantly different from the elec-
rowetting of aqueous solutions on thiol-modified gold electrodes
28], and cannot be explained by the conventional theory. First,
he applied voltage, E, is low. Since E is only 500 mV,  it should not
ffect the liquid motion across the silica layer, which is at least a
ew �m thick. The observable effective interfacial tension change
ith such a low voltage usually happens at the surface of a con-
uctive material, while the copper particles are solid and cannot
ffect the sorption isotherm curve. Second, the pressure increases
ith E. As discussed previously, if the pressure change is caused by

he interfacial tension variation, it should decrease. Third, the pres-
ure change is dependent on the nanopore size. In a relatively large
ore, the pressure is insensitive to the voltage, which is consistent
ith the conventional theory. In a relatively small nanopore, the

nfiltration pressure increases by about 15%.
The measured infiltration pressure change may be attributed to

he unique structure of nanopore opening and the large surface-to-
olume ratio. At the opening of a large pore, as the liquid enters it,
ost of liquid molecules and ions are in the interior, far away from

he outer surface of the porous particle. As depicted in Fig. 4, at the
pening of a small nanopore, most of water molecules and solvated
ons are exposed to the solid wall. If there is no external voltage,
he influence of the pore opening is determined by the potential

unctions of solid atoms, water molecules, and solvated ions. There
re two competitive intermolecular forces: solid–liquid adhesive
nd liquid–liquid cohesive interactions. If the cohesive interaction
Fig. 4. Schematic of the surface charges at a nanopore opening.

effect is stronger than the adhesive effect, the liquid is nonwetting
to the solid, otherwise, it would be wetting [29]. With the exter-
nal electric field, these effects still exist, while a new factor, the
surface polarity, comes in. As the potential of the copper phase is
higher than the potential of the liquid phase, an electric field is
established normal to the outer surface of the HMS particle. While
it promotes the motion of oppositely charged ions, an energy bar-
rier to the like-charged ions is built up. The infiltration pressure is
around a few MPa, insufficient to form a monopolar phase; that is,
the cations and anions in the nanopore must be balanced. Hence,
the higher resistance dominates the overall system behavior, and,
consequently, the required pressure tends to increase.

The variation in infiltration pressure may  also be related to
the electro-viscosity effect. Some experiments on capillary filling
of nanochannels have observed lower than expected filling rates
[30,31]. Churaev et al. [32] found that the viscosity of water in glass
capillaries of 80 nm diameter is approximately 40% elevated, and
this elevation decreases rapidly with increasing channel size. Simi-
larly, Tas et al. [31] found that the elevation of the apparent viscosity
amounts up to 24 ± 11% for demineralized water in equilibrium
with air in nanochannels. Mortensen and Kristensen [30] worked
out the electro-viscous correction, including the Debye-layer cor-
rection, to the hydraulic resistance by using theoretical methods.
However, in the present work, the loading rate is quasi-static and,
therefore, the viscosity effect should be secondary.

It is clear that the above discussions do not provide a defini-
tive answer for the mechanisms of the liquid infiltration under the
influence of external electric field. Computer simulations need to
be performed to examine the details of the solid–liquid interaction
processes.

4. Concluding remarks

We report an experimental result that, when HMS  is mixed with
copper microparticles, the effective infiltration pressure of an elec-
trolyte solution is sensitive to the external electric field. With a
voltage of 500 mV,  in the smallest nanopores the infiltration pres-
sure increases by nearly 15%, while in the largest nanopores the
pressure variation is negligible. These phenomena may  be related
to the effect of surface polarization amplified by the large surface
area, and/or the electro-viscosity effect.
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