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ABSTRACT: The pressure driven slip ﬂow of an electrolyte solution is studied
through diﬀerent nanoﬂuidic channel lengths at varying salt concentrations.
The viscous-thickening due to the electrostatic interactions within the electric
double layer and the reverse ionic transport due to the streaming potential are
developed. The inﬂuence of the Navier slip boundary condition is described
under both electroviscous and viscoelectric eﬀects with a surface charge
regulation (CR) model while the observed behavior is compared and validated
with molecular dynamic (MD) calculations from multiple studies. Results show
that electroviscous and viscoelectric eﬀects decrease transport. Earlier studies at
the no slip boundary presented an increase of ionic current by increasing salt
concentration and decreasing channel length. In contrast, our study found that
the ionic current occurred almost independent of both salt concentration and
channel length, except for very short channels and very low salt concentrations,
when electroviscous and viscoelectric eﬀects were considered. In the case of the constant slip length condition, ionic conduction was
enhanced, but velocity slip developing on surfaces showed signiﬁcant variation based on the salt concentration and channel length.
This is due to the natural CR behavior enhancing the surface charge and consequential near surface electrohydrodynamics as a result
of increase in salt concentration and/or decrease of channel length. Considering that the electroviscous eﬀect alone creates up to
70% lower velocity slips than Poiseuille ﬂow predictions, while further including the viscoelectric eﬀect, results in an almost no-slip
condition at high salt concentrations and/or short channels. As a result, the ionic current of a viscoelectric electroviscous slip ﬂow is
found to be equal to 1/3 of an electroviscous slip ﬂow and to decrease with a decrease in the channel length.

■

“conduction current”. There are many studies dedicated to
understanding the ionic transport through nanoﬂuidic systems.
The majority of these theoretical analyses examined the
attenuating eﬀect of conduction current on ﬂow rate by an
apparent increase in the viscosity as “electroviscous
eﬀect”,14−21 which was found to reduce the ionic transport.
Electroviscosity increases with an increased overlap of EDL
from opposing surfaces that decrease salt concentration14 and/
or by decrease conﬁnement height reducing the ionic current.
Researchers employed the Debye−Hückel parameter (H/λ) to
quantify electroviscosity eﬀects.16,22 Increase in surface zeta
potential causes electroviscosity to increase15 until the zeta
potential reaches a threshold above which EDL becomes thin
and electroviscosity becomes negligible.15 In addition, the
actual ﬂuid viscosity eventually develops signiﬁcant local

INTRODUCTION

Recent advances in nanotechnology have provided widespread
usage of nanoﬂuidic devices in various ﬁelds. This also presents
new complications that need to be addressed. Yet, many
promising applications such as sensing and ﬁltration
technologies,1,2 water desalination,3 ionic diodes/transistors,4,5
energy storage/production,6 artiﬁcial organs,7 and e-ink
technology 8 are all worth the additional eﬀort. The
fundamental principles behind these systems depends on the
movement of charged species through an aqueous medium.
Such ionic transport is determined by both ﬂuid dynamics and
electrokinetic interactions at nanoscale that liquid/solid
momentum coupling at the interfaces and ionic layering over
the surfaces plays a major role.9−11 However, an accurate
description of the ionic transport in nanoconﬁnements is still
missing.
When a pressure gradient is applied across a nanoﬂuidic
channel, whose height is comparable to the electric double
layer (EDL) thickness (λ), counterions within the EDL are
carried along creating an “ionic/streaming current”.12 As a
consequence, carried counterions accumulated in the downstream develop a potential bias across the channel resulting in a
reverse ionic transport opposite to ﬂuid ﬂow13 called
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bulk velocity gradient is found to decrease, but if the local
gradient is considered, slip length remains mostly constant at
low surface charge values. Eventually, these studies measured
decreasing velocity slip which is not due to change in slip
length, but it is a result of viscosity change in the EDL. Hence,
for a constant slip length and pressure gradient, velocity slip on
surface varies by the change in electrokinetic eﬀects which is
mostly overlooked by the current literature. Speciﬁcally, such
physical eﬀects appear to be able to be estimated using a
Navier-type boundary condition considering electrohydrodynamics.
Electrokinetic eﬀects develop as a function of surface charge
which is governed by the local ionic environment. Therefore,
the EDL and surface charge are interrelated in nature. This
behavior is commonly referred as the charge regulation (CR)
nature of surface chemistry in the literature.60−62 Most of the
above given literature neglected CR and assumed a constant
surface charge as a material property.28,35,63 However,
overlapping EDLs extending from opposite surfaces and
ionic diﬀusion from reservoirs create deviation in ionic
properties in the EDL from the descriptions of the Boltzmann
distribution. Hence, ionic distribution and the resulting surface
electric charge become functions of conﬁnement height and
length at nanoscales. Consequently, CR signiﬁcantly eﬀects the
ion transport through nanoﬂuidic systems. Recently, we
characterized surface charge dependence on the corresponding
channel length/height and ionic condition.26
For a correct ionic current estimation, electroviscous and
viscoelectric eﬀects with velocity slip under active charge
regulation surface charge conditions should be considered in a
coupled manner. As far as the authors’ knowledge, the
dependence of slip eﬀects on varying eﬀects of electroviscosity
and viscoelectrics has never been analyzed using continuum
solutions in the literature. Therefore, this study aims to resolve
the ion transport through diﬀerent length nanoﬂuidic channels
under the combined electroviscous, viscoelectric, and slip
velocity eﬀects with the CR model, unlike previous studies that
focused on these physical eﬀects, separately.

thickening due to the electrostatic interactions within the EDL
identiﬁed as the “viscoelectric eﬀect”.23 There are only few
researchers focused on viscoelectric eﬀects on ionic
current,24,25 and they concluded that viscoelectric eﬀects
decrease the ionic current in a pressure driven ﬂow.
Researchers also focused on ionic diﬀusion eﬀects in the
axial direction, especially for short channels and pores. The
diﬀusive interactions between the reservoir and channel alter
the ionic condition and surface charge through the so-called
“ionic development length” regions (as long as 2.7 times
Debye length (λ)).26,27 To resolve this channel−reservoir
equilibrium in the axial direction, the most accurate and recent
studies employed two-dimensional solution of coupled
Poisson−Nernst−Planck (PNP) and Navier−Stokes (NS)
equations.28−30 The dependence of ionic current on the
channel length is addressed in some studies that decreasing
channel resistance by decreasing channel length was found to
increase the ionic current.31,32 In addition, studies also
discussed the eﬀects of concentration polarization at the
channel entrance and exit regions28,29,31 which develops access
resistance and decreases the ionic current.32 So far, there is no
published work that combines the occurrence of these three
major electrokinetic eﬀects, so-called electroviscous, viscoelectric, and axial electrokinetic development length eﬀects, but
this is not a major drawback since these eﬀects are mostly
additive to each other and their dependence on ionic and
physical conditions are well explained in the literature.
In addition to electrokinetic eﬀects on transport, velocity slip
strongly aﬀects the ﬂuid ﬂow in micro/nanoconﬁnements.16,33−35 The emerging technologies include extremely
smooth surfaces promoting slip depending on solid/liquid
molecular interface coupling. Multiple numerical and theoretical studies explained that the hydrodynamic slip enhances the
ion transport so the eﬃciency of related applications such as
electrokinetic energy conversion.28,35 Researchers also presented increased conduction current opposite to ionic current
direction revealing itself as increased apparent viscosity
(electroviscosity)16,36−38 in case of slip, but overall ﬂow rate
and ionic current were found to still increase. For a liquid ﬂow,
the partial slip boundary condition was described by Navier39
in 1823 and later acknowledged and validated by numerous
researchers showing that the continuum solutions with Navierslip condition yield accurate ﬂow calculations for conﬁnements
as small as 3−4 nm.10,35,40−45 Interface slip is deﬁned as a
function of two parameters: (i) slip length and (ii) velocity
gradient at the interface.46 First, slip length is proven to be a
material property of the solid/liquid couple by many
researchers.46−51 Multiple studies relate the slip length to
surface wetting and describe its variation by contact angle.52,53
Surface electric condition is also found aﬀecting the slip
length,16,17,54,55 but it actually develops at high surface charge
values above the natural surface charging range. Second,
velocity slip also depends on the near surface hydrodynamics
that earlier mentioned electroviscosity and viscoelectic eﬀects
inside the EDL are expected to strongly alter, e.g., the
boundary slip. Speciﬁcally, recent molecular dynamic (MD)
simulations measure substantial decrease in slip length with
increasing surface charge,56,57 opposing earlier literature
presenting negligible slip length change at the corresponding
low surface charges.58,59 Just recently, Rezaei et al.56 presented
that such discrepancy is due to neglecting local viscosity and
the resulting velocity gradient near the surface, which is
diﬀerent than the bulk behavior. Slip length calculated from

■

THEORETICAL BACKGROUND AND NUMERICAL
MODEL
A pressure driven ﬂow through a nanoﬂuidic channel between
two reservoirs is studied as illustrated in Figure 1. The liquid
medium is a KCl electrolyte solution containing H+, K+, Cl−,
and OH− ions whose bulk concentrations are denoted as C10,
C20, C30, and C40, respectively. These ions are treated as point
charges in the system. In order to ensure electroneutral
conditions, the bulk concentration of ions are evaluated as C10

Figure 1. Schematic illustration of the solution domain.
9192

https://dx.doi.org/10.1021/acs.langmuir.0c01457
Langmuir 2020, 36, 9191−9203

Langmuir

pubs.acs.org/Langmuir

= 10−pH+3, C20 = CKCl − C10 + C40, C30 = CKCl, and C40 =
10−(14−pH)+3. The debye length (λ), which is an indication of
the EDL extension, can then be calculated as

and Overbeek65 studied electroosmotic ﬂows (EOF) theoretically and proposed the value of 1.02 × 10−15 m2/V2 for the
viscoelectric constant, which is still the most commonly employed
value for f in the literature. Yet, there are many studies claiming
that f should be lower, on the order of 10−17 m2/V2.66,67
Starting in the 2000s, MD simulations have been performed for
EOF through nanochannels68,69 and increases in local viscosity
were observed near the charged surfaces up to 5 times of its
bulk value.68 Similarly, Qiao and Aluru70 studied EOFs and
concluded that viscosity increased near the surface as a result
of the electric ﬁeld normal to ﬂow direction. In a very recent
MD study by Hsu et al.,25 they calculated the viscoelectric
constant of 2.3 × 10−16 m2/V2, which is also very close to the
earlier experimental results of Hunter and Leyendekkers.71
Overall, the debate on the accurate value of viscoelectric
constant continues within a range of 10−17 to 10−15 m2/V2.
The reason for such a wide range of values develops since
multiple mechanisms aﬀecting viscoelectric physics are simply
incorporated into eq 4 through the viscoelectric coeﬃcient, f.
For example, variation in solid/liquid coupling, the type of
liquid, ionic sizes, and even permittivity play major roles on the
viscoelectric eﬀects. In such a case, Bazant et al.72 proposed a
power law equation to model the ion size and permittivity
eﬀects called as charge-induced thickening in eq 5.

λ = 1/κ = ε0εr kBT /NAe 2 ∑ cizi2 where ε0 and εr are the
permittivity of vacuum and dielectric constants of electrolyte
solution, kB is the Boltzmann constant; T is the temperature;
NA is the Avogadro constant; e is the elementary charge, ci and
zi and are the molar concentration and the valence of the ith
ionic specie (i = 1 for H+; i = 2 for K+; i = 3 for Cl−; i = 4 for
OH−) in the equation.
The transport of ions, electric potential, and velocity
distribution within the domain are governed by the
combination of Poisson−Nernst−Planck (PNP) and Navier−
Stokes (NS) equations as follows:
4
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i=1

(1)

÷÷÷◊
DV⃗
= −∇P + μE ∇2 V⃗ + FB
Dt

(2)

D
i
y
∇·Ni⃗ = ∇·jjj−Di∇ci − ziV⃗ i Fci∇ψ + Vc⃗ i zzz = 0
RT
k
{
ρ

ÄÅ
αÉ
Ñβ
Å
ij |ρ | yz ÑÑÑ
εb ÅÅÅÅ
ε
Ñ
j
V z
j
z
= ÅÅ1 − jj
zz ÑÑÑ
jρ
z ÑÑ
μE
μ ÅÅÅ
k V,max { ÑÑÖ
ÅÇ

(3)

Here, ψ is the electric potential, F is the Faraday constant, R is
the universal gas constant, N⃗ i is the ﬂux density, Di is the
diﬀusivity of the ith ionic specie, ρ is the density of liquid
÷÷÷◊
solution, FB is body force calculated from ρV dψ/dx where ρV is
the charge density and dψ/dx is the potential variation in the
ﬂow direction. This term is the origin of the electroviscous
eﬀects created by the streaming potential. It should be noted
here that the actual ﬂuid viscosity is not altered and remains at
the thermodynamic value, if only the electroviscous eﬀects are
considered (i.e., μE = μ). To solve the coupling governing eqs
1−3, we apply the following boundary conditions: The far ends
of the two reservoirs are maintained at bulk ion concentrations
(i.e., ci = ci0) while a pressure diﬀerence of ΔP is applied
between them. On the channel walls, slip velocity develops
(i.e., u = uslip) develops with a surface charge of σw based on
−ε0εr(n·∇ψ) = σw and the ion-impermeable condition (i.e.,
−n·N⃗ i = 0). Here, n is the unit outer vector. At the side walls of
the reservoirs, the no-slip condition (i.e., u = 0) with zero
electric potential (i.e., ψ = 0) and ion-impermeable conditions
are applied.
When the viscoelectric eﬀects are included, the viscosity
model deﬁned by Dood and Andrade23 is employed to
calculated viscosity as a function of the electric potential
variation in surface normal direction as
μE = μ(1 + fE2)

Article

(5)

where α and β are the exponents as the ﬁtting parameters to
model various experimental and simulation conditions. The ρV
is the local charge density and ρV,max is the steric constraint of
the Modiﬁed-Poisson−Boltzmann model proposed by Bikerman.73 The steric constant can be calculated by ze/a3, where z
is the valence, e is the elementary charge, and a is the eﬀective
size parameter related to ion diameter (d) through a3 =
0.83d3.74 Bazant et al.72 combined charge-induced thickening
with viscoelectric eﬀect and introduced a hybrid model. They
deﬁned the variation in permittivity negligible based on the
MD calculations68,69 and also selected α = 2.
É
ÅÄÅ
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ÅÅ
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z
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μE = μÅÅÅ1 − jjj
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(6)

Here, Bazant et al. also introduced γ to combine viscoelectric
eﬀect with charge-induced thicknening. Recently, Celebi et
al.45 employed eq 6 to describe their MD measurements; they
calculated the viscosity parameters as constant values of β = 4
and γ = 1.6 in the Debye−Huckel region, where surface charge
is lower than −0.1 C/m2. We aimed to adopt the accurate
description of eq 6 with parameters calculated from the MD
simulations. For such a case, we incorporated the above given
diﬀerent mechanisms into the single parameter of f based on eq
4, similar to earlier literature. In Figure 2, we presented the
viscosity distribution estimated by eq 6 using corresponding
parameters from the MD results57,72 (d = 0.4 nm, β = 4, and γ
= 1.6) with the most common f = 1 × 10−15 m2/V265 based on
the local charge density calculated by PNP for the 10 nm
height channel at 10 mM. Next, we calculated the f value for eq
4 to estimate a similar viscosity variation for the same charge
density distribution. We found ﬁnite-size ion eﬀects can be

(4)

In eq 4, μ is the bulk viscosity of liquid, E is the electric ﬁeld
strength normal to the ﬂow direction, and f is deﬁned as the
viscoelectric coeﬃcient. Here, electric ﬁeld is due to the
electric potential variation in surface normal direction as dψ/
dy. The value of viscoelectric coeﬃcient, f, has been a
controversial topic. In 1950, Dood and Andrade suggested that
the viscoelectric constant ranges between 1 × 10−16 and 3 ×
10−16 m2/V2 depending on the ﬂuid type.23 Seven years later,
Hart64 claimed to correct Dood and Andrade’s study that
proposed that viscoelectric constants have an error of 25% due
to mistakes in their experimental procedure. In 1961, Lyklema
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models26,79−85 in the literature. In the case of silica channel
walls, the resulting surface charge can be evaluated through the
following equations.
SiOH ↔ SiO− + H+

(9)

SiOH + H+ ↔ SiOH+2
KA =
Figure 2. Comparison of local viscosity variation calculated by the
viscoelectric model (eq 4) with f = 3 × 10−15 m2/V2 and the hybrid
model (eq 6) f = 1 × 10−15 m2/V2.

σw = −

du
dy

wall

KB =

ΓSiOH+2
ΓSiOH[H+]w

(11)

F Γtotal
KA − KB[H+]2w
NA KA + [H+]w + KB[H+]2w

(12)

KA and KB in eq 11 are the equilibrium constants of surface
reactions shown in eqs 9 and 10. These reactions are assumed
to be instantaneous and occur much faster than the transport
of ions, which is a consistent assumption since the Damkohler
number in the current system is greater than 1 (Da ≫ 1).
Moreover, ΓSiO−, ΓSiOH, and ΓSiOH2+ symbolize the site densities
of functional groups on the silica surface and [H+]w is the
hydrogen ion concentration at the solid/liquid interface.
The PNP and Navier−Stokes equations are solved numerically with CR in two-dimensional Cartesian coordinates using
the commercial ﬁnite-element package, COMSOL Multiphysics (www.comsol.com). For the model parameters, we
used the following values: ε0, εr = 7.08 × 10−10 F/m, R = 8.31
J/(mol·K), F = 96485 C/mol, T = 300 K, Ntotal = 4.816 1/nm2,
pKA = −logKA = 7, and pKB = −logKB = 1.9. These parameters
employed also by other researchers86,87 are validated by
experiments in our earlier study.88 The diﬀusivity values of
9.31 × 10−9, 1.957 × 10−9, 2.032 × 10−9, and 5.3 × 10−9 m2/s
are used for H+, K+, Cl−, and OH− ions, respectively89 while
pH is kept constant at 7.5.
The ﬂuid ﬂow is created by applying diﬀerent pressures from
the opposing reservoirs. The pressure gradient was kept
constant through the channels by adjusting the inlet and outlet
pressures of diﬀerent length channels. In the integral form,
volumetric ﬂow rate is calculated as the function of velocity
proﬁle in x-direction as

incorporated into viscoelectric calculations of eq 4 with f = 3 ×
10−15 m2/V2 which are used in the current study.
Next, velocity slip was applied at the nanochannel walls
using the following Navier slip boundary condition as
uslip = Ls

ΓSiO−[H+]w
;
ΓSiOH

(10)

(7)

Equation 7 describes the tangential liquid velocity at the
interface as a function of the slip length, Ls, and the velocity
gradient in surface normal direction. As explained earlier, Ls is
deﬁned as a material property of the given liquid/solid couple
by many researchers. Lyklema75 extended this knowledge by
presenting the charge dependency of slip length in 1994. Later,
Joly et al.54 proposed an equation for the charge dependent slip
length based on their MD study44 in 2004. Starting from the
Green−Kubo relation for friction coeﬃcient, they separated
the van der Waals and Coulombic contributions. Jing and
Bhushan58 implemented this slip length formula to their
theoretical model and investigated the slip eﬀect on the
pressure driven ﬂow in micro- and nanoscale channels. They
showed that slip length can vary signiﬁcantly depending on the
surface electric charge. However, in 2013, Pan and Bhushan59
experimentally studied the eﬀect of surface charge on slip
length through atomic force microscopy (AFM) measurements. They presented that the formula proposed by Joly et al.
is accurate, except a missing factor of l/d at the second item in
the denominator, which has been corrected as
Ls,0
Ls =
1 + (1/α)(σd 2/e)2 (lb/d 2)Ls,0
(8)

Q = 2wρ

∫0

h /2

u(y) dy

(13)

The ionic current is the function of x-direction velocity
proﬁle and the ionic density proﬁle as

In this equation, Ls,0 is the slip length in the absence of
surface charge, α is a numerical factor (≈1), σ is the surface
charge, and d is the solid molecular diameter. lB (Bjerrum
length) is the separation at which the electrostatic interaction
between two elementary charges is comparable in magnitude
to the thermal energy scale. Bjerrum length is deﬁned as lB =
e2/(4πε0εrkBT) where e denoting the elementary charge, ε0 and
εr are the permittivity of vacuum and dielectric constants of
electrolyte solution, kB is the Boltzmann constant; T is the
temperature. In water at room temperature, the Bjerrum length
can be estimated as lB = 0.7 nm.54 Equation 8 has been
employed in many AFM studies for various surface/liquid
couples.76,77 We also used eq 8 with Ls,0 = 5 nm, which is an
average value for silica/water interfaces.46,78
The coupled behavior of the local ionic concentration in the
electrolyte solution and the surface dissociation/association
reactions creates the surface charge. This spontaneous
phenomenon is commonly simulated by charge regulation

I = 2w

∫0

h /2

ρV (y)u(y) dy

(14)

In the absence of electrokinetic forces, eq 3 with slip
boundary conditions can be solved and the following velocity
proﬁle will be obtained.
u(y) =

2
L
1 dP 2ijj y
1 yz
H jj 2 + s − zzz
2μ dx jk H
H
4 z{

(15)

The solution system is validated analytically by Mei et al.90
who developed a closed form solution for ionic current,
starting from nonlinear Poisson−Boltzmann (PB) and
Navier−Stokes (NS) equations by considering the charge
regulation nature of surfaces. Mei et al. simply consider a
fundamental system at equilibrium of ionic current, streaming
potential, and conduction current. Using our model, we
simulated a channel with 10 height and 300 nm length at the
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into solution by using eqs 4 and 7. First, we focused on the
velocity proﬁles of each case considering diﬀerent eﬀects. We
studied a 10 nm height and 100 nm length channel with a
pressure gradient of 92 Pa/nm between the channel ends. In
Figure 4, the corresponding normalized velocity proﬁles at the
middle of the nanochannel length away from inlet and exit
regions are presented at varying salt concentrations of 0.42,
0.94, and 10 mM. Figures 4a−c are normalized with the
averaged velocity developing in a simple pressure driven ﬂow
known as Poiseuille ﬂow (PF) without any electrokinetic and
slip eﬀects. As a ﬁrst step, when the advection of ionic species
was considered, pressure driven ﬂow creates the conduction
current that velocities became lower than the PF predictions.
This is the so-called electroviscous eﬀects. Electroviscous
eﬀects are mostly characterized by the EDL overlap. Through
the concentration range we studied, EDL thickness changes
between 1.5 to 15 nm; we did not observe a distinct variation
in electroviscosity with variation in salt concentration inside
the current 10 nm height channel for the no-slip case.16 Next,
we included the viscoelectric eﬀects. Velocity proﬁles revealed
local variation of viscosity near the surface especially for bulk
concentrations of 10 mM, where the velocity proﬁle becomes
almost ﬂat at the near wall regions. Velocities decreased due to
viscoelectric eﬀects. As a ﬁnal step, we added velocity slip as
deﬁned as in eq 7 with a slip length of 5 nm. Slip on surfaces
has a positive eﬀect on transport as the ﬂuid velocities increase.
However, this ﬂow enhancement develops a lot less compared
to the nonionic regular PF case, since the velocity slip values
on the surface show signiﬁcant dependence on electrokinetic
eﬀects, which alters the near-wall hydrodynamics. First,
electroviscous eﬀects alone decrease the velocity gradient
near the surface as a result of the reverse ionic ﬂow due to
streaming potential that velocity slip on surface decreases. The
addition of viscoelectric eﬀects further lessens the velocity
gradients and the resulting velocity slip. This behavior also
shows dependence on ionic conditions; with an increase of salt
concentration, velocity slip on the surface decreases. The major
inﬂuence on velocity slip develops due to viscoelectric eﬀects.
An almost 30% decrease of velocity develops at even a very low

conditions employed in Mei et al. We should note here that
the analytical solution from ref 90 had no channel length
dependence, so we simulated 300 nm length channel which
was found long enough to develop length independent results.
Furthermore, both viscoelectric and velocity slip eﬀects are not
included in the solution of ref 90 since we kept viscosity
constant independent from ionic conditions and used no-slip
boundary conditions on surfaces as Ls,0 = 0 in this validation
run. Only electroviscous eﬀects exist in analytical solution, so
we only had electroviscous eﬀects in our validation runs. In
Figure 3a, we compared the volume charge density and

Figure 3. Comparison of the current simulation results of (a) velocity
and ionic distribution in the channel at 0.1 mM salt concentration and
(b) developed ionic currents at varying salt concentration with the
analytical solution of Mei et al.90 Solid lines are the solution of ref 90
while the markers represent the results of our model.

velocity proﬁle results of our model in half of the channel with
the analytical solution of Mei et al. for a 0.1 mM salt
concentration, pH 7.5, and pressure gradient of 20 Pa/nm. The
results display a perfect match. Using the ionic distributions
and velocity proﬁles, ionic currents at diﬀerent ion
concentrations of 0.001, 0.01, 0.1, 1, 10, and 100 mM were
calculated using eq 14. Comparison of current simulation
results with the results of Mei et al. given in Figure 3b also
showed good agreement.

■

RESULTS AND DISCUSSION
Starting from the validation with the analytical solution from
ref 90, we systematically included viscoelectric and slip eﬀects

Figure 4. Velocity proﬁles along the channel height under diﬀerent eﬀects and at diﬀerent salt concentrations. Velocities were normalized (a, b, and
c) with the average velocity of the simple pressure driven (Poiseuille) ﬂow solution and (d, e, and f) with the average velocity of corresponding
case.
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Figure 5. Distribution of (a) volume charge density, (b) electric ﬁeld, and (c) normalized local viscosity along the channel.

Figure 6. Variation of velocity slip on surface normalized by (a) the Poiseuille ﬂow velocity slip and (b) velocity slip measured at the 0.42 mM case.
(c) Silica surface charge as a function of salt concentration based on charge regulation.

slip length and pressure gradient. Figure 6a presents variation
of surface velocity slip compared to the value developing at the
simple pressure driven ﬂow condition. We studied slip
velocities in two cases: (i) ionic ﬂow with electroviscous
eﬀects and constant viscosity and (ii) ionic ﬂow with both
electroviscous and viscoelectric eﬀects. For both cases, velocity
slip on the surface is lower than the PF velocity slip and
decreases with the increase of salt concentration. In the ﬁrst
case, electroviscous eﬀects create conduction current opposite
to the ﬂow direction which is more profound in the near
surface EDL region and alters the velocity gradient on the
surface. Hence, slip velocity decreases, for a constant slip
length condition. In the second case, further ﬂow retardation
develops as the viscoelectric eﬀects create higher local viscosity
resisting the motion of ﬂuid particles. The deviation of the slip
velocity from the PF estimations becomes higher when the
viscoelectric eﬀects were incorporated into the analyses. In
both cases, decrease of velocity slip becomes more prominent
with the increase of salt concentration as the decrease in EDL
thickness creates higher gradients. For the case where both
electroviscous and viscoelectric eﬀects are included, almost a
no-slip condition develops at a salt concentration of 10 mM.
Decrease of the slip velocity by increasing the salt
concentration becomes negligible for salt concentrations
higher than 7 mM where the ratio of EDL thickness to
channel height (λ/H) becomes higher than 0.73. Based on this
fact, we kept the studied concentration in the current range.
These results suggest that the possible effects of boundary slip
on f luidic transport should not be characterized simply based
on slip length value. We compared the velocity slip variation by
salt concentration in these two cases in Figure 6b. Velocity slip
values were normalized by the velocity slip measured at the
lowest salt concentration studied (0.42 mM) at which the
lowest deviation from PF slip velocity is observed. While the
velocity slip decreases as the salt concentration increases, this
decrease is much more dominant for the second case where
both electroviscous and viscoelectric eﬀects were considered.
In Figure 6c, we present the silica surface charge at the
corresponding salt concentrations developed based on the
natural “charge regulation” behavior. Simply, the absolute value

ionic concentration of 0.42 mM, while an almost no-slip
(∼80% decrease) condition develops in the 10 mM case.
Next, we normalized the velocity proﬁles with their own
average values, in order to compare the shape of velocity
proﬁle of diﬀerent cases. The results are depicted in Figures
4d−f. A fully developed pressure driven ﬂow yields a velocity
proﬁle in a perfect parabolic shape. For the cases where
electroviscous eﬀects were considered only, velocity proﬁles
remained almost parabolic even at high salt concentrations.
Yet, when viscoelectric and slip eﬀects were considered, the
shape of velocity proﬁles became diﬀerent than a parabola
while near surface distributions are even ﬂattened. In order to
understand the viscoelectric eﬀects, we studied the distribution
of volume charge density and the resulting electric ﬁeld
strength along the channel center in Figure 5a and b,
respectively. Due to ionic layering in the EDL, charge
concentration near the surface increases exponentially. With
an increase in salt concentration, surface charge and the
resulting ionic accumulation at opposite sign increase. Charge
concentration decays and reaches zero suﬃciently away from
surface at the channel center as the number of negative and
positive ions becomes equal. For diluted solutions, thick EDL
is formed near the surface but its eﬀect on the ﬂuid reduces.
Therefore, thinner EDL thickness yields higher electrostatic
interactions. Due to the local electric potential gradient, there
forms an electric ﬁeld in the surface normal direction as given
in Figure 5b. Compared to lower concentrations (0.42 and
0.94 mM), the volume charge density increases up to 5-fold at
10 mM while the electric ﬁeld doubles its strength due to the
highly condensed and strong ionic layering near the surface at
high salt concentrations. As a result of variation of ionic
concentration, the viscosity of the electrolyte varies in the
surface normal direction. Figure 5c presents the distribution of
viscosity normalized with bulk viscosity at the channel center
based on the description of eq 4. The local viscosity can reach
up to 10−12 times its bulk value near the surface. The
diﬀerence between near surface viscosity and bulk viscosity
increases with increase in salt concentration.
Later on, we measured the velocity slips developed on
surface at diﬀerent ionic conditions for the prescribed constant
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of the surface charge increases with increasing ion concentration, which is identical to theoretical calculations.
The above ﬁndings are very similar to physics observed by
multiple MD studies from the literature. However, the
observed variation in velocity slip is attributed to the change
of slip length in most of these studies. Although slip length
shows variation depending on the surface charge as described
in ref 54 in detail, this variation originates due to change in
electrostatic forces altering interfacial coupling, which eventually remains constant at low surface charges within the
charging range of natural surface chemistry. Hence, change of
slip velocity by the increase of surface charge in this range is
not due to change of slip length; instead, it is due to change in
near surface electrohydrodynamics. Recently, Rezaei et al.56
conducted shear driven ﬂow MD simulations and calculated
two diﬀerent slip lengths based on local and bulk velocity
gradients. In Figure 7a, we present these local and bulk slip
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Figure 8. Ionic current of the electroviscous ﬂows with and without
viscoelectric and velocity slip eﬀects as a function of salt
concentration.

eﬀects (conduction current) and increased ionic concentration,
as expected. Our calculations with no viscoelectric and slip
eﬀects show good match with the results of Mei et al.90 as
discussed earlier. With the addition of viscoelectric eﬀects, the
ionic current decreases, which becomes substantial for ionic
concentrations higher than 1 mM. At 10 mM, the ionic current
decreases to 70% of the prediction of Mei et al. With increased
concentration, the absolute value of electric charge developed
on surface increases resulting in a stronger electrical ﬁeld
strength in surface normal direction. This causes the local
viscosity to increase near wall regions according to eq 4, which
in return decelerates the movement of ions due to higher shear
forces. Hence, the deviation of results presented by square
markers from the circle markers at elevated salt concentrations
arises solely from the viscoelectric eﬀect. Next, the velocity slip
eﬀect is included in cases with and without the viscoelectric
eﬀect. It should be noted that, in the current range of surface
charge according to natural CR behavior, surface charge has
almost no eﬀect on slip length described by eq 8 that slip
length remained a constant material property. The highest
surface charge at 10 mM is in the order of 10−2 C/m2. Earlier
literature showed that charge density should be higher than
10−1 C/m2 in order to aﬀect the slip length.58,59 Therefore, we
continued with a constant slip length value of 5 nm.
Overall, velocity slip on the wall signiﬁcantly increased the
ionic transport even at this moderate slip length value.16,46
Without viscoelectric eﬀects, ionic current continues to
increase as the salt concentration increases, similar to the noslip condition. Here, velocity slip decreases with an increase in
salt which also results in a decrease of electroviscous eﬀects,
such that corresponding decreasing and increasing eﬀects on
ionic current remained in balance with each other. However,
when the viscoelectric eﬀects were added, ionic current
enhancement substantially reduces by the increase of salt
concentration. This is due to the dominant decrease of the
velocity slip presented in Figure 6. This is an expected
outcome as the slip velocity depends on the velocity gradient at
the solid/liquid interface for a given slip length while the
velocity gradient varies with local changes in the viscosity as a
result of electrokinetic eﬀects. This is overlooked in the
literature. Hence, the slip velocity shows variation by the
change in the ionic condition even if the slip length is a
constant property for a given liquid/solid couple and surface
charge; which is indeed one of the main focuses of the current
study.
Many studies in the literature also focus on the short
channels, claiming that the electrokinetics within these
channels substantially vary from longer channels where the

Figure 7. Variation of slip lengths by surface charge measured by MD
simulations (markers) from (a) Rezaei et al.56 and (b) Celebi et al.57
compared with the estimation of eq 8 from Joly et al.54 (dashed lines).

lengths as a function of surface charge, in comparison with the
predictions of eq 8. While the bulk slip length shows a
substantial decrease by increasing surface charge, local slip
length remains almost constant, similar to the calculations of
eq 8. We can also show a similar behavior from an another
recent MD study by Celebi et al.57 who eventually described
viscoelectric eﬀects to a great extent using eq 6. They also
related the measured velocity slip change to change of slip
length in the low surface charge Debye−Huckel region, while
slip length predictions of eq 8 remain constant for the
corresponding surface charges (Figure 7b). Hence, change of
velocity slip on surface is not due to change of slip length, but
it is a result of near surface electrohydrodynamics.
MD simulations naturally create both the interface coupling
and the near-wall hydrodynamics. Here, we employed the
spatial viscosity variation described in Celebi et al.’s MD work
(Figure 2) and obtained decrease of velocity slip with
increasing ionic concentration (increasing surface charge),
which is also similar to their MD ﬁndings. The current results
simply show that the momentum equilibrium between surface
and liquid measured by MD simulations can be estimated
using a continuum solution with Navier-type boundary
condition if the electrohydrodynamics based on electroviscous
and viscoelectric eﬀects are included.
Next, we calculated the ionic currents using eq 14. Figure 8
presents the variation of ionic current by KCl concentration
(0.1, 0.42, 0.94, 5, and 10 mM at pH = 7.5) for the cases where
diﬀerent eﬀects were considered. In order to compare our
results with Mei et al.,90 we utilized corresponding parameters
from their study. Overall, ionic current increases with an
increase salt concentration due to decreased electroviscosity
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Figure 9. Velocity proﬁles along the channel height measured at the middle of 5, 10, 20, 50, and 100 nm length channels at KCl concentrations of
0.42 mM (a, d, g, j), 0.94 mM (b, e, h, k), and 10 mM (c, f, i, l) in the cases where diﬀerent electrokinetic eﬀects were considered.

Figure 10. (a) Electrical potential and resulting (b) electric ﬁeld strength variation along the centerline for diﬀerent length channels at salt
concentrations of 10 mM. (c) Electrical potential and resulting (d) electric ﬁeld strength variation along the centerline for diﬀerent salt
concentrations in the 100 nm long channel.
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inlet/outlet eﬀects can be safely ignored.29,30,32 Hence, we
further extended our study to the length dependence of ionic
transport. Diﬀerent length nanoﬂuidic channels were studied
under diﬀerent electrokinetic conditions and eﬀects. In Figure
9, velocity proﬁles measured at the middle of the nanochannel
for channel lengths of 5, 10, 20, 50, and 100 nm are presented
for KCl concentrations of 0.42, 0.94, and 10 mM. The ﬁrst row
of ﬁgures (Figure 9a−c) presents velocity proﬁles with
electroviscous eﬀects only compared to simple PF case with
no electrokinetics. By decreasing channel length at a certain
concentration, velocity increases due to decreasing streaming
potential and its retarding eﬀect, especially at low concentrations.31 The ionic concentration inside the channel is
diﬀerent than the reservoir such that an ionic concentration
gradient develops in the axial direction between the channel
and reservoir at the channel inlet and outlet.26 Also called
“electrokinetic development length,” ionic concentration inside
a channel reaches its equilibrium value suﬃciently away from
reservoir connections. If a channel is shorter than this
electrokinetic entrance length, the ionic conditions inside the
channel will be diﬀerent. Here, channel length and bulk ionic
concentration are two determining parameters that we
examined in Figure 10. The axial electric potential distribution
and resulting electric ﬁeld along the line passing through the
channel center are presented in Figure 10a and b for channel
lengths of 5, 50, and 100 nm at 10 mM salt concentration. It
can be observed that the 5 nm channel length is smaller than
the entrance length from the inlet and outlet and that lower
electric potential diﬀerence (Figure 10a) between the channel
and reservoir develops, which ultimately creates a lower
electric ﬁeld diﬀerence as seen in Figure 10b. Therefore, lower
streaming potential develops and the ionic current experiences
less resistance at short channels.31 Next, we varied the bulk
concentration for a 100 nm-length channel. The corresponding
electric potential and electric ﬁeld are presented in Figure 10c
and d. As the concentration increases, EDL thickness reduces
and ionic concentration diﬀerence between channel and
reservoirs decrease. Hence, the electric ﬁeld resulting from
the potential bias is lower at 10 mM. On the other hand, very
high osmotic pressure builds up at the channel entrances at low
concentrations that creates entrance resistance at the channel
ends. This makes the nanoﬂuidic channels so-called ion
selective.32
In the second row (Figure 9d−f), viscoelectric eﬀects are
added to the electroviscous eﬀects, which develop further
retardation of ﬂow. It appears that viscoelectric eﬀects have a
higher length dependence and that decrease in the channel
length result in an almost 40% increase in velocity from 100 to
5 nm-length channels at 10 mM. On the other hand, the ﬂow is
suppressed more near the wall regions for higher concentrations as a result of viscoelectric eﬀects. This is due to the
increase of surface charge due to inlet/outlet eﬀects,26 which
creates further ionic layering and increase in the local viscosity
in those regions. The interesting consequence of this behavior
shows itself in the case of slip condition. The third row of
ﬁgures (Figure 9g−i) presents results with the addition of
velocity slip at a constant slip length of 5 nm. One would
expect the velocity distributions shown in Figure 9d−f to just
shift upward by the velocity slip. However, Figure 9g−i shows
otherwise; in addition to variation of velocity slip by
concentration given in Figure 6, slip velocity also shows a
strong dependence on channel length. Velocity gradient at the
surface varies due to variation of electroviscous and visco-

Article

electric eﬀects by channel length. Divergence from simple
Poiseuille estimations with slip becomes enormous. Excluding
viscoelectric eﬀects creates a slight change in results, mostly at
high ionic concentration where viscoelectric eﬀects were strong
as shown in Figure 9j−l. Velocity slips slightly increase.
Variation of velocity slip by channel length is given in Figure
11 at diﬀerent salt concentrations. Figure 11a and b presents

Figure 11. Velocity slip at the wall (a) without and (b) with inclusion
of viscoelectric eﬀects.

the velocity slips without and with viscoelectric eﬀects,
respectively. Overall, velocity slip decreases by decreasing
channel length. This length dependence is more dominant at
lower concentrations. By addition of viscoelectric eﬀects in
Figure 11b, velocity slips values decrease 40% more. Figure
11b reveals that velocity slip becomes independent from
channel length for L > 20 nm.
As a ﬁnal step, we calculate the ﬂow rates (eq 13) and the
ionic current (eq 14) through diﬀerent length channels at
varying salt concentration in Figure 12. The mass ﬂow rates
normalized with the PF estimations are given in Figure 12a for
diﬀerent channel lengths and concentrations. First, considering
electroviscous eﬀects alone yields lower ﬂow rates than PF
while low channel length and salt concentration dependency
develops. Only at very short channel length of 5 nm,

Figure 12. Flow rates of diﬀerent length channels (a) normalized by
Poiseuille ﬂow (PF) calculation and (b) normalized by the results of a
100 nm length channel. Ionic currents (c) without and (d) with the
slip eﬀect.
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salt concentrations, which is a very interesting outcome. It
appears that the negative and positive inﬂuences of increased
ion concentration basically cancel each other since increased
ion concentration also enhances the strength of viscoelectric
eﬀects. Without velocity slip, there is very low channel length
dependency developing in ionic current. When the slip
condition is included, velocity slip enhances the ionic current,
but its inﬂuence was lower under viscoelectric eﬀects. This
validates that electroviscous and viscoelectric do not only aﬀect
the ionic current directly, but a prominent length dependent
variation develops originating from the variation of velocity slip
by channel length. When both electroviscous and viscoelectric
eﬀects are considered, ionic current becomes independent of
slip and salt condition in short channels (L < 5 nm).

conduction current become almost negligible and since shorter
channels have small resistance at the channel entrances as
already discussed in Figure 10, ﬂow rates approach back to PF
value for the same applied pressure gradient. When we include
the viscoelectric eﬀects, mass ﬂow rate further decreased;
higher length and salt concentration dependency develop.
Overall, ﬂow rates lower than simple pressure driven ﬂow (PF)
develop under electroviscous and viscoelectric eﬀects, but
these eﬀects lessen with a decrease in salt concentration and/or
decrease in channel length.
When the slip boundary condition is included, ﬂow rates
increase. The case with electroviscous eﬀects alone developed
an almost 70% higher ﬂow rate than PF for 100 nm long
channel at low salt concentration. However, velocity slip and
resulted ﬂow enhancement decreases as salt concentration
increases and/or channel length decreases. Especially by the
inclusion of viscoelectric eﬀects, velocity slip on boundary
shows a substantial decrease and ﬂow rate approaches back to
results of the no-slip condition. We should note here that Ls =
5 nm represents an average slightly hydrophobic surface with
wetting contact angle around 90°.91 Eventually, having such a
slip condition without any electrokinetics yields almost a 3
times increase in ﬂow velocity and more than a 5 times
increase in mass ﬂow rate, for a simple PF case. However, this
ﬂow enhancement due to boundary slip does not develop in
the case of a ﬂow with electrokinetic eﬀects, especially in short
channels and/or at high salt concentrations. For example,
almost no ﬂow enhancement developed for 10 mM case of Ls =
5 nm with electroviscous and viscoelectric eﬀects (velocity
proﬁle in Figure 9i), and ﬂow rate remained at half of the PF
value for all channel lengths. In the 0.94 mM concentration
case, the velocity slip can only balance the reduction in the
ﬂow rate from electroviscous and viscoelectric eﬀects if the
ﬂow rate reaches back to the PF value for channel lengths
higher than 50 nm.
In order to understand the eﬀect of channel length better,
we normalize ﬂow rate values with the ﬂow rate measured in
longest channel case of 100 nm in Figure 12b. There is only a
slight change in ﬂow rate between 50 and 100 nm long
channels; therefore, we can consider 100 nm as a length
independent case. Decrease in channel length increases the
ﬂow rate of no-slip cases while the opposite behavior develops
when boundary slip included. Flow rate decreases by the
decrease of channel length for slip cases. This is due to
opposite eﬀects developing; decrease of channel length
decreases electrokinetic retardation eﬀects on ﬂow, but in the
case of a slipping boundary, it also decreases velocity slip and
ﬂow enhancement.
Ionic transport resulting from these pressure driven
electrokinetic ﬂows without and with velocity slip are given
in Figure 12c and d, respectively. When the electroviscous
eﬀects were considered alone, ionic current increases with an
increase in salt concentration. This behavior is actually
opposite of the salt concentration dependence on ﬂow rate.
Increasing the salt concentration increases the electrokinetic
eﬀects obstructing the ﬂow and reducing the ﬂow rate, but it
also increases the number of ions in the channel that ionic
conduction actually increases even though the ﬂow rate
decreased. Multiple researchers observe a similar behavior and
conclude that ionic current enhances with an increase in salt
concentration.31,60,62,92 However, when the viscoelectric eﬀects
are included, the ionic current becomes almost independent of
salt concentration except for very short channels and very low
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CONCLUSION
We studied the ionic currents of pressure driven ﬂows in
nanoﬂuidic channels with varying salt concentration and
channel length. For the ﬁrst time in the literature, the
inﬂuence of the slip boundary condition is described under
both electroviscous and viscoelectric eﬀects. By validating the
calculation procedure with the analytical solution for the ionic
current with electroviscous eﬀects,90 we present that further
including the viscoelectric eﬀects and boundary slip creates
signiﬁcant variations in the ionic transport. Simply, results
show that electroviscous and viscoelectric eﬀects decrease the
transport due to conduction current and increase in local
viscosity. Diﬀerent than the earlier studies presenting
increasing ionic current by increased salt concentration, ionic
current is found to be independent of salt concentration,
except for very short channels and very low salt concentrations,
when the viscoelectric eﬀects are considered in addition to the
electroviscous eﬀects. In the case of no-slip, decreasing the
channel length increases the volumetric ﬂow rates but, at the
same time, decreases the equilibrium ion quantity forming
inside the channel and ionic current shows almost no channel
length dependency. When the slip condition is added, ionic
conduction is enhanced. Even though we apply a constant slip
length, the velocity slip value on surfaces shows signiﬁcant
variation with the salt concentration, channel length, and
electrokinetic eﬀects included in the solution. We compare and
validate the observed behavior with the results of MD
calculations from multiple studies. While the MD naturally
simulates both the interface coupling and the near-wall
hydrodynamics, we show that similar physics can be estimated
using a continuum solution with Navier-type boundary
conditions if the electrohydrodynamics based on electroviscous
and viscoelectric eﬀects are included. Considering electroviscous eﬀects alone yields up to 70% lower velocity slips than
Poiseuille ﬂow predictions while further adding viscoelectric
eﬀects creates almost a no-slip condition at high salt
concentrations. Velocity slip also shows strong dependence
on channel length; decreasing length yields decreasing velocity
slip on the surface. Hence, ionic current lessens profoundly
with the decrease in channel length.
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