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ABSTRACT: Understanding the variation of nanoﬂuidic behavior in the presence of
an external electric ﬁeld is critical for controlling and designing nanoﬂuidic devices.
By studying the critical inﬁltration pressure of liquids into hydrophobic nanopores
using molecular dynamics (MD) simulations and experiments, important insights
can be gained on the variation of the eﬀective liquidsolid interfacial tension with the
magnitude and sign of electric ﬁeld, as well as its coupling with the pore size and the
solid and liquid species. It is found that the eﬀective hydrophobicity reduces with the
increase of electric intensity and/or pore size, and the behavior is asymmetric with
respect to the direction of the electric ﬁeld. The underlying molecular mechanisms
are revealed via the study of the density proﬁle, contact angle, and surface tension of
conﬁned liquid molecules.

’ INTRODUCTION
In a conﬁned nanoenvironment, owing to the unique solid
liquid interfacial characteristics, the liquid inﬁltration and
transport exhibit many interesting phenomena.13 Nanotubes
can be spontaneously ﬁlled with liquids only when the surface
tension of the liquid is low enough to allow internal wetting.4
Otherwise, an external pressure is required to force a nonwetting
liquid to inﬁltrate a hydrophobic nanoporous material, and
during this process, the external work will be in part converted to
solidliquid interfacial tension and in part dissipated via friction
during nanoﬂuidic transport.5 The performance of such a nanoporous energy absorption system (NEAS) is critically aﬀected by
the inﬁltration pressure6 (at which the capillary resistance of the
nanopore walls is overcome), which can be adjusted by tuning
the eﬀective hydrophobicity of the system. Several strategies have
been proposed to control the nanoﬂuidic inﬁltration and ﬂow
behavior by modifying the solidliquid interfacial characteristics,
such as adjusting the nanopore structure,7 surface treatment,8
adding the gas9 or ion10 phase, and/or applying an external
pressure,11 thermal ﬁeld,12 or electric ﬁeld.13 Among these
approaches, the electrical control is in particular attractive
because it is relatively simple and straightforward, maintains
the inherent characteristics of nanopores such as their mechanical strength and surface morphology, while aﬀecting the nanoﬂuidic behavior by inﬂuencing the conﬁgurations of polar
liquid molecules in nanoenvironment. Note that although the
r 2011 American Chemical Society

employment of static charge groups (by introducing explicit
electric charges near a nanopore) may trigger and speed up ﬂow
or inﬁltration of liquids, it cannot drive a continuous ﬂow of water
molecules through a nanopore.14,15
In the presence of an external electric ﬁeld, because of its
dipole and quadrupole moments, water molecules feature strong
interactions with the electric ﬁeld next to the charged or polar
solutes, and they are attracted to the ﬁeld exposed regions, which
may aﬀect the eﬀective surface tension of water molecules on
nanopore wall,16,17 also known as the electrocapillary eﬀect.
Garate simulated water-self-diﬀusion through single-walled carbon nanotubes (CNTs) using molecular dynamics (MD) simulations in the presence of an external electric ﬁeld,18 and found
that the permeation of water into the smaller nanotubes is
enhanced by electric ﬁelds due to a decrease in the ﬂuctuations
of the number of water molecules inside the nanotubes, whereas
the larger extent of rotational freedom of the water molecules in
the larger nanotubes allows an improved dipole alignment with
the electric ﬁelds, resulting in a reduced water self-diﬀusion ﬂux.
By imposing an external voltage to a NEAS consists of nanoporous silica in KCl solution, Lu et al. found that the interfacial
tension decreases as the applied voltage increases, and the
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Figure 1. Computational cell of the model water/CNT system: One
end of a carbon nanotube (CNT) is inserted into a water reservoir; the
CNT is suﬃciently long so that no water molecule will ﬂow out from the
other end during simulations. Pressure is applied through the piston-like
bottom plane of the reservoir. The loading is quasi-static. A periodical
boundary condition is imposed to the four lateral planes of the cell. An
external electric ﬁeld, E, is applied in the cell along the length direction of
CNT (the current direction is positive).

magnitude of such a variation is smaller than its bulk counterpart.13 Despite these preliminary investigations, the role of the
electric ﬁeld on the solidliquid interfacial tension in a conﬁning
nanoenvironment remains unclear. Through the exploration of
the performance variation of a NEAS under diﬀerent electrical
ﬁelds, in particular the inﬁltration pressure (which is closely
related to the capillary resistance), the goal of the present paper is
to obtain some useful insights on the eﬀect of voltage on the
solidliquid interfacial tension. In turn, such a study may be
helpful for designing electrically controllable NEAS or electrical
actuation system through the adjustment of the relative hydrophobicity of nanoporous solid/functional liquid systems.
Using MD simulations, in this paper, we study the inﬁltration
of liquid molecules into nanopores in the presence of an external
electric ﬁeld, in particular the dependency of the NEAS inﬁltration pressure on the external electric ﬁeld and pore size. Both
liquid and solid phases are varied: the working ﬂuid includes
water and electrolyte, and both carbon and silica nanotubes are
taken as model nanochannels, so that the diﬀerent inﬂuences of
electric ﬁeld can be revealed. The contact angle, surface tension,
and liquid distribution density are employed to describe the
solidliquid interfacial characteristics. Parallel experiment is
carried out on a similar system to justify the theoretical predictions. The results may be helpful for developing prospective
electrically controllable nanoﬂuidic protection and actuation
devices.

’ MODEL AND COMPUTATIONAL METHOD
The computational cell is sketched in Figure 1. In this representative system, a model structure of nanochannel, an armchair
(16,16) CNT with the diameter of 2.17 nm,19 has one of its
openings immersed in a reservoir ﬁlled with model nonwetting
liquid, which contains 2548 water molecules. The nanopore size
and phase, as well as the liquid phase, are varied later in this study.
The nanotube is assumed to be rigid and previous studies20 have
indicated that the eﬀect of tube ﬂexibility is minor. The top and
bottom surfaces of the reservoir are bounded by two rigid planes,
with the upper one ﬁxed and the lower one movable to mimic a
piston. Initially, the averaged density of water in the reservoir is
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close to that of bulk water, F0 = 998.0 kg/m3 at 300 K and
0.1 MPa by adjusting the total number of water molecules. A
periodical boundary condition is imposed on the four lateral
planes of the computational cell.
MD simulation is performed using LAMMPS (large-scale
atomic/molecular massively parallel simulator), with the NVT
ensemble at ambient temperature of 300 K.21,22 The nonbond
interatomic van der Waals interaction is described by the 126
Lennard-Jones (LJ) empirical forceﬁeld, U(rij) = 4ε[(σ/rij)12 
(σ/rij)6], where rij denotes the distance between atoms, and
ε and σ are the energy and length parameters, respectively. In the
example CNTwater system described in Figure 1, due to the
lack of available ﬂexible water model for reproducing all behaviors of water deformation (e.g., oxygenhydrogen bond, bond
angle and bending frequency)23 when subjected to an electric
ﬁeld,24 the water is modeled by the most popular force ﬁelds of
the extended simple point charge potential (SPC/E).25 The
particleparticle particlemesh (PPPM) technique with a rootmean-square accuracy of 104 is employed to handle the longrange Coulomb interactions between the sites associated with the
oxygen atoms and the two hydrogen atoms. The carbonoxygen
LJ parameters are extracted from the experimental low-coverage
isotherm data of oxygen adsorption on graphite.26,27 By using
these molecular models and parameters, the graphene as the raw
material for constructing CNTs is ensured to be hydrophobic28
in the absence of electric ﬁeld; with the application of an external
electric ﬁeld, as will be shown below, the hydrophobility will
decrease; nevertheless, the system will not switch to hydrophilic.
When the solid and liquid phases are changed, e.g., with the
employment of silica nanotube and electrolyte, relevant force
ﬁeld parameters can be found in refs.11,29,30
Since the inner surface of nanotube is hydrophobic, after
equilibrium the water molecules cannot enter into the nanotube
spontaneously. By moving the piston upward in a quasi-static
manner,31 the water phase is pressurized. At each time step, the
eﬀective applied pressure, P, is evaluated by sampling a region
with volume of V near the entrance of the nanotube, based on the
intermolecular potential among water
molecules via the Virial
0
32
where N0 is the
expression, P = N0 kBT/V þ ∑N
i ri 3 fi/3V,
number of water molecules inside the sampling region, kB is
the Boltzmann constant, T is the system temperature, and the
second term describes the contribution from the pair wise body
interaction among the N0 water molecules. V is taken to be
suﬃciently large to ensure a nearly isotropic density distribution
of water. If the pressure is beyond a critical inﬁltration value, Pin,
liquid starts to inﬁltrate and wet the nanopore.
A uniform external electric ﬁeld, E, is applied along the axial
direction of the nanochannel, whose magnitude varies between
102 V/Å < |E| < 0.4 V/Å, which is on the same order of that for
ion channels and membranes,33,34 and the results are compared
with the reference system without electric ﬁeld. Note that the
applied electric ﬁeld in this study does not include the ﬁeld
reduction due to water polarization, and this assumption has
been rationalized for the SPC/E water model.17,35

’ RESULTS AND DISCUSSION
Infiltration Characteristics and Pore Size Dependence of
Reference System. We first explore the fundamental behavior of

the reference system, by studying the infiltration of water
molecules into a representative (16,16) CNT without an external
electric field. Figure 2 shows the variation of the number of
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Figure 2. Reference system without applied electric ﬁeld: the variation
of the number of inﬁltrated water molecules into a (16,16) CNT as a
function of applied pressure. From the plateau of the ﬁtting curve, the
critical inﬁltration pressure, Pin, can be deduced.

Figure 3. Eﬀect of the CNT diameter, D, on the critical inﬁltration
pressure, Pin, in the absence of external electric ﬁeld. The error bar arises
from the small uncertainty of determining Pin from the inﬁltration curve.

infiltrated water molecules with the applied pressure. If the
pressure is relatively low, only very few water molecules are
incorporated in the meniscus near the entrance of the CNT, and
when the pressure exceeds a critical value of about Pin = 80 MPa,
the capillary resistance is overcome and water molecules burst
into the CNT. Afterward, the pressure remains a constant,
indicating that the inner surface of the CNT is quite smooth
with little transport dissipation7 and the LaplaceYoung equation can be applied at the nanoscale to correlate the infiltration
pressure with solidliquid interfacial tension.36
By following the similar procedure, we investigate CNTs of
diﬀerent chirality (diameter), from which the pore size dependence of Pin is given in Figure 3. The relative hydrophobicity
decreases as the size of CNT gets larger with weaker solidliquid
interaction. It is important to note that the relationship between
the critical inﬁltration pressure and pore diameter does not follow
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Figure 4. Eﬀect of electric intensity on the inﬁltration behavior for a
(16,16)CNT/water system.

the 1/D dependence dictated by the classic Laplace-Young
equation, which indicates the strong size dependence of other
involved parameters, such as the surface tension and contact
angle (see below). The size dependence is further coupled with
the eﬀect of applied electric ﬁeld, explored next.
Effect of Electric Field on Infiltration Characteristics in
CNT/Water System. With an applied electric field, the infiltration isotherm of the water-(16,16) CNT reference system is
distinct. Figure 4 indicates that more water molecules can easily
enter the CNT (at lower Pin) with the increase of electric field, as
the system becomes effectively less hydrophobic. An interesting
phenomenon can be found when the direction of the electric field
is switched. In Figure 5a, when |E| = 0.06 V/Å, there is a small
asymmetry for positive and negative electric intensities, where
the Pin of a small (10,10) CNT is slightly smaller (and the system
is a bit less hydrophobic) upon a positive electric intensity than
that with a negative electric intensity. Such a nanoconfinementinduced asymmetry is more obvious if the magnitude of the
applied electric intensity is increased to |E| = 0.1 V/Å, Figure 5b.
If the CNT gets larger, such as (18,18), then in case of a small
magnitude of electric intensity (0.06 V/Å), the difference
between the positive and negative electric intensity is negligible
(Figure 6a); when |E| is increased to 0.1 V/Å the asymmetry is
apparent (Figure 6b) but the difference in infiltration behavior is
still less prominent than that in the smaller (10,10) CNT.
Figure 7 plots the eﬀect of electric ﬁeld on Pin for six diﬀerent
CNT radii. It is readily seen that the Pin decreases with the
increase of electric intensity. The asymmetry in positive and
negative electric ﬁeld is more obvious if the electric ﬁeld is
stronger, or when the CNT is smaller, and the system is slightly
more nonwetting (with a higher Pin) in the presence of a negative
electric ﬁeld. These features are consistent with parallel experiment discussed below.
The underlying mechanism for electric ﬁeld-dependent inﬁltration behavior is attributed to the inherent physical characteristics of solidliquid interaction, such as the contact angle,
surface tension, and density proﬁle of conﬁned liquid molecules,
which are inﬂuenced by not only the electric ﬁeld but also the size
of the nanopore, elaborated in the next section.
Underlying Molecular Mechanism. At the equilibrium of
infiltration process, with respect to the classic LaplaceYoung
6351
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Figure 5. Eﬀect of the direction of the external electric ﬁeld on the
inﬁltration characteristic of water molecules into a (10,10) CNT. Key:
(a) ( 0.06 V/ Å and (b) ( 0.1 V/ Å.

equation, Pin = 4γ [cos θ]/D, where γ is the surface tension
between water molecules inside CNT and vapor (vacuum in this
study), θ is the contact angle, and D is the effective (accessible)
diameter of water molecules inside the nanopore. The applicability of the LaplaceYoung equation at the nanoscale has been
validated,36 as long as the relevant physical parameters (e.g.,
γ and θ) incorporate size effects. In this section, we focus on the
effect of electric field on γ, θ, and D (as well as its coupling with
the size effect), first qualitatively and then quantitatively.
First, in the absence of an external electric ﬁeld (i.e., the
reference system where γ=γ0, θ=θ0, and D=D0), the fact that a
lager nanopore diameter results in a lower Pin is qualitatively
consistent with Figure 3, except that as remarked earlier, Pin does
not vary as 1/D in Figure 3. This indicates that at the nanoscale,
both surface tension and contact angle are size-dependent. That
is, the curvature of nanochannel aﬀects the conﬁguration of
conﬁned liquid molecules, and hence both θ0 and γ0 depend on
D. For the waterCNT system discussed herein, the overall
eﬀect is that the more constriction of water molecules in a smaller
CNT subjects a stronger solidliquid interaction, which leads to
a lower θ0 and a higher γ0.37
When an external electric ﬁeld is applied, according to the insight
from classic electrochemistry theory, γ cos θ = γ0 cos θ0  Cφ2/2,
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Figure 6. Eﬀect of the direction of the external electric ﬁeld on the
inﬁltration characteristic of water molecules into a (18,18) CNT. Key:
(a) ( 0.06 V/ Å and (b) ( 0.1 V/ Å.

where C is the interfacial capacity, and φ is the applied potential
diﬀerence.13 This equation indicates that regardless of the sign of
the applied voltage, the eﬀective interfacial tension γ cos θ always
decreases with the magnitude of φ, and that would reduce the
critical inﬁltration pressure, Pin; these observations are qualitatively consistent with MD simulation results (Figure 7). Meanwhile,
the classic theories cannot directly explain the size dependence
of inﬁltration behavior (and its coupling with electric ﬁeld
dependence) and the asymmetry of positive and negative electric
ﬁelds.
In order to quantify the molecular mechanism of water
carbon interaction in the nanoconﬁnement, two diﬀerent model
nanochannels, (10,10) and (18,18) CNTs, are chosen as representative cavities for accommodating water molecules. Figure 8
shows the density proﬁle of water, F(r), along the radial direction
of a (10,10) CNT at the equilibrium after the water molecules
have intruded the nanopore. The ﬂuctuation of density proﬁle is
due to the hydrophobic nature of the considered nanotube,
where most of the water molecules are conﬁned in concentric
rings/layers inside the tube; the similar characteristic of water
distribution in CNTs has also been observed in other previous
MD studies.2,12,38,39
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Figure 7. Coupled eﬀect of pore size and electric ﬁeld strength on the
critical inﬁltration pressure, Pin.

From Figure 8, under the applied electric ﬁeld, the ﬂuctuation
amplitude of the density proﬁle decreases; moreover, the diﬀerence of the density proﬁle under the negative and positive electric
ﬁelds indicates that the wetting properties are diﬀerent. These
features echo the above MD simulation results. Figure 9 shows
the radial density proﬁle of water molecules conﬁned in the larger
(18,18) CNT: it can be seen that the water structure contains
more concentric layers with smaller amplitude (density) than
that in the (10,10) CNT, and the smaller ﬂuctuations in the
density proﬁle suggest a weaker solidliquid interaction and thus
less sensitivity to the external electric ﬁeld (as well as the
asymmetry of positive and negative electric ﬁelds). With further
increase of CNT diameter, it is envisioned that the radial density
proﬁle distribution will become homogeneous and deduces to
that of the classic ﬂuid behavior.
Another important feature that can be obtained from the radial
density proﬁle is the position of the ﬁrst solvation shell (FSS). In
the absence of the external electric ﬁeld, the distances from FSS
to the nanotube wall (referred as the equilibrium distance here)
are 2.280 and 2.305 Å for (10,10) and (18,18) CNTs, respectively. Both of them are close to the measured value of water drop
on a graphene (2.5 Å),40,41 and the small diﬀerence is resulted
from the curvature conﬁnement eﬀect.37,42 With the increase of
the applied electric intensity, Figures 8 and 9 indicate that the
position of FSS moves away from the nanotube axis, and reduces
the equilibrium distance. This is consistent with the electrowetting characteristic of water on a grapheme observed by Daub
et al.43 For a given nanotube, a smaller equilibrium distance implies
a larger eﬀective diameter D, and according to the LaplaceYoung
equation, that is another factor contributing to the reduction of Pin
for the system under electric ﬁeld.
Besides the eﬀective pore size D, the surface tension γ and
contact angle θ aﬀect the inﬁltration behavior in a more profound
manner. We ﬁrst deduce the quantitative information on θ
through an independent analysis. Following the technique proposed by Werder et al.,37 for water molecules conﬁned in a given
CNT, at the equilibrium state the spatial positions of the molecules at the meniscus front are averaged in a long computational
time frame, and from that averaged meniscus proﬁle, the contact
angle is deduced, illustrated in Figure 10(a) for the example of

Figure 8. Normalized radial density proﬁle of water, F(r)/F0, conﬁned
in a (10,10) CNT where F0 = 998.0 kg/m3. Key: (a) E = ( 0.06 V/Å and
(b) E = ( 0.10 V/Å. The left axis is aligned with the tube axis.

(18,18) CNT subjecting to an electric intensity of 0.1 V/Å. In
Figure 10(b) θ is presented as a function of electric strength, and
the coupled pore size eﬀect is also shown. For (10,10) and
(18,18) CNTs, the contact angle θo is 106.6 and 112.4, respectively, in the absence of electric ﬁeld, consistent with the
hydrophobic nature. With an applied electric ﬁeld, the contact
angle θ decreases, and such a reduction of hydrophobicity is also
larger for positive electric strength than the negative one,
consistent with the trend in Pin (Figure 7). The anisotropy in
water molecule response to the direction of an applied electric
ﬁeld indicates possible new electrochemistry mechanisms in a
conﬁning nanoenvironment.
Finally, based on the LaplaceYoung equation, Pin = 4γ cos θ/D
and Figure 10(b), the electric ﬁeld-dependent and size-dependent γ
can be calculated in Figure 10(c), where the variation and dependence of D are taken into account. It can be seen that the surface
tension of water in the (18, 18) CNT is ∼0.11 N/m without electric
ﬁeld, and it increases with the reduction of CNT diameter due to the
eﬀect of CNT curvature and density of conﬁned water
molecules.44,45 The result is consistent with that of MD results of
0.1269 N/m46 on the watercarbon system at 300 K. Like the
contact angle, the surface tension also decreases with the external
6353
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Figure 9. Normalized radial density proﬁle of water, F(r)/F0, conﬁned
in a (18,18) CNT where F0 = 998.0 kg/m3. Key: (a) E = ( 0.06 V/Å and
(b) E = ( 0.10 V/Å. The left axis is aligned with the tube axis.

electric intensity. The ﬁeld-induced reduction of both γ and θ
contribute to the decrease of hydrophobicity (reduction of Pin) in
the electrically controlled NEAS. The variation trend of surface
tension and contact angle with respect to the applied electric
ﬁeld also agrees with the experiment for a water droplet resting
on a graphene,43 yet we note that in the present study, the
electric ﬁeld eﬀect is closely coupled with the pore size eﬀect.
Extend to Other Nanopores and Liquid Phases. In previous
sections based on a model CNT/water system, we have revealed
some basic mechanisms of the effect of electric field on infiltration behaviors. Apparently, with different solid phase and liquid
composition, the infiltration characteristics are distinct. For
example, in the absence of electric field, the infiltration pressure
may be favorably elevated through the introduction of electrolyte
as well as using silica nanotube.30,47,48
To demonstrate the inﬂuence of electric ﬁeld on other
systems, a silica nanotube (SNT) with pore size very close to that
of (18,18) CNT and aqueous solution of sodium chloride
(NaCl) (with molar concentration of 2.0 mol/L) are chosen as
substitutes of the solid pore and liquid phase, respectively. Here
the diameter of the (18,18) SNT (24.56 Å) is measured as the
distance between two opposite oxygen atoms.

Figure 10. (a) Illustration of determining the contact angle in a (18,18)
CNT upon an external electric intensity of 0.1 V/ Å; the left axis is
aligned with the tube axis, and the right axis is at the tube surface. The red
dash line indicates the statistically averaged spatial positions of the water
molecule front in the CNT, based on which the contact angle is
determined. (b) Variation of the contact angle, θ, with the external
electric intensity. (c) Variation of the surface tension, γ, with electric
intensity.

Following the same computational procedure above, Figure 11a
plots the eﬀect of the external electric ﬁeld on Pin. In comparison
to the CNT/water system under the same electric intensity, with
6354
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Figure 12. Experimental result on a nanoporous silica/aqueous solution of potassium chloride(KCl) system. The inﬁltration pressure, Pin,
and the deduced solidliquid interfacial tension, γ cos θ, in response to
the applied external voltage, φ. The experimental setup is given in inset.

the cations and anions tend to move toward diﬀerent directions
and that is added to the electric strength-dependent inﬁltration
barrier. In case where the SNT is used, the partially charged
surface has a stronger interaction with the polar water molecule
and that could lead to a stronger solid/liquid interfacial tension,30
which is also sensitive to the electric ﬁeld. These ﬁndings could
improve the energy absorption eﬃciency of NEAS.

Figure 11. Comparison of diﬀerent solid and liquid phases; the eﬀect of
external electric intensity on the (a) critical inﬁltration pressure, Pin, (b)
contact angle, θ, and (c) surface tension, γ.

the employment of SNT or aqueous solution of NaCl, the system
becomes more hydrophobic with a higher Pin, with the electrolyte
have a bigger impact. The corresponding contact angle, θ, and
surface tension, γ, are plotted in Figure 11, parts b and c, respectively: the results indicate that the increment of surface tension is
mainly responsible for enhancing the hydrophobicity when the
liquid/solid phases are changed. In case of the employment of
electrolyte (in comparison with that of pure water), the additional work required to break the hydration shell for liquid
inﬁltration makes Pin higher;11 with an applied electric ﬁeld,

’ COMPARISON WITH EXPERIMENTAL DATA
The simulation results are qualitatively compared with the
data of a pressure induced inﬁltration experiment. The nanoporous material under investigation was a nanoporous silica crystal,
which was surface treated to increase the degree of hydrophobicity of the inner surfaces of nanopores.49,50 The nanopores were
conﬁrmed to be open through a gas absorption analysis by using a
Micromeritics Tristar-3000 Analyzer; the average pore diameter
was about 14.6 nm. An aluminum foil was repeatedly folded to
form aluminum layers, and treated silica disks of about 16.5 mg
were inserted between the adjacent layers (Figure 12). The extra
aluminum layers were connected together, forming an electrode
and counter-electrode, respectively. The silica disks and the
electrode were insulated by porous Teﬂon membranes, and thus
a nanoporous layer stack is formed. This stack was placed at the
bottom of a steel cylinder, inside which 10 g of 15% aqueous
solution of potassium chloride (KCl) was sealed by another steel
piston from the top. The inner surface of the cylinder was
insulated from the liquid phase and aluminum layers by a Teﬂon
layer. By using a direct current (dc) power source, an open-circuit
voltage, φ, was applied between the lower and a counterelectrode, which was separated from the silica-aluminum layer
stack by a porous polystyrene membrane. The value of φ was
in the range 380 to þ420 V. By using an Instron machine,
the piston was intruded into the cylinder at a constant rate of
6355
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0.5 mm/min (the loading rate was conﬁrmed to be suﬃciently
slow so as not to introduce any rate eﬀect). Since the nanopore
inner surfaces were hydrophobic, only when the applied pressure
was suﬃciently high (beyond Pin) a large number of water
molecules could be forced into the nanopores.
The measured Pin as well as the deduced eﬀective interfacial
tension are given in Figure 12 as a function of the applied voltage,
where the trend is qualitatively consistent with the computational
results (Figures 7 and 10), suggesting that Pin decreases with
increasing |E|, despite the diﬀerence between the experimental
and simulation systems. In addition, the direction of the electric
ﬁeld has some eﬀect on Pin, and a lower Pin is observed in the
presence of the positive electric ﬁeld, which is also consistent
with predictions in Figure 7. All these phenomena again suggest
that the conventional electrochemistry theory should be enriched the nanoscale.
Note that the current agreement between simulation and
experiment is rather qualitative, owing to several practical
challenges that have not yet been overcome. First, the experimental system is much larger than the simulation cell, with the
pore size larger and length longer. Second, the diameter of
nanopores in the experimental systems is not quite uniform,
and the pore structure is also quite complex. Third, the surface
treatment used in experiment is diﬃcult to incorporate into
simulation. Last but not least, due to the size and time scale
accessible to MD simulation, the electrical strength applied in
simulation is much higher than that in experiment. A more
quantitative coordination between simulation and experiment
will be reported in future.

’ CONCLUDING REMARKS
By taking advantage of the large speciﬁc surface area of nanoporous materials, a number of nanoﬂuidic devices have been
proposed whose functionality critically depends on the ability to
control the eﬀective solidliquid interfacial tension. In this paper,
we investigate the possibility of adjusting the liquidsolid interactions by using electric ﬁeld, and explore the electric strengthdependent inﬁltration behaviors of water molecules into hydrophobic nanopores. Systematic MD simulations of CNT/water
systems show that the critical inﬁltration pressure reduces with the
increase of electric intensity or pore size. The factors contributing
to the reduced hydrophobicity include the electrical induced variations of surface tension and contact angle, as well as radial density
proﬁle of conﬁned liquid molecules. An interesting phenomenon
of asymmetric response to positive and negative electric ﬁelds is
discovered, which is associated with the asymmetry in radial
density proﬁle and contact angle. The coupling between the
electric ﬁeld eﬀect and pore size eﬀect is elucidated, as well as
the eﬀect of using electrolyte and polar nanopore. These unique
nanoscale characteristics provide insights for the variation of
the eﬀective interfacial tension, which are qualitatively validated
by using a parallel experiment, and similar trends of electric ﬁeld
dependencies are found.
The critical inﬂuence of the electrical ﬁeld on the nanoﬂuidic
behavior is expected to facilitate the development of high
eﬃciency nanodevices. For example, on the basis of electrically
controlled switching of relative wetting/dewetting of nanopores,
a nanoporous electric machine may be developed. Consider a
nanoporous material that is soaked in a liquid, a constant pressure
may be applied which is bounded by the inﬁltration pressure
levels at diﬀerent electric ﬁelds; thus, with the change of electric
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ﬁeld, the relative hydrophobicity is varied and the liquid may
spontaneously inﬁltrate the nanopores at a larger electric strength,
which reduces the system volume and outputs mechanical work.
The potential output of such a system may be estimated as the
eﬀective solidliquid interfacial tension times the surface area
of nanopore, which may reach the order of 100 J/g and thus
orders of magnitude higher than conventional smart systems
(e.g., piezoelectrics). The reduction of the inﬁltration threshold
under electric ﬁeld may also be used to ﬁne-tune the energy
absorption performance of the nanoporous solid/liquid composite. And the working mechanisms of these nanodevices will be
underpinned by the unveiled principles of interactions between
the nanoconﬁned liquid molecules and solid pore/channel,
which may be further enriched in future by incorporating the
eﬀects of temperature, pore surface structures, and surface
treatments, among others.
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