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1 Introduction

Fluid flow through internal channel passages occur in
many common applications, ranging from large-scale en-
gineering piping systems to biological nanoscale ion chan-
nels. Nanofluidics is defined as the study and application
of fluid flow in and around nano-sized objects, with at
least one characteristic dimension of less than 100 nm. At
such small characteristic scales, the nanostructures have
a high surface-to-volume ratio, resulting in many new and
interesting physical phenomena and applications. Conse-
quently, the nanofluidics field has attracted great interest
in the academic and research communities in recent de-
cades. Of the various phenomena observed at the nano-
scale, the transport of a fluid within a nanochannel, via
the application of an external electrical gradient, has
many potential applications in the biomedical, energy,
and environmental fields. Consequently, the problem of
electrokinetic transport in nanochannels has attracted
particular attention in the recent literature.

The transport of a fluid confined in a nanochannel
must consider its associated geometric length scales. It
was shown in Refs. [1–4] that for nanoscale lengths great-
er than 1 nm (equivalent to the thickness of approximate-
ly three water molecule layers), fluid flow obeys the con-
tinuum assumption and can therefore be described using
the conventional Navier-Stokes equation. Furthermore, it
was reported in Refs. [5–7] that the characteristic length
scale of nanoscale applications depends on the variation
of intermolecular forces near the nanochannel surface,
which is governed, in turn, by the steric interaction/hydra-
tion, van der Waals, and electrostatic phenomena, with
characteristic scales of 1–2 nm,1–10 nm, and 10–100 nm,
respectively. Micro/nanofluidic devices are generally fab-
ricated on dielectric substrates such as silicon, glass, poly-

dimethylsiloxane (PDMS), or some other form of poly-
mer. When an electrolyte solution passes through a nano-
channel, the material surface has charges distributed on it
by the dissociation of surface groups and by the specific
(nonelectric) adsorption of ions from the solution to the
surface to form the so-called surface charge density, and
an electrical double layer (EDL) is formed. At the small
characteristic scale associated with nanofluidic devices,
the EDL results in many new physical phenomena, in-
cluding the EDL overlap condition,[8] the ion exclusion-
enrichment (EEE) effect,[9] and ion concentration polari-
zation (ICP).[10,11] These phenomena have made possible
the development of many new and exciting applications
in recent decades, including selective macromolecular
sieves,[12] pre-concentration devices,[13,14] ion-selective
transport systems,[15] nanofluidic transistors,[6,16] nanoflui-
dic diodes,[17] electrokinetic batteries,[18,19] and desalination
systems.[20,21] However, in optimizing the performance of
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such applications, a detailed understanding of the electro-
kinetic transport phenomenon is required.

Accordingly, this study presents a systematic review of
the electrokinetic transport phenomenon and its model-
ing by means of numerical simulations. The paper is or-
ganized as follows. Section 2 introduces the fundamental
theories and principles associated with the electrokinetic
transport effect. Section 3 describes the theories and as-
sumptions involved in modeling the electrokinetic trans-
port phenomenon in the continuum and non-continuum
domains. Section 4 illustrates some applications of elec-
trokinetic flow over the past decade or so. Finally, Section
5 provides some brief concluding remarks. This review is
our subjective view and therefore cannot be exhaustive.

2 Principles of Electrokinetic Fluid Dynamics

The electrokinetic (EK) phenomenon arises from the ex-
istence of a non-electroneutral electrical double layer at

the liquid-solid interface of a material bearing surface
charges, where these charges are generally produced by
the chemical adsorption or dissociation of the surface
functional groups following contact with an aqueous solu-
tion. The EK effect plays a particularly critical role in
promoting ion transport in nanochannels due to their ex-
tremely high surface-to-volume ratio, and results in many
interesting phenomena, including electroosmotic flow
(EOF),[22,23] electroviscosity,[24] and electroconvection.[25]

In this section, the basic principles and theories of EK
flow in nanofluidic channels are briefly reviewed.

2.1 Length Scales

Broadly speaking, the Debye length describes the thick-
ness of the EDL, and is given from Poisson-Boltzmann
theory as
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where the zi is the valence, c1i is the bulk concentration,
F is the Faraday constant, R is the gas constant, T is the
absolute temperature, e0 is the permittivity of a vacuum,
and ef is the dielectric constant of the electrolyte solution.
As shown in Eq. (1), the Debye length varies inversely
with the bulk ion concentration. For example, given
a dilute ion concentration, the Debye length is very large
and may even approach infinity (lD!1). Thus, in practi-
cal applications, the width of the diffuse layer is assumed
to be fixed by the so-called Gouy-Chapman length, de-
fined as

lGC ¼
2e0ef RT
zþF ssj j

, ð2Þ

where ss is the surface charge density. Basically, the
Gouy-Chapman length defines the region of the channel
over which most of the counter-ions in the electrolyte are
concentrated, as a result of surface charge effects. Finally,
the Dukhin length quantifies the relationship between the
bulk electrical conductance and the surface electrical con-
ductance, and is defined as

lD ¼
ssj j

zþFc1i
: ð3Þ

The Dukhin length is commonly rewritten in terms of
the Debye and Gouy-Chapman lengths as lD�l2

D/lGC, and
provides an important indication of the electrical conduc-
tance of the nanochannel given a dilute bulk concentra-
tion. The Dukhin length is also commonly divided by the
height of the nanochannel and expressed in the form of
a dimensionless parameter known as the Dukhin number,
i.e. ,

Du ¼ ce

c1i
¼ ssj j

hzþFc1i
, ð4Þ

where ce = jss j /hz+F is the surface charge in the nano-
channel. The Dukhin number provides an indication of
both the ion-selectivity of the nanochannel and the domi-
nant conductance mechanism. For example, given Du�1,
the nanochannel is ion-selective and the conductance is
dominated by the surface charge density.

Traditionally, fluid flow in a nanochannel is assumed to
be bounded by a no-slip condition at the wall. However,
recent studies have shown that liquid slip actually occurs
on bare (atomically smooth) surfaces at the micro/nano-
scale, particularly in the case of superhydrophobic surfa-
ces.[26] It has been reported that this slippage may be due
either to molecular (i.e., intrinsic) slip on the bare surface

or to apparent slip on the structure surface.[27] Thus, the
flow velocity at the channel wall is more properly de-
scribed using the following Navier slip boundary condi-
tion:

us ¼ b
du
dy

� �

, ð5Þ

where b=h/l is the slip length, in which h is the fluid vis-
cosity and l is the friction coefficient. In practice, the slip
length and friction coefficient are both strongly depen-
dent on the intensity of the intermolecular interactions
between the solid surface and the liquid.

2.2 Electrical Double Layer/Electroosmotic Flow

Many solid substrate materials (e.g., plastic and glass) ac-
quire an electric charge when they come into contact with
an aqueous solution. When an aqueous solution is in con-
tact with the substrate material of a solid-state nanochan-
nel, such as silicone dioxide (SiO2), it reveals a charge-
regulated nature due to the protonation/deprotonation
surface reaction. This implies that the surface charge
property of the nanochannel depends strongly on the
local concentration of the hydrogen ions (i.e. , a pH value
effect) on its surface.[28–30] These surface charges attract
the counter-ions within the aqueous solution while simul-
taneously repulsing the co-ions. The counter-ions are ad-
sorbed on the charged surface via electrostatic effects, re-
sulting in the formation of an electrical double layer com-
prising a compact layer and a diffuse layer (see Figure 1).
In general, the thickness of the EDL is determined by the
Debye length, i.e., lD / 1=

ffiffiffiffiffiffi

c1i
p

, where c1i is the bulk ion
concentration. In other words, for a high ion concentra-
tion, the EDL has only a thin thickness; allowing both
the co-ions and the counter-ions to pass readily through
the channel. Conversely, for a low ionic strength, the
EDL thickness increases, with the result that the nano-
channel becomes counter-ion selective. Notably, when the
Debye length approaches the width of the nanochannel,
an overlap of the EDLs on the opposite walls occurs. In
such cases, the counter-ion concentration in the double
layer region is greater than that of the co-ion concentra-
tion. In other words, the ion concentration in the middle
of the channel is given by c+¼6 c�¼6 c1i and the EDL po-
tential is given as y0¼6 0, as shown in Figure 2.

The presence of the EDL screens (i.e., shields) the ions
in the bulk fluid from the effects of the surface charges.
In other words, the net charge within the EDL neutralizes
the charged surface, and is therefore given by

ss ¼ �
Z 1

0
1edn, ð6Þ

where ss is the surface charge density, 1e ¼ F
P

i
zici is the

Isr. J. Chem. 2014, 54, 1533 – 1555 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.ijc.wiley-vch.de 1535

Review

http://www.ijc.wiley-vch.de


net charge density, and n is the direction normal to the
surface.

According to electrostatic theory, the electric potential
distribution in the channel can be described by the fol-
lowing Poisson equation:

r2y ¼ � 1e

e0ef
, ð7Þ

where 1e is the net charge density and is given as
1e ¼ F

P

i
zici, in which F is the Faraday constant and zi

and ci are the valence and local molar concentration of
the type-i ions, respectively. The concentration of the
type-i ions depends on the electrochemical potential (i.e. ,
mi =m0

i +RTlnci +ziFy, where m0
i is the standard state

chemical potential of the type-i ions, R is the gas constant
and T is the absolute temperature) and conforms to the
following Boltzmann distribution:

ci ¼ c1i exp � ziFy

RT

� �

: ð8Þ

At thermodynamic equilibrium state, employing the
Boltzmann distribution to describe ion distribution inside
the channel is valid. Substituting Eq. (8) into the Poisson
equation (Eq. (7)) yields the following well-known Pois-
son-Boltzmann (PB) formulation:

r2y ¼ � F
e0ef

X

i

c1i zi exp � ziFy

RT

� �

: ð9Þ

The PB equation describes the EDL potential distribu-
tion within the nanochannel under equilibrium conditions.
Given a symmetrical electrolyte (i.e., zi :zi =1 :1), and
considering only one dimension (i.e., normal to the wall
surface), the PB equation can be expressed in the follow-
ing simplified form:

dy

dy
¼ RT

zF
k2 sinh

ziFy

RT

� �

, ð10Þ

where k ¼ l�1
D ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2z2F2c1i
�

e0ef RT
� �

q

is the so-called
Debye-H�ckel parameter. Substituting Eqs. (7) and (10)
into Eq. (6), the surface charge density is obtained as

ss ¼
2ziFkc1i

e0ef
sinh

ziFys

RT

� �

, ð11Þ

where the ys is the so-called surface potential. In nano-
fluidic applications, the surface potential is assumed to be
less than the thermal voltage, i.e. , ziy<RT/F, where RT/
F=25.7 mV at 258. Thus, the following so-called Debye-
H�ckel approximation is obtained:

r2y ¼ k2y: ð12Þ

Figure 1. Gouy-Chapman-Stern model of EDL structure.

Figure 2. Overlapped EDL condition between pair of charged sur-
faces separated by distance h.
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For a symmetrical electrolyte, the potential distribution
along the y-axis of the channel is given by

y yð Þ ¼ ys exp �kyð Þ: ð13Þ

However, for high surface potentials, the analytical
Debye-H�ckel approximation cannot be used due to the
non-linearity of the PB equation. Accordingly, an exact
solution is obtained under the assumption of dy/dy=0 at
the centerline of the nanochannel, using the following
Gouy-Chapman equation:

y yð Þ ¼ 2RT
zF

ln
1þ tanh zFys=4RTð Þ exp �kyð Þ
1� tanh zFys=4RTð Þ exp �kyð Þ

� 	

: ð14Þ

In recent years, many researchers have argued that the
traditional PB equation cannot be used to describe the
overlapped EDL phenomenon in very narrow nanochan-
nels since the electroneutrality assumption of the PB
model (i.e. , c+ =c�=c1i ) at the middle plane is invalid.
As shown in Figure 2, the overlapped EDL phenomenon
is usually modeled as either a closed system or an open
system. Qu and Li[31] considered the conservation of the
ion number (i.e., salt ions, hydronium ions, and hydroxide
ions), the dissociation of water, and surface charge regu-
lation effects (i.e., site dissociation) in an infinitely long
channel (i.e. , a closed system). However, the surface
charge regulation model which they adopted (proposed
by Healy and White[32]) was originally derived for an
open system. Accordingly, in a more recent study, Baldes-
sari and Santiago[33] developed a new EDL model based
on a channel-to-well equilibrium assumption and used
this model to derive a semi-analytical solution for the
overlapped EDL field. It was shown that the proposed
model provided a more accurate description of the over-
lapped EDL field than the so-called “thick EDL
model”[34,35] since the condition of y0¼6 0 was taken into
account.

Electroosmotic flow is a micro/nanofluidic phenomen-
on in which a movement of the bulk liquid, relative to
the stationary, charged surface, occurs under the effects
of an externally applied electric field. The EOF velocity
can be derived in accordance with md2u/dy2 +1xEx =0,
where Ex =�ry is the intensity of the electric field and
1x =�e0efd

2y/dy2 is the net charge density. Moreover, the
boundary conditions are du/dy=dy/dy=0 at the middle
plane, and u=0 and y=z at the channel surface. z is the
so-called zeta potential. The velocity profile over the
height of the nanochannel is given by

u yð Þ ¼ � e0ef z

m
Ex 1� y yð Þ

z

� 	

: ð15Þ

When y(y)=0, the EOF velocity is given by the follow-
ing Helmholtz-Smoluchowski equation:

ueof ¼ �
e0ef z

m
Ex: ð16Þ

The EOF velocity depends strongly on the electric
field. However, if the EDL thickness is very small com-
pared with the channel height (i.e. , ld�h), the fluid flow
has the form of a plug flow. In other words, the liquid is
driven principally by the high shear force, which origi-
nates from the electrostatic force and acts only in the
EDL region. However, as the EDL thickness approaches
the channel height (ld�h), the flow profile changes from
a plug-like profile to a nearly parabolic profile, since both
the shear force and the electroosmotic driving force are
reduced.

2.3 Electrical Conductance/Permselectivity

The conductivity (li) of the electrolyte in a nanochannel
is given by

li ¼ F2
X

i

z2
i vici ¼

X

i

Lici, ð17Þ

where ni is the mobility and Li =z2
i F

2Di/RT is the molar
conductivity. The conductance effect in the nanochannel
is determined jointly by the bulk ion concentration and
the surface charge density. For a high ion concentration,
the nanochannel conductance can be approximated using
Eq. (17). However, for a low ion concentration, the con-
ductance of the nanochannel is dominated by the surface
charge since the counter-ions must balance the surface
charge (i.e., ce = jss j /hz+F). Thus, given the assumption
of a symmetrical electrolyte, the nanochannel conduc-
tance is given as

Kn ¼
2wh

l
c1i Lþ þL�ð Þ þ 2w

l
ssj j
zF

Lþ: ð18Þ

When the ratio of the channel height to the Debye
length (i.e., h/lD) is less than 1, the fraction of Kn that is
governed by the surface charge is given by the dimension-
less Dukhin number. However, when the bulk concentra-
tion is higher than the concentration of the counter-ions,
the electrical conductance is determined by both the bulk
concentration and the channel geometry (i.e., the first
term in Eq. (18)). When the concentration of the counter-
ions in the nanochannel is larger than the bulk ion con-
centration, the total electrical conductance is dominated
by the surface charge density (i.e., the second term in
Eq. (18)). That is, the electrical conductance is only
weakly related to the bulk concentration (i.e., the Dukhin
number increases with a decreasing electrolyte concentra-
tion[34,36]). Finally, for the case where the first and second
terms in Eq. (18) are equal, the electrical conductance
saturates at a constant value, as shown in Figure 3.
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The term “permselectivity” is used to describe the sit-
uation where the nanochannel effectively selects the
counter-ions to transport along the channel via the EDL
and the external driving force. From the point of view of
the Dukhin number, when Du�1, the net charge density
is much larger than the bulk ion concentration. Thus, the
co-ions have only a negligible effect on the electrokinetic
properties of cation-selective nanochannels, since c+�c�.
Recently, many researchers have exploited this phenom-
enon to perform desalination using ion exchange mem-
branes.[37]

2.4 Streaming Current/Potential

When the aqueous solution is passed through the charged
channel under the effects of a hydrostatic pressure differ-
ence, the counter-ions in the diffuse layer are transported
in the downstream direction and induce an electric cur-
rent, known as the streaming current, in the flow direc-
tion. The resulting streaming potential difference between
the two ends of the channel produces an electric current,
called the conduction current, in the opposite direction to
the streaming current.[38–40] The feasibility for harvesting
power (either mechanical or electrical) via the electroki-
netic energy conversion (EKEC) process within nano-
scale fluidic confinements has attracted significant atten-
tion in the literature. Recently, the streaming current and
streaming potential have been widely employed in the ap-
plication of microfluidic and nanofluidic devices, includ-
ing flow rate meters,[41] pressure sensors,[42] zeta potential
measurements,[43] and electrokinetic batteries.[15]

2.5 Electroviscous Effect

The electroviscous effect in narrow channels depends
strongly on the surface potential, which depends, in turn,
on the interactions between the properties of the sub-

strate material and those of the bulk solution. The elec-
troviscous effect in heterogeneous microchannels has
been extensively examined using both analytical[35,44] and
experimental[45,46] techniques. For pressure-driven flow in
a nanochannel, the streaming potential generates both an
electric current (i.e., the conduction current) and a liquid
flow (i.e., electroosmotic flow) in the direction opposite
to that of the pressure drop. The net result is a reduction
in the flow rate in the pressure drop direction. This flow
retardation phenomenon is conventionally referred to as
the electroviscous effect.

For fluid flow on a surface with a no-slip condition,
a previous study indicates the apparent viscosity reaches
a maximum value in the mesoscopic regime, where the
channel height is comparable with the Debye length, and
the electroviscosity contribution to the apparent viscosity
is below the 1% level.[47] Recently, we presented a system-
atic study of electroviscosity effects in the nanofluidic
channels using a triple layer model and a numerical
framework. It was shown that the electroviscosity increas-
es with an increasing pH value of the electrolyte solution
and a decreasing ion concentration. For a very high ionic
concentration, a smaller channel height leads to a higher
electroviscosity. When the bulk concentration reduces
from 10�3 M to 10�6 M, there is a critical channel height
that maximizes the electroviscosity for a given a ionic
concentration, and the critical channel height increases
with the decreasing bulk concentration, as shown in
Figure 4.[24]

Further, we use the proposed overlapped EDL analyti-
cal model in an investigation performed to evaluate the
effects of hydrodynamic slippage on the flow retardation
caused by electroviscosity in nanochannels or nanotubes.
As shown in Figure 5, it is shown that in the absence of
slip, the maximum electroviscosity in nanochannels and

Figure 3. Electrical conductance of nanochannel as function of
bulk concentration given different geometry and electrical proper-
ties.[3]

Figure 4. Electroviscosity effect as a function of the channel
height for four different bulk concentrations.[24]
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nanotubes containing a unipolar solution of simple mono-
valent counter-ions occurs at surface charge densities of
h js j =0.32 nm� C/m2 and a js j�0.4 nm �C/m2, respec-
tively, where s is the surface charge density. In addition,
it is shown that the electroviscosity in the nanotube is
smaller than that in the nanochannel. For example, given
a LiCl solution, the maximum electroviscosites in a non-
slip nanochannel and non-slip nanotube are ha/h�1.6 and
1.47, respectively. However, taking slip condition into ac-
count, the electroviscosity is greatly increased for both
nanospaces. Significantly, the electroviscosity in the nano-
tube is greater than that in the nanochannel under slip
conditions, as shown in Figure 6. When the slip length is
comparable with the nanochannel half-height or nano-
tube radius, the electroviscous effect increases the intrin-
sic viscosity by more than 100%.[48]

3 Continuum and Molecular Modeling

Three models, namely, the continuum, the mesoscopic,
and the molecular models, are introduced for ion trans-
port in nanochannels. Generally, the continuum model
can be used when the geometric length scale is greater
than 1 nm (equivalent to the thickness of approximately
three water molecule layers); fluid flow obeys the contin-
uum assumption and can therefore be described using the
Navier-Stokes equation. For conservative approach, Dai-
guji[6] suggested the scale is ~5 nm instead of 1 nm. The
molecular dynamics (MD) simulation is necessary to ac-
count for the behavior of molecules below this length

scale. The MD provides a detailed field of interest. How-
ever, it is known that the time scale for an ion to cross
a channel is much larger than the typical time scale of
MD simulations. The conductance of the channel would
not be evaluated by the MD simulations. The mesoscopic
modeling, therefore, provides an alternative method for
the simulations. Among the three models, the continuum
approach provides the macroscopic transport phenomena
quickly. The MD model provides the most detailed infor-
mation, yet it requires extensive computational effort.
The mesoscopic model can be a link between the continu-
um and MD models.

3.1 Continuum Modeling: Ion Transport

Mathematical models of the electrokinetic transport phe-
nomenon generally impose the following conditions and
assumptions: (i) the system is in a state of chemical and
dynamic equilibrium; (ii) the transport process is in
a steady state condition; (iii) the pore size is much larger
than the liquid solvent molecule size; (iv) the ions in the
Stern layer are rigidly attached to the surface and make
no contribution to the bulk ionic current; (v) the flow is
sufficiently slow that the ion convection effect can be ig-
nored; (vi) the bulk ionic concentration is neither too
high (<1 mol l�1) nor too low (the Debye length is less
than ten times the channel width) and hence, the Poisson-
Boltzmann model can be applied;[49] and (vii) no chemical
reactions take place at the charged surface other than
those associated with chemical adsorption or dissociation.

Figure 5. Electroviscosity in non-slip cation-selective nanochan-
nels/nanotubes as function of h/lGC or a/lGC. Note that the bold,
solid lines represent the results obtained for a nanochannel, while
the dashed lines represent the approximate results for a nanochan-
nel. Moreover, the lines with circle symbols represent the results
obtained for a nanotube. The numerical results were obtained
using the full PB model and given Cl� co-ions, a low salt concentra-
tion of c1i = 0.1 mM, and a specific surface charge density of s=
�10 mC/m2.[48]

Figure 6. Electroviscosity in slip K+ ion-selective nanochannels/
nanotubes as function of h/lGC or a/lGC. Note that the bold, solid
lines represent the results obtained for a nanochannel, while the
dashed lines represent the approximate results for a nanochannel.
Moreover, the lines with circle symbols represent the results ob-
tained for a nanotube. The numerical results were obtained using
the full PB model and given Cl� co-ions, a low salt concentration
of c1i = 0.1 mM, and a specific surface charge density of s=
�10 mC/m2. The numbers in the figure represent the value of the
slip ratio, i.e. , b/h or b/a.[48]
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3.1.1 Nernst-Planck Equation

Consider an N-component Newtonian electrolyte flowing
with velocity u(r,t) in a microchannel with no polarization
or chemical reactions. Let y(r,t) be the electric potential
prevailing within the solution, where r is the position
vector. Furthermore, let the flux Ji of the ith ion species
within the solute be given by the following constitutive
equation:

Ji ¼ �
Lici

ziF
ry�Dirci þ ciu, ð19Þ

where ci is the molar concentration of the ith ion species,
zi is the ith ion algebraic valence, F is the Faraday con-
stant, Di is the ion diffusivity. The flux contributions are
due to electromigration in the electric field, concentration
difference, and bulk convection, respectively. The ionic
flux Ji and concentration ci are related as

@ci

@t
þr � Ji ¼ 0: ð20Þ

The motion of the ion species produces an electric cur-
rent density, i ¼ F

P

i
ziJi, equal to

i ¼ �ry
X

i

z2
i F2

RT
Dici � F

X

i

ziDirci þ F
X

i

ziciu: ð21Þ

As shown in Eq. (21), the current is produced by the
electric field, the concentration gradient, and the convec-
tion of the ion species. The electric current through
the micro/nanochannel is thus calculated as
I ¼

R

A idA ¼ Fz
R

A Jþ � J�ð ÞdA, where A is the cross-sec-
tional area of the channel.

The continuum model, consisting of the Nernst-Planck
equation, the Navier-Stokes equations, and the Poisson-
Boltzmann equations, has been used to investigate many
nanofluidic applications; for example, energy conversion,
current control, sample preconcentration, and water pu-
rification. These will be illustrated in later sections.

3.2 Continuum Modeling: Motion of fluid

3.2.1 Navier-Stokes Equation

For an incompressible laminar flow, the fluid movement
is governed by the continuity and the Navier-Stokes equa-
tions. For the flow in nanochannels, the Reynolds number
(Re) is usually Re�1. The governing equations can be re-
duced to the following Stokes equations, i.e.,

r � u ¼ 0, ð22Þ

1
@u
@t
¼ �rpþ hr2uþ F, ð23Þ

where 1 is the fluid density, p is the applied external pres-
sure force, and h is the dynamic fluid viscosity. Moreover,
F can be any kind of body force, but is assumed here to
be an electrical driving force. In general, this electrical
driving force includes the Lorentz force induced by the
external electric field, the force caused by electromagnet-
ic susceptibility, and the intermolecular electric attraction.
For the case of quasi-steady-state electrokinetic flow in
a micro/nanochannel, the electromagnetic forces are neg-
ligible compared with the electrostatic force. Consequent-
ly, the driving force can be simplified as

F ¼ 1eE, ð24Þ

where 1e is the net charge density and E is the electric
field strength vector. Note that the net charge density 1e

is expressed as

1e ¼ F
X

i

zici: ð25Þ

3.2.2 Hydrodynamic Slippage

In general, the surface properties of a material can be
classified as either hydrophobic or hydrophilic. For fluid
flow through a nanochannel, it is traditionally assumed
that a no-slip condition exists at the boundary (see
Figure 7). However, recent studies have shown that liquid
slip occurs on bare (atomically smooth) surfaces and
structure surfaces as a result of either molecular (intrin-
sic) slip or apparent (effective) slip.[27] Accordingly,
Navier proposed a general boundary condition featuring
a finite slip velocity whose magnitude varies linearly with
the shear rate, i.e. , us =b(du/dy) jwall. In general, the slip
length is given as b=h/l, where h is the fluid viscosity

Figure 7. Schematic of the slip phenomenon at a liquid-solid inter-
face.[26]
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and l is the friction coefficient. Notably, the slip
length and the friction coefficient both depend
strongly on the strength of the liquid-solid inter-
action. For a hydrophilic surface, i.e. , a “wetting”
surface with a very low contact angle (strong
liquid-solid interaction), the slip length is usually smaller
than the molecular dimensions, and thus, the flow at the
solid-liquid interface can be described by the “no-slip”
boundary condition. Huang et al.[50] reported that the slip
length and contact angle are related by b/ (1+cos qc)

�2.
Meanwhile, Rothstein[26] showed that superhydrophobic
surfaces enhance the mobility of droplets by reducing the
contact angle hysteresis and lowering the frictional force
between the fluid and the surface.

3.3 Mesoscopic Modeling

The continuity and momentum equations can be solved
by tracking the movements of the molecule ensembles
through the evolution of the distribution function,[51]

using the well-known lattice Boltzmann equation (LBE).
For flow with an external driving force, F , the continuous
Boltzmann-BGK equation has the form

Df
Dt
� @tf þ x � rð Þf ¼ � f � f eq

tv
þ F, ð26Þ

where f� f(x,x,t) is the single particle distribution func-
tion in the phase space (x,x), x is the microscopic velocity,
tv is the relaxation time, and feq is the Maxwell-Boltz-
mann equilibrium distribution. For a steady fluid im-
mersed in a conservative force field, the equilibrium dis-
tribution function is defined by adding a Boltzmann
factor to the Maxwell-Boltzmann distribution, i.e.,

f eq ¼ 10

2pRTð ÞD=2 exp � U
kT

� �

exp � x� uð Þ2
2RT

� �

, ð27Þ

where U is the potential energy of the conservative force
field, 10 is the fluid density associated with minimum U, R
is the ideal gas constant, D is the dimension of the calcu-
lation space, k is the Boltzmann constant, and u is the
macroscopic velocity. A dimensional analysis gives the
form of F as

F ¼ G � x� uð Þ
RT

f eq, ð28Þ

where G is the external force per unit mass.[51] It is noted
that the Boltzmann-BGK equation given in Eq. (26) can
be transformed into the continuum Navier-Stokes equa-
tion using the Chapman-Enskog expansion.

For the two-dimensional case, the third-order Gauss-
Hermite quadrature formulation gives the nine-speed
LBE model with discrete velocities as

ea ¼
0; 0ð Þ a ¼ 0

cos qa; sin qað Þc; qa ¼ a� 1ð Þp=2 a ¼ 1; 2; 3; 4
ffiffiffi

2
p

cos qa; sin qað Þc; qa ¼ a� 5ð Þp=2þ p=4 a ¼ 5; 6; 7; 8

8

>

<

>

:

,

ð29Þ

where c is the speed of sound. Moreover, the density
equilibrium distribution is given as

f eq
a ¼ wa10 exp � U

kT

� �

1þ 3
ea � u

c2 þ 9
ðea � uÞ2

2c4 � 3u2

2c2

� 	

,

ð30Þ

with

wa ¼
4=9

1=9

1=36

8

>

<

>

:

a ¼ 0

a ¼ 1; 2; 3; 4

a ¼ 5; 6; 7; 8

: ð31Þ

Thus, the discrete density distribution satisfies the fol-
lowing evolution equation:

fa rþ eadt; t þ dtð Þ � fa r; tð Þ ¼ � 1
tv

fa r; tð Þ � f eq
a r; tð Þ


 �

þ dtFa,

ð32Þ

where r is the position vector, dt is the time step, and tv is
the dimensionless relaxation time and varies as a function
of the fluid viscosity as follows:

tn ¼ 3n
dt

d2
x

þ 0:5, ð33Þ

where n is the kinetic viscosity and dx is the lattice con-
stant (or grid size).

For electrokinetic flow in a dilute electrolyte solution,
the external electric force given in Eq. (24 ) can be sim-
plified as

FE ¼ 1eE� 1erF, ð34Þ

where F is the stream electric potential caused by ion
movements in the solution, based on Nernst-Planck
theory. Generally, the stream potential dominates the
electroviscosity effect in pressure-driven flow. However,
in electrically-driven flow, its value is much less than the
external potential and can be ignored. Therefore, the ex-
ternal force in the discrete LBE formulation should in-
clude both the pressure force and the electric force, i.e.,

Fa ¼
�rPþ 1eE�1erFð Þ � ea � uð Þ

1RT
f eq

a
ð35Þ
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in which the macroscopic density and velocity are given
respectively as

1 ¼
X

a

fa and 1u ¼
X

a

eafa: ð36Þ

The potential distribution can be rewritten in the form
of a Boltzmann-like equation by expanding the time-de-
pendent term as

@y

@t
¼ r2yþ grhsðr;y; tÞ, ð37Þ

where grhs ¼ 1
ee0

P

i
zieni;1 exp � zie

kbT y
� 


represents the

negative term on the right hand side of the original Pois-
son-Boltzmann equation. The evolution equation for the
electric potential on two-dimensional discrete lattices can
then be written as

gaðrþ Dr; t þ dt;gÞ � gaðr; tÞ ¼ �
1
tg

gaðr; tÞ � geq
a ðr; tÞ


 �

þð1� 0:5
tg
Þdt;gwagrhs,

ð38Þ

where the equilibrium distribution of the electric poten-
tial evolution variable g is given as

geq
a ¼ pay, with pa ¼

0 a ¼ 0

1=6 a ¼ 1; 2; 3; 4

1=12 a ¼ 5; 6; 7; 8

8

>

<

>

:

:

ð39Þ

The time step in Eq. (38) is evaluated as

dt;g ¼
dx

c0
, ð40Þ

where c’ is the pseudo sound of speed in the potential
field. Moreover, the dimensionless relaxation time in
Eq. (38) is given as

tg ¼
3cdt;g

2d2
x

þ 0:5, ð41Þ

where c is defined as the potential diffusivity and is gen-
erally set to unity.

The mesoscopic evolution equations given in Eqs. (38–
41) are consistent with the macroscopic nonlinear Pois-
son-Boltzmann equation given in Eq. (9). After evolving

on the discrete lattices, the macroscopic electric potential
can be obtained as

y ¼
X

a

ðga þ 0:5dt;ggrhswaÞ: ð42Þ

Although the electric potential evolution equations are
in an unsteady form, only the steady-state result is realis-
tic, since the electromagnetic susceptibility effect is not
considered. Moreover, even though the lattice evolution
method is not as efficient as a multi-grid solution for the
nonlinear Poisson equation due to its long wavelength
limit, it is more suitable for complex geometries and par-
allel computing.

The boundary condition implementation plays a critical
role in determining the accuracy of numerical simulations.
The conventional bounce-back rule is one of the most
commonly applied methods for describing the velocity
boundary condition at a solid-fluid interface, due to its
simple implementation.[51] However, the bounce-back rule
has two major disadvantages. First, it requires the dimen-
sionless relaxation time to lie strictly within the range of
0.5–2.0, since otherwise, a prediction error inevitably
occurs. Second, the non-slip boundary implemented using
the conventional bounce-back rule is not precisely located
at the boundary nodes, and thus an inconsistency arises
when coupling with other PDE solvers on the same grid
set.[52]

To overcome the inconsistence between the lattice
Boltzmann method (LBM) and other PDE solvers on
a same grid set, the boundary condition treatments of the
PDE solver for the electric potential distribution must be
modified in such a way that they are consistent with the
LBM, bounded by the bounce-back rule. Accordingly,
Zou and He[53] proposed a half-way bounce-back rule for
non-equilibrium distributions, applicable to both hydrody-
namic and electrodynamic boundary implementations.

At the solid-liquid interface, the following hydrody-
namic boundary condition holds:

f neq
a ¼ f neq

b , ð43Þ

where subscripts a and b simply represent opposite direc-
tions. By analogy, the non-equilibrium bounce-back rule
for the electric potential distribution at the wall surface
can be expressed as

gneq
a ¼ �gneq

b : ð44Þ

The half-way bounce-back scheme with interpolation
provides a convenient means to deal with curved surfa-
ces.[54] In addition, the bounce-back scheme has a super-
linear accuracy when the wall surface varies between two
adjacent nodes, and an approximately second-order accu-
racy if the wall surface is located at the middle. Finally,
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the half-way bounce-back method is easy to implement
for complicated boundary conditions without any special
considerations required to accommodate the corners.

3.4 Molecular Modeling

The major challenge in performing molecular dynamics
simulations of the electrokinetic flow (EKF) phenomenon
comes in dealing with the effects of the long-range Cou-
lomb potential between the charged particles. Unlike the
Lennard-Jones potential and other short-range potentials,
the Coulomb interaction force cannot be truncated, and
direct summation is computationally prohibitive for tradi-
tional EKF problems. As a result, significant effort has
been expended in developing new algorithms for achiev-
ing a more efficient treatment of these long-range inter-
actions.

The most widely used method for treating the Coulomb
force is the Ewald summation method,[55] in which the
total electrostatic potential is rewritten as a summation of
three terms, namely a short-range term that is calculated
in real space, a long-range term that is evaluated analyti-
cally in reciprocal space, and a constant self-interaction
term. However, even with an optimized selection of the
Ewald parameters, the computation time still scales as
Np

3/2, where Np is the total number of particles. As
a result, the Ewald method is unsuitable for the simula-
tion of large systems. Accordingly, Darden et al.[56] pre-
sented the particle-mesh Ewald method, in which the
long-range interactions were calculated using the fast
Fourier transform technique on a mesh. It was shown that
the computation time of the proposed method scaled as
NGlog(NG), where NG is the number of mesh grid points.
The fast multipole method has the potential to scale line-
arly with Np. However, its implementation must be care-
fully designed to achieve this optimized scaling.

An efficient treatment of the long-range Coulomb
forces between charges is essential in reducing the com-
putation time of the simulation process. Accordingly,
Beckers et al.[57] proposed a particle-particle particle-mesh
(P3M) scheme of the form shown in Figure 8. Notably,
while the figure shows a two-dimensional schematic of
the P3 M scheme, the simulations are actually performed
using a three-dimensional implementation. In the P3M
method, the total force acting on each particle is divided
into two components, namely a short-range force within
a user-defined distance (e.g., within the circle shown in
Figure 8) and a long-range force outside this distance.
The short-range force comprises the Coulomb force and
the van der Waals force and is treated precisely by the
particle-particle (PP) method using a simple direct sum-
mation approach, while the long-range force is calculated
using the particle-mesh (PM) method by solving the Pois-
son equation for the electric potential on the mesh. Nota-
bly, the P3M method combines the accuracy of the PP
method with the efficiency of the PM method. Further-

more, by using a high-efficiency multi-grid approach to
solve the Poisson equation in each time step, the compu-
tational cost reduces to just O(NG).

In summary, in the P3M method, the total force acting
on each particle comprises two parts: namely, the short-
range forces exerted by nearby particles, FPP, and the
long-range forces obtained by solving the Poisson equa-
tion for the electric potential on a mesh, FPM. The short-
range force, FPP, consists of two parts, i.e., the total van
der Waals force exerted by the particles within the cut-off
distance, FLJ, and the total Coulomb force exerted by the
particles within the Coulomb cut-off distance, FC. Mean-
while, FC also contains two parts, namely the direct Cou-
lomb force exerted by other charged particles and a cor-
rection force due to double counting in the short and
long-range calculations.

3.4.1 Benchmark

To verify the P3M scheme for long-range Coulomb inter-
actions and the treatment of the boundary conditions for
slab-like geometries, we calculate the Coulomb force be-
tween two particles with opposite charges. This is the
most straightforward and accurate test of different treat-
ments for the long-range force. Periodic boundary condi-
tions are imposed in the x and y directions, respectively.
The dimension in the z-direction is four times that of Lx.
We first calculate forces assuming periodic boundary con-
ditions along z and then subtract the effect of periodic
images using the correction. The accuracy of the P3M ap-
proach can be improved by refining the mesh size or in-
creasing the cutoff distance rc,C, but this increases the
computational cost.

Figure 8. Two-dimensional representation of P3M algorithm. The
mesh has spacings of hx and hy in the horizontal and vertical direc-
tions, respectively. The short-range contributions (P$P) are ob-
tained by direct summation over a region with radius rc (dashed
circle), while the long-range contributions (P$M) are obtained
using particle-mesh method.
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Figure 9 shows the Coulomb force as a function of the
separation distance before (triangles) and after (squares)
correcting for the periodic boundary condition in the z-di-
rection. At small separation distances, both results ap-
proach the bare Coulomb force (solid line). However,

when the separation distance is large compared with Lx

and Ly, the interaction between the periodic images of the
charges becomes equivalent to the interaction between
two charged surfaces, and thus, the force approaches
a constant value which can be calculated analytically. It is
seen that following correction, the numerical results are
in excellent agreement with the asymptotic result (dashed
line). Merely increasing the empty space without applying
the correction does not improve the accuracy of the re-
sults. However, when the correction process is included,
an empty space of the order of the larger of Lx or Ly is
sufficient to ensure the accuracy of the numerical results.

3.4.2 Electroosmotic Flow in Smooth Nanochannels

The molecular dynamics approach has been extensively
used to investigate the transport laws and mechanisms as-
sociated with EOF in smooth nanochannels. Qiao and
Aluru[58] modified the traditional PB equation by intro-
ducing an electrochemical potential correction extracted
from the ion distribution computed for a small channel
using MD simulations. It was shown that the results ob-

tained by the modified PB equation for the ion distribu-
tion in channels with larger channel widths were in good
agreement with the theoretical results.

In using MD simulations to clarify the applicability of
continuum theories, such as the PB model in describing
the EOF phenomenon at the nanoscale, the observers
must stand on the same base to avoid definition gaps. For
example, when presenting the MD results, the bin size
should not be smaller than the solvent molecular diame-
ter considered in continuum theory, since otherwise, the
MD results are not the macroscopic properties at the
same level of the continuum. Furthermore, the effect of
the Stern layer must be carefully considered. The tradi-
tional PB equation describes only the ion distribution in
the diffusion (i.e., outer) layer of the EDL.[59] In continu-
um theory, the compact (inner) layer of the EDL is too
thin (molecular scale) to be considered, and thus the PB
equation is used to describe the ion distribution over vir-
tually the entire domain. However, in nanofluidics, the
inner layer (i.e., the Stern layer) is comparable with the
channel width in size, and thus both the Stern layer and
the diffuse layer are considered in MD simulations.
Therefore, in comparing the MD results with the PB pre-
dictions, the Stern layer must be excluded to ensure a fair
comparison.[60]

Figure 10(a) shows the distribution profiles of the coun-
ter-ions and co-ions in a smooth, straight nanochannel.
As shown, the extent of the Stern layer is given by the
difference between the starting point of the counter-ions
and that of the co-ions. Thus, we compared the MD re-
sults with the PB predictions in the whole channel or in
the diffusion layers only. Figure 10(b) shows that while
the MD results deviate notably from the PB predictions
over the entire channel width, a good agreement exists
between the two sets of results for the diffusion layer
region of the channel.[60]

The Poisson-Boltzmann equation is based on a Boltz-
mann distribution of the ions within a dilute solution. The
assumption of a dilute solution is reasonable in most mac-
roscopic cases; however, it becomes somewhat critical for
nanoscale electroosmosis applications. In practice, the
extent to which the PB equation holds for such applica-
tions can be evaluated by progressively changing the
number of ions in the solution and comparing the corre-
sponding MD results with the PB predictions. The bulk
ionic concentration can be determined by taking the aver-
age value of the MD results for the ion concentration in
the equilibrium state at the centerline of the channel.
Thus, the cases have a wide bulk ionic concentration
range from 0.1 M to 5.25 M. Figures 10(c)–10(d) show
that the Poisson-Boltzmann equation holds for low and
moderate ionic concentrations. When the bulk ionic con-
centration is lower than 0.88 M, the PB predictions agree
well with the MD results. However, as the ionic concen-
tration increases, the deviation between the two sets of
results increases. In other words, the Boltzmann distribu-

Figure 9. Coulomb force between two charges as function of sep-
aration distance. Numerical results before (triangles) and after
(squares) correcting for periodic images along z are compared with
bare Coulomb interaction (solid line) and analytic limit (dashed
line) for large separations. Note that the domain size is given as
Lx = 10.43s, Ly = 12.04s, and Lz = 4Lx = 41.72s. Moreover, the mesh
size is approximately 1s and the Coulomb cutoff distance is rc,C =
8s.
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tion breaks down, and thus, conventional Poisson-Boltz-
mann theory can no longer be applied to describe the
electrokinetic transport behavior – see Figure 10(d).[60]

3.4.3 Electroosmotic Flow in Rough Nanochannels

The presence of regular or random surface roughness re-
duces the EOF flow rate dramatically, even though the
roughness is very small compared with the channel
width.[61] Figures 11(a) and 11(b) present schematics of
nanochannels with two common roughness geometries,
namely rectangular bumps and random hills, respectively.
Figure 11(c) shows the variation of the dimensionless
flow rate with the dimensionless channel height, given
random roughness and rectangular bumps, respectively,
and a constant surface charge density. The results show
that random roughness leads to a more significant reduc-
tion in the flow rate than regular rectangular bumps. This
result is consistent with previous studies, which showed
that two bumps with half the width result in a more sig-
nificant reduction in the flow rate than a single wide
bump. The flow rate is actually similar to that observed
for a two-bump case with the same mean height, even
though the height changes much more frequently in the
random roughness case. This finding suggests that local
height changes that allow the fluid to flow around obsta-

cles in the y-direction are less effective in blocking the
flow than obstacles which extend along the y-direction.

4 Applications

4.1 Energy Conversion

In nanochannels, the surface charge causes the ions
within the electrolyte to be redistributed, and thus, the
EDL is formed in the solution near the charged sur-
face.[62,63] As a result, when the electrolyte is driven
through the channel, it causes a movement of the electric
charges in the downstream direction. In practice, accumu-
lating the charges at the channel ends represents an effec-
tive means of converting mechanical energy into electri-
cal power, as shown in Figure 12(a). This process can be
referred to as electrokinetic energy conversion in a gener-
ation electrical mode, indicating a conversion of hydro-
static energy into electrical power via electrokinetic phe-
nomena. The power driving an external load is from the
streaming current/potential, due to the presence of the
electrical double layer in the liquid flow passage. Morri-
son and Osterle[64] predicted a maximum conversion effi-
ciency of 0.9 % when driving pure water through a glass
capillary with a radius of about 100 nm. Similarly, Van
der Heyden et al.[65] reported a maximum EKEC of 12 %

Figure 10. Comparison of MD simulation results and Poisson-Boltzmann results for ion distribution in a smooth, straight nanochannel. (a)
Stern layer determination from MD results. (b) Dotted line shows MD results obtained using finest bin size, while circles and triangles
denote results obtained using bin size equal to one molecular diameter. Triangles denote sampling over entire channel width, W, while cir-
cles denote sampling over the diffusion layer only. Dot-dash lines indicate interface between the Stern layer and the diffusion layer. Finally,
the dashed line and the solid line were calculated based on the PB equation for different channel widths and zeta potentials. (c) Ionic den-
sity profiles from MD simulations and PB predictions for moderate and low ionic concentrations. (d) Ionic density profiles for high ionic
concentrations. Ion density is normalized by je j /s3, i.e. , 1*

e ¼
1e

ej j=s3, and the z-position is normalized by the channel width, i.e. , z* ¼ z
W.
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when using LiCl electrolyte solution, but conversion effi-
ciencies of 7 % and 2 % when using KCl electrolyte solu-
tion and pure water, respectively. Thus, it was inferred
that the conversion efficiency is reduced with increasing

mobility of the monovalent counter-ions in the aqueous
solution. Chang and Yang[19] showed that the conversion
efficiency is also reduced when the resistance of the nano-
channel is less than that of the reservoirs at either end of

Figure 11. (a) Schematic of roughness in the form of rectangular bumps. (b) Schematic of roughness in the form of random hills. (c) Varia-
tion of flow rate with roughness height for regular bumps (open symbols) and random roughness (filled symbols). The regular bump
covers half the surface w = Lx/2, and thus, the mean height of both surfaces is equal to h/2. The surface charge density is �0.092e/s2 in
both cases, and the statistical errors are smaller than the symbol size.

Figure 12. Schematics of three typical configurations for electrical energy generation using nanofluidics. (a) Energy conversion from me-
chanical to electrical power. (b) Electrical energy generation due to diffusion potential difference. (c) Electrical energy generation due to
electrochemical reaction.[70,71,74]
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the channel, due to the formation of an ion depletion
zone. However, previous studies have indicated the lower
energy conversion efficiency is due to the fluid flow on
the surface using a material with hydrophilic properties
(no-slip boundary condition at the surface). In recent
years, many researchers use the surface property of hy-
drophobic solutions (slip boundary condition at the sur-
face) to improve the low energy conversion efficiency
when in the generation mode of EKEC. Eijkel[66] showed
that hydrodynamic slippage is beneficial in enhancing the
electrokinetic energy conversion efficiency in micro- and
nanochannels. Davidson and Xuan[67] showed that a maxi-
mum conversion efficiency of more than 30% is theoreti-
cally possible given a slip length of 5 nm. Ren and
Stein[68] predicted a conversion efficiency of 40% given
a nanochannel with a length of 10 nm and a slip length of
30 nm. Furthermore, a maximum conversion efficiency of
more than 70 % might be achieved with a slip length of
100 nm in a carbon nanotube filter.

The term “electrokinetic micro-battery”, as shown in
Figure 13, has been studied extensively. Taking hydrody-
namic slippage into account, we derived an exact expres-
sion[15] for the figure of merit (Z), to evaluate the electro-
kinetic energy conversion efficiency and power of an ion-
selective nanopore. An ion-selective nanopore usually
refers to the situation when the counter-ions strongly
dominate the ion transport of a nanopore, i.e. , the
Dukhin number (Du=ce/c

1
i ) is much larger than unity.

The co-ions only have a negligible influence on the elec-
trokinetic properties of a cation-selective nanopore due

to c+�c� inside the nanopore. As the result, the EDL
potential and the counter-ion distribution inside the
cation-selective nanopore are determined from the sim-
plified Poisson-Boltzmann equation.[15]

In Figure 14, a/lGC�1 (low-s limit), implying that the
counter-ions have a more uniform distribution inside
a nanopore. Streaming conductance (Sstr) and electrical
conductance (Kn) are both linearly proportional to js j .
The streaming conductance is scaled with Sstr/a/lGC,
where a is the pore radius. The electrical conductance
contributed by electroosmosis is negligible, due to

a lower value of js j , indicating a smaller EOF velocity.
The electrical conductance is dominated by ionic electro-
migration, and can be scaled with Kn/Ga/lGC, where the
G=mz+Fm+/2e0efRT is the ratio of electromigration and
electroosmosis, m is the fluid viscosity, and m+ is the
counter-ion mobility. Further, the figure of merit is re-
duced to Z=a/4lGCG. Since a low-s regime has a small
value of Z, the efficiency is approximately hmax�Z/4.
Then, we have an approximation of the efficiency of
a nanopore: hmax�a js j /16mm+. While a/lGC�1 implies
that most counter-ions are located within a thinner layer
near the walls, due to the lower flow velocity near the
walls, it slightly increases with js j and it has a scaling law
of Sstr/ ln[(a/lGC)/2e]. EOF contribution to the electrical
conductance becomes considerable, due to a larger value
of js j yielding a larger EOF velocity, i.e., Kn/ (1+G)a/
lGC. Thus, Z= (ln js j)2/(1+G) js j , and this is why hmax and
Pmaxh, which are shown in Figure 14, both decrease very
slightly in a high-a js j regime. The highest power densi-
ties of H+ , K+ , and Li+ in a 50 nm nanopore with s�
�7 mC/m2 are estimated to be 4.8, 18, and 28 W/m2, re-
spectively. In the absence of slip, and when the ratio of

Figure 13. (a) A schematic of an electrokinetic battery. (b) A sche-
matic of electrokinetic power generation in a cation-selective
nanopore. a and l are the pore radius and length, respectively. Dp
and Df are, respectively, the pressure difference and the potential
difference. b refers to the slip length.[15]

Figure 14. Plots of the maximum conversion efficiency (hmax, bold
solid line) and the corresponding output power density (Pmaxh/A,
dashed-line) of a cation-selective nanopore as a function of a/lGC

in the absence of slip.[15]
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the radius and the Gouy-Chapmann length (a/lGC) is ap-
proximately 10, the highest efficiency for an electrolyte
consisting of simple monovalent ions was predicted to be
approximately 9.7 %. While this efficiency is low, it can
be greatly improved to a potentially practical efficiency
(>40%) when the slip ratio (b/a) is greater than 0.7.

Figure 12(b) shows an alternative configuration for
generating electrical energy from ion transport by means
of a nanochannel connecting two reservoirs containing
electrolyte solutions with different concentrations. Since
the channel surfaces are charged, the counter-ions are
transported through the nanochannels more readily than
the co-ions, and thus a net charge migration occurs. The
Gibbs free energy of mixing, which forces ion diffusion,
can thus be converted into electrical energy by using ion-
selective nanochannels. This energy conversion process is
conventionally referred to as reverse electrodialysis
(RED). The concept of RED for energy generation was
presented as early as 1954;[69] however, these applications
have attracted renewed interest in recent decades due to
rapid advancements in the microfluidics and nanofluidics

fields.[70,71] In general, such applications are characterized
by the need for a high energy-conversion efficiency and
a high output power. Thus, efficient mechanisms for mod-
eling the electro-chemical-mechanical energy conversion
process are urgently required. Recently, we presented the
numerical simulations examining the effect of salt con-
centration gradient direction on RED performance in
negatively-charge conical nanopores, as shown in
Figure 15. Compared with the cylindrical nanopore,[72] the
conical-shaped nanopore showed a dependence on the di-
rection of the salt concentration gradient on RED per-
formance. When ion diffusion is from the base side to the
tip side, the transference number of counter-ion is larger
than for the diffusion from tip to base. This is due to an
addition in the EDL overlap near the tip side. In general,
a larger transference number indicates a higher conver-
sion efficiency. In other words, RED in conical nanopores
shows a better performance when the concentration gra-
dient is from the base side to the tip side.[73]

Figure 12(c) shows an alternative means of acquiring
electrical energy from ion transport, using an array of
parallel nanochannels connecting two microchannels
filled with fuel and oxidant, respectively. In such
a system, the energy is harvested by the electrochemical
reactions which take place following proton exchange
through the ion-selective nanochannels (i.e., an oxidation
reaction at the anode side and a reduction reaction at the
cathode side). Previous studies have shown that the
proton conductivity in the nanochannel (and thus the
electrical performance of the nanofluidic fuel cell) can be
enhanced by establishing an EDL within the channel,
since under this condition, proton transport is dominated
by the surface charge.[74]

4.2 Electric Current Control : Ion and Molecule Transport

When the Debye length is comparable with the character-
istic scale of the nanochannel, a non-electroneutral state
exists in the channel. In other words, the concentration of
the counter-ions is greater than that of the co-ions. When
the EDL is strongly overlapped (i.e., ld�h), the concen-
tration of counter-ions is much larger than that of the co-
ions (c+�c�), and thus an ion-selective nanochannel is
produced. Notably, this phenomenon can be exploited to
separate the ions or charged molecules in the channel, by
means of the so-called exclusion-enrichment effect.

Given the existence of an EDL overlap, the concentra-
tion of the mobile counter-ions in the nanochannel is
higher than the bulk concentration (i.e., Du�1), and thus
ion or molecular conduction in the nanochannel is domi-
nated by the surface charge density. As a result, the ions
or molecules in the nanochannel can be easily controlled
and transported by the EEE. In recent years, many re-
searchers have exploited the EEE to develop nanofluidic
electronic devices, such as diodes and field-effect transis-
tors. As shown in Figure 16, existing nanofluidic diodes

Figure 15. Schematic of power generation in negatively-charged
nanopore as a result of reverse electrodialysis. (a) Ion diffusion
through the nanopore from the base side to the tip side under the
effects of concentration gradient. (b) Ion diffusion through the
nanopore from the tip side to the base side under the effects of
concentration gradient. Due to the geometrical effect and different
concentration gradient, a different degree of electrical double layer
overlap occurs between the walls of the nanopore in the two
cases.[73]
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can be categorized into three main types. The first type
comprises a conical-shaped nanochannel, the second type
contains a uniform nanochannel connecting two reser-
voirs containing electrolyte solutions with different con-
centrations, and the third type is analogous to the III-V
compound semiconductor (in which the bipolar nano-
channel plays the part of the P-N junction).[6,17] As shown
in Figure 17, when a forward bias is applied, an ion en-
richment region is formed near the bipolar interface in
the nanochannel. Conversely, when a reverse bias is ap-
plied, an ion depletion region is formed. The electrical re-
sistance of the nanochannel with the application of a for-
ward bias is greater than that of the channel under a re-
verse bias, due to the higher ion concentration in the ion
enrichment region, and consequently, a rectification
effect is induced. The ionic rectification effect can be de-
fined as the ratio of the electric current under a forward
bias to that under a reverse bias (i.e., Rectifying factor= j
I(V+) j / j I(V�) j).[75] Yusko et al.[76] showed that ion current

rectification in an electroosmotic diode is independent of
the electrolyte concentration, providing that the pore size
is at least 500 times larger than the Debye length. More-
over, Singh et al.[77] showed that the rectification effect in
a bipolar channel increases with increasing junction
sharpness due to an increasing unipolar characteristic of
the electrolyte.

For field-effect control (i.e. , electrostatic ionic gating)
in nanofluidics, the basic concept is that of a nanofluidic
transistor which is analogous to a metal-oxide-semicon-
ductor field-effect transistor (MOSFET). The semicon-
ductor field-effect transistor has been extensively studied
for ion and molecular transport via surface charge modu-
lation.[16,78] However, the concept of an electrostatic gate
as a controller for the manipulation of ions or molecules
in the EDL, by applying a voltage on the electrode that
directly affects the arrangement of charges in the dielec-
tric layer, is shown in Figure 18. The electrostatic rela-
tionship between solid (i.e. , oxide) and liquid (i.e. , EDL)
is given by e0efdf/dy jwall =e0eddf/dy jwall, without consider-
ing the Stern layer, where ed is the permittivity of the
oxide. The electric potential relation can be obtained
from basic electrokinetic theory, which can be written as

Figure 16. Ionic rectification effect in three different types of
nanofluidic device in the equilibrium state. The ionic rectification
effect under forward and reverse bias is discussed in Ref. [17].

Figure 17. (a) Electric potential (along nanochannel), ionic concen-
tration, and (b) typical I–V curve under forward bias and reverse
bias. The surface charge in the left and right halves of the channel
is constant and the bulk solution has a concentration of 5 mM.[75]

Figure 18. Schematic of an electrostatic gate.
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Vg ¼ zþ 2ef RTd
edzFld

sinh
zFz

2RT

� �

: ð45Þ

In general, electrostatic gates are designed for the over-
lapping EDL condition.[79,80] Further, Liu et al.[81] investi-
gated the modulation for electrically-gated nanopores
with non-overlapped EDL. The results indicated that the
field-effect is extended far beyond the Debye length, re-
sulting in a nonlinear current.

4.3 Sample Preconcentration

Various strategies have been proposed for achieving pre-
concentration in liquids, including field-amplified stack-
ing,[82] isotachophoresis,[83] temperature gradient focus-
ing,[84] and electrokinetic trapping.[85–87] Amongst these
various techniques, electrokinetic trapping is particularly
advantageous since it can be used for any charged mole-
cule species. Preconcentration devices combine micro-
scale and nanoscale channels, and feature a non-equilibri-
um condition near the micro-/nano-interface under an ap-
propriate potential gradient. The nanochannel has an ion-
selectivity characteristic given by Du�1. In other words,
the counter-ions dominate the ion transport within the
nanochannel, even if the EDL does not overlap.[34] As
a result, an ion electro-migration flux imbalance is pro-
duced between the microchannel and the nanochannel
when an external electric field is applied. Moreover,
a concentration gradient is induced near the micro/nano-
channel interface which drives a diffusion flux to balance
the ion flux of the microchannel-nanochannel system. In
other words, the ions are depleted on the anodic side and
enriched on the cathodic side of a negatively-charged
nanochannel. As shown in Figure 19, when applying the

external electric potential through the membrane, electro-
osmosis will be induced. The nanochannel acts as
a cation-selective membrane. The anions migrate toward
the anodic side of the nanochannel, generating a concen-
tration polarization region near the end of the nanochan-
nel. To maintain the electroneutrality condition near the
anodic side of the nanochannel, the concentration of cat-
ions also reduces. As a result, the depletion zone is gener-
ated near the anodic side of the nanochannel. The com-
plex physics associated with this ion concentration polari-
zation effect cannot be adequately described using the
equilibrium model of the EDL (i.e., the PB model).
Rather, the diffusion, migration and convection effects
should be examined using the Poisson-Nernst-Planck
model.[16] In general, the ICP phenomenon is related to
the current-voltage (I–V) curve of the nanochannel,
which reflects the electrical properties of the channel and
yields useful insights into the transport mechanism of the
local ions. As shown in Figure 20, the classical I–V curve

of a cation-exchange nanochannel comprises three dis-
tinct regions,[88,89] namely: an initial region, in which the I-
V behavior conforms to Ohm’s law; a second region, in
which the current saturates with an increasing field
strength (i.e., limiting current) due to a reduction toward
zero of the ion concentration near the micro/nanochannel
interface in the depleted ICP zone;[89] and a third region,
in which electroconvection mixing by the vortices reduces
the ICP effect and results in an overlimiting current when
the applied potential is increased.[90] Recently, we have in-
vestigated the effect of the pH value on the ion concen-
tration polarization phenomenon and the nonlinear cur-
rent-voltage characteristics of a hybrid soda-lime glass
micro/nanochannel for a constant KCl salt concentration
of about 1 mM. The results show that the ionic conduc-
tance of the nanochannel under low concentrations is do-
minated by the transport of counter-ions. A higher pH

Figure 19. Interpretation of ion concentration polarization effect
from a molar flux perspective.

Figure 20. I–V characteristic curve of a cation-exchange nanochan-
nel comprising three distinct regions.[10]
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value (i.e., a higher surface charge density) indicates
a higher electrical conductance of nanochannel in the
Ohmic regime, as shown in Figure 21. The surface charge
density of the soda-lime glass, estimated from the modi-
fied electrical conductance model of nanochannel, is in
agreement with the available data in the literature and
the result of the site-dissociation model.[91]

ICP-related applications include bio-sample preconcen-
tration[85,86] and micro seawater desalination.[20] As shown
in Figure 22, ICP prompts the formation of a depletion
layer near the interface, which hinders the movement of
the charged analytes and therefore creates a sample pre-
concentration effect on the anodic side. Wang et al.[85] pre-
sented a microfluidic concentrator, comprising two

sample-transportation microchannels connected by
a nanochannel to create an ionic depletion/enrichment
effect. It was shown that the device was capable of con-
centrating green fluorescent protein by a factor of 10 mil-
lion times in 40 minutes. Lee et al.[87] proposed a simple
method for the fabrication of microfluidic preconcentra-
tors, in which a Nafion ion-selective membrane was pat-
terned on a glass substrate and the substrate was then
plasma-bonded to a PDMS microfluidic device. It was
shown that a concentration factor as high as 10,000 times
could be obtained in around 5 minutes. Kim et al.[92]

showed that stable electrokinetic trapping can be ach-
ieved using heterogeneous ionic hydrogel. Chun et al.[93]

showed that a negatively-charged hydrogel junction has
a high counter-ion selectivity, and can therefore produce
a high sample preconcentration intensity. Chen and
Yang[94] showed that for a concentrator with a straight mi-
crochannel, the time required to achieve a satisfactory
preconcentration intensity increases with an increasing
channel depth, while for a concentrator with a conver-
gent�divergent microchannel, the preconcentration inten-
sity increases with a reducing convergent channel width.
Ko et al.[95] developed a preconcentrator comprising
a straight microchannel combined with a Nafion mem-
brane (see Figure 23), in which sample concentration was

Figure 21. I–V characteristic curve of a negatively charged nano-
channel, as a function of the pH value, under a constant bulk con-
centration of about 1 mM.[91]

Figure 22. Schematic of preconcentration process in negatively-charged nanochannel.[11]

Figure 23. Schematic of preconcentrator comprising straight mi-
crochannel and Nafion membrane.[95]
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achieved as a result of the ICP effect induced at the
anodic edge of the membrane.

4.4 Water Purification

Water desalination is traditionally performed by means of
reverse osmosis (RO). However, such a process is both
costly and energy intensive. As a result, electrochemical
methods such as electrodialysis (ED),[96] ion concentra-
tion polarization,[20,97] and capacitive deionization[98] have
attracted increasing interest in recent years.

Electrodialysis is one of the most commonly used mem-
brane-based species-separation processes on account of
its scalability, ion controllability and high purification per-
formance.[37] For ED using an ion-selective membrane, an
anion exchange membrane (AEM) conducts only anions,
while a cation exchange membrane (CEM) conducts only
cations. Therefore, the cations and anions in a reservoir
can be effectively separated by means of a CEM or AEM
and an appropriate electric field. Kwak et al.[21] presented
a microscale experimental ED platform for visualizing
the in situ fluid flow and concentration profile for applied
voltages in the range of 0–100 V. The results showed that
both the fluid flow and the concentration profile showed
significant differences between the low current (i.e. ,

Ohmic) regime and the high current (i.e., overlimiting)
regime. As shown in Figure 24(a), three distinct current
regimes were identified, namely Ohmic (0–2 V), limiting
(2–4 V), and overlimiting (4–20 V). In the Ohmic regime,
a near-constant resistance occurs, and the resulting linear
diffusion induces a linear diffusion boundary layer and
stable fluid flow (see Figure 25(a)). In the limiting and
overlimiting regimes, an electroconvection effect (i.e.,
electroosmotic instability) is induced, which results in the
formation of both stable and unstable vortices and a de-
pletion zone near the ion exchange membrane (see Fig-
ure 25(b)). Figure 24(b) shows the variation in the con-
ductivities of a desalted solution and a concentrated solu-
tion, respectively, under the effects of various applied vol-
tages. It can be seen that the conductivity of the desalted
solution reduces significantly with increasing voltage. Fig-
ure 24(c) shows the fluid flow structures and concentra-
tion profile within a channel containing a desalted solu-
tion, given the application of different external voltages.
The results indicate that the formation of the diffusion
boundary layer (DBL) depends strongly on the magni-
tude of the applied voltage. Given a lower voltage value,
the ions are transported mainly by diffusion and drift
forces and the DBL is quasi-linearly distributed. Howev-
er, given a higher applied voltage, the ions are transport-

Figure 24. (a) I–V curve (solid line with error bars) and vortex size near CEM (dotted line with circles) and AEM (dotted line with triangles).
(b) Variation of conductivity of desalted solution and concentrated solution under various applied voltages. (c) Fluid flow visualization re-
sults for desalted solution within microchannel given various applied voltages.[21]
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ed by diffusion, drift forces and convection effects, and
the DBL is non-linearly distributed. Moreover, vortex
generation is observed in the depletion region as a result
of the electroconvection effect (see Figure 25(b)). Deng
et al.[99] performed an experimental investigation into the
overlimiting current in porous media. The results showed
that the EK phenomena in porous media are essentially
nonlinear, and surface conduction and electroosmotic
flow both contribute toward the ionic flux due to shock
ED under higher voltages. Han et al.[20] proposed a device
incorporating a Nafion nanojunction for the desalination
of water by means of the ICP effect. As shown in
Figure 26, in the proposed device, a depletion zone is
formed on the high voltage side of the micro-/nano-inter-
face, which repels the salts and any charged species away
from the depletion zone and into the inclined channel
such that only fresh water is obtained from the horizontal
channel. The results showed that the device was capable
of removing 99 % of the salt content from a saline solu-
tion. Compared with the traditional RO process, the pro-

posed device has several important advantages, including
lower cost and complexity, and more robust long-term op-
eration without the need to clean or replace the mem-
brane.

5 Conclusion and Perspectives

This review has described the fundamental phenomena
and modeling associated with electrokinetic fluid flow in
a nanochannel and at a micro/nanochannel interface. For
nanochannels, the surface-to-volume ratio is very high,
and therefore various surface-charged-governed transport
phenomena occur. When the Debye length is comparable
with the nanochannel height, an electrical double layer
overlap is formed under low electrolyte concentrations,
and the ionic transport is dominated by the surface-
charged selectivity, resulting in various phenomena such
as the exclusion-enrichment effect and ion concentration
polarization. These phenomena provide an effective
means of separating and detecting biomolecules for
chemical and biomedical engineering purposes. In addi-
tion, the ion transport generated in a charged nanochan-
nel provides the means to realize a variety of energy con-
version and water desalination devices. As a result, the
nanofluidics field has significant potential for the devel-
opment of life science and engineering applications in the
coming years.
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Figure 25. (a) Structure of the diffusion boundary layer and ionic distribution near a micro-/nano-interface, based on the convectional
model of the ICP effect under low external applied voltage. (b) Structure of the diffusion boundary layer and ionic distribution, based on
the convectional model of the ICP effect under high external applied voltage.[21]

Figure 26. Desalination process using a planar ICP device.[20]
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