Chemical Physics Letters 501 (2010) 93–97

Contents lists available at ScienceDirect

Chemical Physics Letters
journal homepage: www.elsevier.com/locate/cplett

Slip behavior at ionic solid–ﬂuid interfaces
Tapan G. Desai
Advanced Cooling Technologies, Inc., Lancaster, PA 17601, USA

a r t i c l e

i n f o

Article history:
Received 24 September 2010
In ﬁnal form 1 November 2010
Available online 3 November 2010

a b s t r a c t
Molecular dynamics simulation results showing that the slip behavior at the interface between an ionic
solid and ﬂuid depends on the crystal face exposed to the ﬂowing ﬂuid are presented. The boundary condition of ﬂuid NaCl conﬁned between charged octopolar (1 1 1) surfaces is ‘stick’, but, between neutral
(1 0 0) NaCl surfaces is ‘slip’. Also direction dependent change from stick to slip boundary condition is
observed for atomically ﬂat, neutral dipolar (and atomically rough, neutral octopolar) (1 1 0) NaCl surfaces. Thus, by changing the surface orientation and/or its roughness, the boundary conditions at ionic
solid–ﬂuid interface can be changed from slip to stick.
Ó 2010 Elsevier B.V. All rights reserved.

1. Introduction
In the simplest case of the pressure-driven laminar ﬂow of a
Newtonian ﬂuid, the ﬂow ﬁeld can be described in terms of
streamlines obtained from the Navier–Stokes equation. For conventional no-slip or stick boundary condition, the streamline
velocity is assumed to be zero at the solid–ﬂuid interface. However, recent experiments [1,2] and simulations [3,4] show that a
slip can occur (especially when the ﬂuid does not wet the solid),
and the no-slip boundary condition is merely a good approximation at the macroscopic length scale [5,6]. With recent advances
in miniaturization of ﬂow devices from the microscale to nanoscale, the ‘slip effect’ becomes more important.
Molecular dynamics (MD) simulations have been widely used
to show the correlations between the wetting behavior/surface
roughness and the slip velocity of the liquid ﬂow at the solid surface. In this Letter, MD simulations were used to investigate
whether the surface orientation and the strength of the charges
on the ionic crystal surface (NaCl solid) induce a change in the ﬂow
properties of the contacting electrolyte (NaCl ﬂuid). The artiﬁcial
introduction of charges (for charged surfaces) was avoided by
using full atom description of ionic materials. Fluid NaCl conﬁned
between charged octopolar (1 1 1) surfaces exhibit stick boundary
condition, but between neutral (1 0 0) NaCl surfaces a slip length of
10.9r was found, where r is the average ionic radius. However, the
same ﬂuid conﬁned between atomically ﬂat, neutral dipolar (1 1 0)
NaCl surfaces exhibit stick behavior in the <1 0 0> direction, and a
slip length of 4.7r in the <1 1 0> direction. On comparison of these
dipolar (1 1 0) surfaces to atomically rough, neutral octopolar
(1 1 0) NaCl surfaces, a similar stick behavior was found in the
<1 0 0> direction, parallel to the atomic corrugations, whereas, in
the <1 1 0> direction, perpendicular to the atomic corrugations,
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the slip length is reduced to 1.8r. Thus, by changing the surface
orientation and/or its roughness, the boundary conditions at the
ionic solid–ﬂuid interface can be changed from slip to stick.
2. Simulation method
In this work, both solid and ﬂuid NaCl were modeled by the
empirical potentials of the Born–Mayer-Huggins (BMH) form
developed by Fumi and Tosi [7]. The trajectories of the ions were
obtained by a ﬁfth order predictor–corrector algorithm with a
MD time step of t = 1.15  1015 s. The summation method of Wolf
et al. [8] was used to evaluate Coulomb energy, forces and stresses,
i.e., direct summation of a damped and ‘charge-neutralized’ 1/r potential, with spherical cut off. This method is much faster than the
widely used Ewald [9] or fast-multipole [10] methods, yet produces similar and physically more transparent results for bulk systems [8]. In the three-dimensional Ewald summation technique for
calculations of long-range Coulombic forces for slab geometry systems that are periodic in two dimensions and have a ﬁnite length
in the third dimension, Yeh and Berkowitz [11] proposed a new
method that adds a correction term to the standard Ewald summation formula. It is known that when performing a spherically truncated pairwise r1 sum in a crystal or liquid, wherever one
truncates, the system summed over is practically never neutral.
In the 1/r summation method, Wolf et al. has shown that the Coulomb potential in an arbitrarily disordered, condensed ionic system
is short ranged and, for the slabs, the local charge neutrality is
achieved by viewing an ionic crystal as a molecular system consisting of Bravais lattice sites on which complete molecules are placed,
with the proviso that molecules may not be broken up so as to
preserve charge neutrality.
The spherical truncation cutoff, Rc = 4.28r and damping parameter, a = 1.0 was used. The simulation model closely follows
Ref. [12]. It consists of a NaCl solid slab, which has linear
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dimensions of 24  24  12r3, where r is the average ionic radius
of NaCl, r, rCl + rNa)/2 = 2.76 Å. In this study, length is presented in
the units of r. The free surfaces terminating the crystalline slab are
chosen to be either the charged (1 1 1) or the neutral (1 0 0) or
(1 1 0) surfaces, and the z-axis is in the direction normal to the free
surface. Periodic boundary conditions are applied in all three directions. The box size in the z-direction is ﬁxed such that the spacing
between the two free surfaces of the replicating slab is 34r. The
NaCl ﬂuid is conﬁned between these two free surfaces. A schematic
representation for the case of ﬂowing NaCl ﬂuid conﬁned between
NaCl (1 0 0) surfaces is shown in Figure 1a.
The ﬂow properties were analyzed by comparing the velocity
proﬁles of NaCl ﬂuid in contact with fully atomistic NaCl slab terminated by either the charged (1 1 1) or the neutral (1 0 0) and
(1 1 0) surfaces. As described in detail elsewhere [13], the NaCl
crystal lattice can be viewed either as a face-centered cubic (FCC)
Bravais lattice with a dipolar basis molecule or a simple cubic
(SC) Bravais lattice with an octopolar (NaCl)4 basis molecule. Only
in the special case of the (1 0 0) surface both the FCC and SC
descriptions of the Bravais lattice yield identical arrangements of
the ions at the surface. For all other surface orientations different
structures are obtained, with the octopolar structure always yielding the lower energy conﬁguration because breaking up of surface
octopoles generally increases the surface energy [13]. For example,
as shown in the schematic representation in Figure 1b, the atomically ﬂat (1 1 0) surface can only be generated via the FCC Bravais
lattice with the dipolar basis. In contrast with this ‘dipolar’ surface,
the corresponding ‘octopolar’ (1 1 0) surface generated via the SC
Bravais lattice with the octopolar basis is not atomically ﬂat (see

Figure 1c); although, it has a signiﬁcantly lower energy than the
ﬂat (i.e., dipolar) surface (see Table 1) [12,13].
The difference between the dipolar and octopolar (1 1 1) surfaces is even more pronounced. In spite of being atomically ﬂat,
the dipolar (1 1 1) surface has an inﬁnite energy due to the longrange dipole moment in the direction normal to the surface, consisting of alternating layers of cations and anions [14]. In contrast,
the octopolar surface exhibits an interesting structure involving
partially ﬁlled, charged outer planes as shown in a schematic representation in Figure 1d. While the outermost plane is still charged
(positively or negatively), it contains only 1=4 of the ions of a regular,
fully occupied ﬂat (1 1 1) plane. The next plane towards the bulk is
3=
4 ﬁlled and oppositely charged, while the third plane from the surface is fully occupied. Since the octopoles of which the surface is
made of are dipole-moment free, this octopolar reconstruction
involving the top three surface planes eliminates the long-range
dipole moment of the ﬂat, but polar (FCC-based) surface, the result
being a ﬁnite energy (see Table 1). It also results in formation of
alternate pyramid-like structures on the surface, which provide a
certain degree of corrugation (or roughness). Figure 1d shows the
atomic arrangement in the x viewing direction and Figure 1e in
the y viewing direction that represents the alternate pyramid-like
structures. Since periodic boundary conditions are applied in all
directions, one surface is positively charged while the other is negatively charged. Though various deviations from this simple
octopolar ‘ground-state’ structure have been proposed both experimentally [15,16] and by simulations [15], in this Letter we only
consider the octopolar structure in its simplest form described
above.

Figure 1. (a) Schematic representation of ﬂowing NaCl ﬂuid conﬁned between two slabs terminated by (1 0 0) planes. Panel (b–e): Schematic representation of different
surface orientations. (b) Neutral, atomically ﬂat, dipolar (1 1 0) surface. (c) Neutral, atomically corrugated, octopolar (1 1 0) surface. Charged, atomically corrugated, octopolar
(1 1 1) surface in the x-viewing direction (d) and in the y-viewing direction (e).
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Table 1
Relaxed energies (in mJ/m2) of octopolar and dipolar surfaces of NaCl.
Surface

FCC + dipolar

SC + octopolar

(1 0 0)
(1 1 0)
(1 1 1)

230
447
1

230
345
620

All simulations presented in this work were performed at temperatures well above the melting point of NaCl. To prevent melting,
the ions constituting the solid slab are held ﬁxed at the crystalline
lattice parameter of the relaxed T = 0 K surface at all temperatures.
All the ﬂuid–ﬂuid, solid–solid and solid–ﬂuid interactions between
the ions were calculated, the equation of motions for the ﬁxed ions
in the slab were not solved. It was determined that ﬁxing the positions of ions in the solid slab does not create any artifacts [12].
A Poiseuille ﬂow was simulated by applying gravitational force,
f, to each ﬂuid ion in the x or y direction (parallel to the interface).
The value of f was chosen as 1=4 th of the average absolute force, acting on an ion due to short-range and coulombic interactions at
T = 1600 K and a reduced number density, q* = 0.6 in the bulk liquid NaCl. The ﬂow was characterized by calculating the velocity
proﬁle, which was computed by binning the velocity of the ions
in the z direction (normal to the interface), and averaging the
velocity of each bin over 15  106 steps. Data from the initial
1  106 steps was discarded, because the hydrodynamics require
time to reach a stationary state in which the average velocity ﬂuctuates around a constant value. The temperature was controlled by
a velocity-rescaling thermostat, which was applied only in the
directions orthogonal to the ﬂow, in order to avoid viscous heating
within the ﬂuid ﬁlm [17]. The absence of ﬁnite size effects was conﬁrmed by the close agreement between the velocity proﬁles obtained from these simulations and simulations with system size
equal to 1=4 of the surface area of the slab.
Flow simulations of NaCl ﬂuid at q* = 0.6 and T = 1600 K conﬁned between neutral or charged NaCl surfaces, resulted in stick
behavior at the interface. Using MD simulations, Koplik et al. have
shown that the slip length increases with decreasing density of the
ﬂuid [18]. Hence to capture slip in our simulations, the ﬂuid ﬂow
was studied at a lower value of number density, q* = 0.25 and at
high temperature, T = 4600 K. In this Letter, the velocity is described in r/ps units, where ps stands for picosecond. The velocity
proﬁles from our MD simulations were compared with the analytical solution of Navier–Stokes equation for a ﬂow with slip bound-
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ary condition, which can be expressed as [19] U(z) = Um(1 + d/
w  (z2/w2)), where, Um is the maximum ﬂuid velocity in the absence of slip, d is the effective slip length and w is half of the total
separation distance between the two surfaces. Since no-slip
boundary condition could not be directly imposed on this system,
the value of Um cannot be estimated. Hence, the velocity proﬁles,
U(z) for all the cases were compared and the smallest value of
the maximum in the U(z) was chosen as the value of Um. This value
of Um is 5.3r/ps when the ﬂuid is conﬁned between octopolar
(1 1 0) or dipolar (1 1 0) surfaces and the ﬂow is in the <1 0 0>
direction.
3. Results and discussion
First the results on the ﬂow behavior of NaCl ﬂuid conﬁned between the charged octopolar (1 1 1) and neutral (1 0 0) surfaces are
presented. In Figure 2a, the velocity proﬁle U(z) is plotted as a function of distance between the surfaces, where z = 17 and z = 17
indicates the position of the two surfaces. The open circles represent data from the MD simulations, whereas the lines represent
the analytical solution. The maximum velocity in the U(z) increases
from 5.8r/ps for (1 1 1) to 8.8r/ps for (1 0 0) surfaces. From the
velocity proﬁle, it is apparent that a ‘microscopic slip’ occurs at
the surface in the case where the ﬂuid is conﬁned between neutral
(1 0 0) surfaces. Using the above-mentioned analytical solution,
the value of d for the (1 0 0) surface can be estimated as 10.9r
and for the (1 1 1) surface d  1.6r. The small value of slip length
of 1.6r is interpreted as stick behavior. The (1 0 0) surface has
identical planar directions on the surface, which lead to identical
slip lengths in the x and y directions. The ﬂow between the
(1 1 1) surfaces is between a positively charged surface on one side
and a negatively charged surface on the other side. However, the
strong attraction due to the charged surfaces possibly results in
stick boundary condition and a similar ﬂow pattern near the differently charged surfaces.
The change in slip length that characterizes the interactions between the surface and the ﬂowing ﬂuid is inﬂuenced by a number
of factors including intrinsic afﬁnity of the ﬂuid to the surface and
surface roughness. The afﬁnity of the ﬂuid is strongly inﬂuenced by
the strength of the solid/liquid interaction potential will be apparent from the number density proﬁles. Hence, in Figure 2b, the
number density proﬁles q(z) of the ﬂowing ﬂuid in contact with
the (1 0 0) and (1 1 1) surfaces are shown, where z is the coordinate
perpendicular to the two surfaces (z = 17 indicates the position of

Figure 2. (a) Comparison of velocity proﬁles, U(z) of the ﬂuid conﬁned between neutral (1 0 0) [circles] and charged (1 1 1) [squares] surfaces. The continuous line is a ﬁt
described by the analytical equation, which yields a slip length of 10.9r for (1 0 0) surface and 1.6r for (1 1 1) surface. (b) Comparison of the number density proﬁles of the
ﬂowing ﬂuid for these surfaces.
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Figure 3. (a) Comparison of velocity proﬁle, U(z) of the ﬂuid conﬁned between neutral dipolar (1 1 0) surfaces. The ﬂuid ﬂowing in the y-direction, i.e. <1 1 0> is represented
by circles and the x-direction, i.e. <1 0 0> is represented by squares. The analytical equation ﬁt shown by the continuous line yields a slip length of 4.7r for the y-direction and
stick condition for the x-direction. (b) Comparison of the number density proﬁles of the ﬂowing ﬂuid in the two directions.

the surface and z = 0 indicates the midpoint between the two surfaces). The number-density proﬁle is simply deﬁned as:
q(z) = q+(z) + q  (z) [12]. In the case of the (1 0 0) surface, q(z) increases monotonically with increasing distances from the solid
surface to reach the value of the normalized bulk density. However, in the case of the (1 1 1) surface, the density proﬁle near
the surface oscillates with increasing distance from the solid surface due to the strong attraction with the charged surface. The ﬂuid
ﬁlls the vacant sites in the slab, followed by a pronounced peak at
approximately 1r distance away from the surface. This interesting
oscillatory characteristic of the density proﬁle comes from the
alternating pyramid-like structure of the charged, octopolar
surface.
Joly et al. [20] showed that the slip length inversely depends on
the surface charge and the Bjerrum length. The simulations presented here that compares the ﬂow over vastly dissimilar surfaces,
(atomically ﬂat, neutral (1 0 0) and atomically corrugated, charged
(1 1 1)), lack the ﬂexibility to change the net surface charge, but
suggests that these surface charges can have a signiﬁcant impact
on the ﬂow of ﬂuid. However, in these cases, it is difﬁcult to distinguish between the contributions (if any) from the atomic corrugations and the charge at the surface.
In order to understand the effect on the ﬂowing ﬂuid due to the
arrangements of cations and anions on the solid surface (in the absence of atomic corrugations and net charge at surfaces), the velocity proﬁle for the ﬂuid in contact with the neutral, dipolar (1 1 0)
surface, which is atomically ﬂat, was determined. In contrast to
the (1 0 0) surface, the x, <1 0 0>, and y, <1 1 0> directions on the
(1 1 0) surface are quite different. Here the velocity proﬁles of
the ﬂuid are compared when the same gravitational force is applied in the x and y-directions. As illustrated in Figure 3a, the maximum velocity is 6.83r/ps in the y-direction and 5.3r/ps in the xdirection. From the analytical solution, the slip length along the
y-direction is about 4.7r, whereas in the x-direction the slip length
is zero, and thus the ﬂuid exhibits essentially stick behavior. Similar to Figure 2b, in Figure 3b, the number density proﬁles of the
ﬂowing ﬂuid in these two different directions are compared. In
these dynamic conditions, the density of the ﬂuid near the surface
is slightly greater when the ﬂow is in the x-direction compared to
the y-direction. This indicates that a slightly stronger attraction exists between the ﬂuid and the surface when the ﬂuid is ﬂowing in
the x-direction resulting in stick boundary condition. Thus by
changing the direction of the ﬂow on the dipolar (1 1 0) surface,
the boundary condition changes from stick to slip. This indicates

that even in the absence of the net surface charge or atomic corrugations, the ﬂow direction can have a large effect on the slip behavior at the interface.
On charge neutral surfaces, in addition to the ﬂow in dissimilar
directions, atomic corrugations can also modify the boundary condition. As mentioned above, atomic corrugations are present only
in the case of the octopolar (1 1 0) surface and not in the case of
atomically ﬂat, dipolar (1 1 0) surface. The velocity proﬁle is shown
in Figure 4 for ﬂuid ﬂowing in the x (parallel to the atomic corrugations) and y-directions (perpendicular to the atomic over the
atomic corrugations) on the octopolar (1 1 0) surface. The velocity
proﬁle in the x-direction (i.e.<1 0 0> direction) shows stick boundary condition, which matches closely with the velocity proﬁle for
dipolar (1 1 0) surface (see Figure 3a). In the y-direction
(i.e.<1 1 0> direction), the value of slip length from the analytical
solution is reduced to 1.8r, compared to 4.7r for the dipolar
(1 1 0) surface. Also, the maximum velocity in U(z) is reduced from
6.83r/ps (see Figure 3a) to 5.9r/ps due to the presence of atomic
corrugations. Thus it seems that the ﬂow over these corrugations
decrease the apparent slip length. By distorting the streamlines

Figure 4. Comparison of velocity proﬁle, U(z) of the ﬂuid conﬁned between neutral
octopolar (1 1 0) surfaces. The ﬂuid ﬂowing in the y-direction, i.e. <1 1 0> direction,
over the atomic corrugations is represented by circles and the x-direction, i.e.
<1 0 0> direction, parallel to the atomic corrugations is represented by squares. The
continuous line is a ﬁt described by the analytical equation. In the y-direction, the
slip length is reduced from 4.7r (for the case of dipolar (1 1 0) surface) to 1.7r.
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of the ﬂuid ﬂow near the surface, a similar behavior was seen in
MD simulations of hydrophilic LJ liquid ﬂowing in surface-nanostructured channels [5].
Priezjev and Troian [21] investigated the effects of periodic
roughness by modeling the bounding surface as a sinusoid of
amplitude a and wavenumber k = 2p/k and found that the slip
length decreased monotonically with ka. Using this description,
the value of ka is zero for the dipolar (1 1 0) in <1 1 0>(value of a
is 0 due to no corrugations) and is 1.53 for the octopolar (1 1 0)
in <1 1 0>. Thus, the trend, similar to Ref. [21], shows that the sliplength reduces from 4.7 to 1.8r with increase in the value of ka
from 0 to 1.53.

length at the ionic solid–liquid interface depends on surface energy, direction of the ﬂow, net surface charge and corrugations
on the surface. The simulation results presented here suggest that
if it is possible to fabricate surfaces with different combinations of
nano-sized charge patterns that can mimic the ionic surfaces;
these ‘charge-patterned’ surfaces might be used to alter the boundary conditions of the surface.

4. Conclusion
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changing the boundary condition (see Table 1). On dipolar (1 1 0)
surfaces, the slip length is 4.7r for ﬂow in the <1 1 0> direction.
On these surfaces, the number density of the ﬂowing liquid was
found to be slightly lower in the <1 1 0> direction compared to
the <1 0 0> direction resulting in slip behavior. The ﬂow on the
atomically rough, neutral octopolar (1 1 0) NaCl surfaces in the <
1 1 0> direction, perpendicular to the corrugations, results in
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