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In electrolyte solutions, charged nanoscale pores or channels with overlapping electrical double
layers are charge selective, thereby benefiting a wide range of applications such as desalination,
bio-sensing, membrane technology, and renewable energy. As an important forcing mechanism, a
gradient of electrolyte concentration along a charged nano-confinement can drive flow without an
external electrical field or applied pressure difference. In this paper, we numerically investigate such
diffusioosmotic nanoflow, particularly for dilute electrolyte concentrations (of 0.01—1 mM), and cal-
culate the corresponding electrical and concentration fields in a charged nanochannel connecting
two reservoirs of different salt concentrations—a typical fluidic configuration for a variety of exper-
imental applications. Under a wide range of parameters, the simulation results show that the flow
speed inside the nanochannel is linearly dependent on the concentration difference between the two
reservoir solutions, Ac, whereas the flow direction is primarily influenced by three key parameters:
nanochannel length (1), height (h), and surface charge density (c). Through a comparison of the
chemioosmotic (due to ion-concentration difference) and electroosmotic (as a result of the induced
electric field) components of this diffusioosmotic flow, a non-dimensional number (C = h/v/IAac)
has been identified to delineate different nanoscale flow directions in the charged nanochannel,
where Agc is a characteristic (so-called Gouy-Chapman) length associated with surface charge and
inversely proportional to o. This critical dimensionless parameter, dependent on the above three
key nanochannel parameters, can help in providing a feasible strategy for flow control in a charged

nanochannel.

I. INTRODUCTION

Nanofluidic transport has lately attracted significant
interest due to the advent of nanofabrication [1-3] as well
as its beneficial surface-dominant (or induced) effects [4—
7). For instance, nano-slits (typically of the order of 10 —
100 nm) can become charge-selective due to overlapping
electrical double layers (EDLSs) in an electrolyte solution
and, hence, allow electrical interaction and manipulation
[8-10]. This underlying mechanism has recently been
applied to various promising applications of nanofluidics
for desalination [11-14], membrane technology [8, 15],
cell biology [2, 16], and sustainable energy using reverse
electrodialysis [17-21].

Nanoflow generally can be driven or manipulated by
several external forcing mechanisms, such as, via tem-
perature difference [22, 23], capillary action [24, 25] or
external electrical field [7, 26, 27]. For example, the elec-
troosmotic flow (EOF) with an external electrical field is
commonly used and affected by the induced ion distribu-
tion within the EDLs along a charged surface [28]. Less
attention, however, has been given to the flow generated
across a charged nano-confinement under an electrolyte
concentration gradient [29-31]. This so-called diffusioos-
motic flow (DOF) is a combination of two effects: namely,
chemiosmosis and electroosmosis. Chemiosmotic flow is
fluid motion due to diffusion under an electrolyte con-
centration gradient, which induces a pressure gradient
along the charged surface [32-34]. Whereas, the motion
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due to the electrical interactions between spatial charges
and the electrical field induced within the double layers
is termed as electroosmosis [35-38].

Most previous analytical studies of diffusioosmosis con-
sidered an electrolyte solution subjected to a concen-
tration gradient along a homogeneously-charged surface,
using simplified, 1D Poisson-Boltzmann distribution of
electrolyte concentration [32, 33, 39-43]. Keh et al. re-
ported a closed form expression of diffusioosmotic veloc-
ity of the electrolyte by a force balance at equilibrium
[32]. In the limit of small zeta potential or surface charge
density at the wall, Keh et al. found a monotonic increase
of diffusioosmotic flow with increasing zeta potential [32].
Keh et al. further demonstrated the non-linear increase
of diffusioosmotic velocity with decreasing porosity in a
charged porous medium with a 1D formulation of diffu-
sioosmotic velocity as a function of EDL thickness, ion
diffusivities, and pore diameter [33, 41].

Motivated by bio-medical and bio-sensing applications
exploiting ion concentration polarization (ICP) with dis-
tinct ion-depletion and ion-enrichment zones [14, 27, 44,
45] in nano-confinements, recent numerical investigations
consider 2D configuration of micro-nano junctions to in-
vestigate DOF [34, 46, 47]. These studies of 2D DOF
problem reveal a significant dependence of diffusioos-
motic velocity on surface charge, concentration gradi-
ent, and dimensions of the nano-confinement. More
specifically, diffusioosmotic velocity was found to increase
with increasing surface charge density [46] and increasing
nanochannel aspect ratio [34], but depend nonlinearly on
electrolyte concentration [46, 47].

Intriguingly, the reversal of diffusioosmotic flow was
found with a small zeta potential of planar charged



nanochannel [32; 41], at a low electrolyte concentration
[46] or by tuning width-to-height ratio [34]. One numeri-
cal study reported that DOF in a negatively-charged (of
—20 x 1073 C/m?) nanopore (of a radius of 4 — 12 nm
and length of 80 nm) occurs in the direction from the ad-
jacent, high-concentration reservoir to low-concentration
one [47]. Despite insightful findings by these investiga-
tions considering a planar or homogeneous flow geome-
try, common experimental setups involving nano/micro-
junctions [48-53] are quasi-2D or 3D problems of single or
several nano-slit connecting micro-channels (See Fig. 1,
for example) and are hardly considered theoretically or
numerically due to the complexity of the flow geometry.
In addition, recent experiments using nano/micro-
junction systems have shown several intriguing and ex-
citing findings, for example, continuous stream of di-
rect seawater desalination [11], experimental water flow
rate (of femtoliters per minute) attributed to DOF inside
nanochannels [54], experimental nanoflow direction un-
der a concentration gradient of neutral solutes using a flu-
orescent dye [55] as well as promising applications of de-
salination [11, 13, 14], water purification [56, 57], nanoflu-
idic diodes [58-60] and energy harvesting with a salinity
gradient [18, 19, 61], but mostly lack direct measurements
of local flow and electrical fields. To fill these litera-
ture gaps, specifically regarding a better understanding
of local fields and feasible manipulation of diffusioosmotic
nanoflow, we numerically investigate DOF in a charged
nanochannel without any external electrical forcing.
Our numerical model consists of a central, charged
nanochannel connected to two reservoirs with external
solutions of different concentrations, as a fundamental
working element of typical nano/micro-junctions. Local
electrical, ion-concentration and flow fields are computed.
The results under various concentrations show a linear
dependence of the DOF magnitude on the external con-
centration gradient. Moreover, the numerical results sug-
gest a critical characteristic dimensionless number (C*)
that conveniently delineates the parameter regions into
different DOF directions for various channel dimensions
and surface charge. We further carry out scaling analy-
ses to explain the underlying mechanisms associated with
C*, which is the ratio of chemiosmotic to electroosmotic
velocity. We show a feasible control of DOF flow by tun-
ing h, I, and o, i.e., through C, so that chemiosmosis (for
C > C*) or electroosmosis (for C' < C*) dominates the
DOF flow and, hence, governs the nanoflow direction.

II. MATHEMATICAL MODELING

We numerically compute the flow, electrical, and ion
concentration fields of a 2D steady-state diffusioosmo-
sis problem, where two steady-flow reservoirs of differ-
ent electrolyte concentrations (of KCI) are connected by
a nanochannel with a constant (positive) surface charge
density, o (see Fig. 1). A steady flux of electrolyte solu-
tion of high concentration (cg) is injected through one
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FIG. 1. (a) Schematic of the simulation model of a 2D steady-
sate diffusioosmotic flow through a charge-selective nanochan-
nel connecting two reservoirs of different electrolyte concen-
trations; (b) the boundary conditions used for simulating the
diffusioosmotic flow through a charge selective nanochannel
of height (h) and length (I). In (b), the number corresponds
to the Eq. number described in the mathematical model (Sec-
tion II).

reservoir (on the left), while a low concentration (cr,)
through the other (on the right). Interaction between
the two different solutions via the nanochannel is signifi-
cantly affected by the nanochannel surface charge, resul-
tant electric double layer, and concentration difference,
Ac = cg—cy,. The thickness of EDL can be characterized
by the Debye length, Ap. For a symmetric monovalent
(24 = —z_ = z = 1) electrolyte, Ap can be estimated
by Ap = \/m, where ¢y is the molar con-
centration of the electrolyte solution [62]. Typical Ap of
our system varies between 10 nm (for ¢g ~ 1 mM) and
100 nm (for ¢p ~ 0.01 mM), estimated using the average
electrolyte concentration in the nanochannel.

Narrow nanochannel with overlapping EDL causes the
nanochannel to be charge selective due to the repulsion
of co-ions and attraction of counter-ions by the charged
wall. This charge selectivity is, however, diminished for
wider channel due to insufficient screening of the co-
ions. Simultaneously, a concentration gradient across
the nanochannel due to the difference in electrolyte con-
centration drives the chemiosmotic transport of the elec-
trolyte solutions. Due to the complex interplay of these
different phenomena, it is fascinating and useful to nu-
merically study diffusioosmotic flow in micro-nano junc-
tions based on the conservation of mass, momentum,
species, and charges.

The distribution of electric potential, ¢, is governed by



the Poisson equation due to spatial net charges [63]:
€06, V2ip = —F(zicy +2_c_), (1)

where €y (= 8.854 x 10712 Fm), ¢, (= 80.1) and F (=
96485 C molt) are the permittivity of a vacuum, relative
permittivity of water, and Faraday constant, respectively.
¢t and z4 (= +1 for KT ion) are the concentration and
valence of the cation, whereas c_ and z_ (= -1 for Cl1~
ion) are the concentration and valence of the anion.

The ion concentrations in the solution (i.e., ¢4 or c_
for the cation and anion, respectively) are governed by
the conservation of ionic species or fluxes and described
by the Nernst-Planck equations.[64] Considering a steady
problem, these equations for c; and c_ can be modeled
using the concept of conservation of ionic fluxes, Jy [64,
65]:

. . D . .
V.Ji=-V-(DiVes + R—;ziFCiw) +4-Veg =0,
(2)

where T' (= 293 K) is the operating temperature, R
(= 8.314 JK!'mol!) is the universal gas constant, and
Dy and D_ are the diffusivities of the cation and anion,
respectively.

Corresponding to the diffusivities of K™ and Cl~ ions,
Dy and D_ are assumed to be 1.96 x 1072 m?/s and
2.0 x 1072 m?/s. Physically, the governing Eq. (2) de-
scribes the conservation of ionic species via diffusive,
electromigration, and convective ion-fluxes due to the
presence of concentration gradient, electrical forcing, and
fluid velocity, respectively, which are represented by the
each sequential terms in Eq. (2) [28, 64]. The competi-
tion among these factors dictates the ionic flux inside the
nano-confinement. Integrating Eq. (2), we can obtain the
cationic (J;) or anionic (J_) fluxes. The mathematical
expression of J or J_ is given by

o - DiFeq o
Ji = (—DiVCi — %V(ﬁ) + et . (3)

The flow field, , is simulated by solving the steady-
state Navier-Stokes equations [64, 66], along with the
Continuity equation. The Navier-Stokes equations are
simplified to the Stokes equations due to the negligible
effect of inertia at a low Reynolds number flow (here, our
Re =~ 107 for [ = 100 nm and vy = 0.01 mm/s):

Vi =0, (4)

~Vp+uV*i—F(zpcp +2-c_)Vo=0,  (5)

Fo=qE=—qV¢

where p is the liquid viscosity (for water, u ~ 1 mPa-s at
room temperature), F., is the electrical body force, and
q ( = z3c4 + z_c_) is the net charge. Eq. sets (1)—(5)
are non-linearly coupled, and we numerically solve for

velocity, w, pressure, p, electrical potential, ¢, and ion
concentrations, cL.

The boundary conditions for the above governing Egs.
are illustrated in Fig.1b. Along the nanochannel wall, a
combination of no-slip (u; = -t = 0) and no-penetration
(u, = @-7 = 0) conditions are implemented. A constant
flow velocity, vy, was applied at the inlet and outlet of
the reservoirs in this steady-state model. Solutions of
different salt concentrations (cy and ¢y, at left side and
right side reservoir, respectively) flow in through the two
reservoirs. The reservoir size is 50 nm x (50+h) nm for
a given nanochannel of height of h. The surface charge
density of the nanochannel, o, was assumed constant and
positive here. This boundary condition can be modeled
as: 0¢/0y = —o/epe,, via the discontinuity of the elec-
trical field in the direction normal to the surface due to
a net surface charge [63]. The value of o was varied as
a control parameter. There was no external pressure dif-
ference applied to this nanofluidic setup. The boundary
stress Sp ( = —p + 2pdu/0On) was assumed to be zero
along the reservoir boundaries as shown in Fig.1b.

III. NUMERICAL SIMULATIONS

The numerical simulations were implemented in 2D
Cartesian coordinates, based on a finite element model
using COMSOL Multiphysics 5.3. We verified our nu-
merical simulations by comparing our results with exist-
ing analytical and numerical results of simplified cases
related to DOF and EOF flows.

We first validated our numerical model with an an-
alytical solution of electrokinetic flow of a dilute elec-
trolyte under an external electrical field by Burgreen and
Nakache [67]. In the theoretical analysis without any ex-
ternal flow or concentration difference, they formulated
the generation of streaming potential in fine capillaries
and analyzed the dependence of the resultant flow on the
channel radius and Debye length. This 1D analytical sim-
ulation, based on surface potential, (, has been compared
with our (modified) 2D numerical simulation, based on
surface charge density, o, using the Grahame relation:
o = ege-(/Ap [68]. Illustrated in Fig. 2, the transverse
electric potential profile (non-dimensionalized by the sur-
face potential, ¢g) of our (simplified) 2D simulation (with
vy = 0) agree well with the 1D analytical solutions of the
electrokinetic flow by Burgreen and Nakache [67], with
an average relative percentage error of ~ 5%.

In addition, we benchmarked our simulation with
an investigation of electrohydrodynamic transport by
Pivonka et al. [69]. They reported transport of ionic
solution across a negatively-charged slit opening sub-
jected to an electrolyte concentration gradient, but with-
out external electrical forcing. The nano-slit was con-
nected to two steady reservoirs with no external flow
(i.e., vy = 0). With appropriate modifications in our
simulation, by implementing h = 10 nm, [ = 150 nm,
o= —0.01 C/m?, ¢, = 10 mM and cg = 20 mM, we
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FIG. 2. Comparison of non-dimensional electric potential (by
the surface potential) along the transverse direction (y-axis)
of our two-dimensional (simplified) numerical simulation with
one-dimensional analytical results of electrokinetic flow under
an external electric field without external flow nor external
concentration difference, reported by Burgreen and Nakache
[67]. The numerical results are shown for different electroki-
netic radii of h/Ap = 1 (@), 2 (M) and 4 (A), compared
with the corresponding analytical results (shown by a dotted-
dashed, dashed, and dotted line, respectively) by Burgreen
and Nakache [67].

compared our results with the numerical investigations of
Pivonka et al. [69]. Shown in Fig. 3 are the simulation re-
sults of the average cation and anion concentrations over
the cross-section (in (a)) and average electric potential
(in (b)) along the nanochannel. Although approximately
10% deviation of average electric potential is present in-
side of the nano-slit (shown in Fig. 3 (b)), the average
cation and anion concentrations between the two numer-
ical models agree well, with approximately 5% deviation
(see Fig. 3 (a)). We further investigated this discrepancy
for the average electric potential and compared the mem-
brane potential (i.e., the potential difference across the
nanochannel) between our results (A¢ ~ 4.8 mV) with
those reported by Westermann-Clark and Christoforou
[70] (A¢g = 5.7 mV), which demonstrated a better agree-
ment when compared to Pivonka et al. (A¢ ~ 3.2 mV).
The deviation between our simulation data and those by
Pivonka et al. may be attributed to the lower mesh num-
ber (2336 elements) used in their study, whereas a greater
number of mesh elements (> 20,000) in our case.

We also carried out mesh-independence tests, where
convergent values of electrical potential difference and
nanochannel resistance were obtained [20]. When the to-
tal number of (computational finite) elements is greater
than 20,000, the reproducibility of the results is enhanced
significantly (with the deviations within &~ 4%). There-
fore, the typical mesh number for all computations were
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FIG. 3. (a) Average cationic (@) and anionic (M) concen-
trations, and (b) average electric potential (A) obtained by
our simplified numerical model of diffusioosmotic flow with-
out external flow (i.e., the current model for steady reservoirs,
but with vy = 0). The corresponding comparisons are done
based on the numerical results (O, O, and A) by Pivonka et
al. [69]. Here, we investigated a 2D steady diffusioosmotic
flow through a negatively charged slit (of height A = 10 nm,
length | = 150 nm, D = 2D, and surface charge density o =
-0.01 C/m?). The nano-slit is connected to two reservoirs (of
dimensions 30 nm x 30 nm) with electrolyte concentrations
of c;, = 10 mM and cyg = 20 mM.

greater than 20,000.

IV. RESULTS AND DISCUSSIONS

We numerically studied the influences of nanochan-
nel dimensions (height h, length 1), surface charge den-
sity (o), and electrolyte concentrations (cg, ¢r) on 2D
DOF driven by electrical interaction and chemical diffu-
sion processes. For the 2D nano/micro-junction geom-
etry, due to the nonlinear and coupled Egs. (1) — (5),
we carried out more than 100 simulations in total, by
varying the ranges of the key parameters: | = 40 — 200
nm, h = 15 — 150 nm, o = 0.001 — 0.05 C/m?, cyg =
0.01 —1 mM, with a fixed ¢z, = 0.01 mM. Here, the wall’s
surface charge, o, studied has a similar range to that of
anodic alumina nanopores [17], while a similar range but
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FIG. 4. Simulation results of (a) electric potential ¢ (Volts)
and field E (V/m), in arrows, (b) cation concentration profile
¢+ (mM), (c) net charge ¢ (C), and (d) anionic concentration
c— (mM) with velocity field 4, in arrows, for the nanochannel
parameters of h = 60 nm, [ = 100 nm, ¢;, = 0.01 mM, cyg =
0.15 mM, ¢ = 0.01 C/m?, and v; = 0.07 mm/s.

negative charges are present for glass and silica interfaces
[71].

A. Effect of nanochannel dimensions

Shown in Fig. 4 are the numerical results for a medium-
sized charged-nanochannel of h = 60 nm, where the elec-
tric double layers adjacent to the wall do not overlap.
Fig. 4a shows the distributions of electric potential, ¢, as
well as the electric field, E (in white arrows). The notable
variation of electric potential in the transverse direction
demonstrates the non-overlap of EDL. Without an ex-
ternal electric field, the imposed positive surface charge
along the nanochannel leads to positive and maximal ¢
adjacent to the charged wall. The electric field E (=

—ﬁqb) directs outward from high towards low electrical
potential (i.e., outwards from the nanochannel towards
the two reservoirs at the junction and outwards from the
charged wall towards the center inside the nanochannel).

Fig. 4b shows that the distribution of cationic concen-
tration, cy, for the case of h = 60 nm. The figure illus-
trates a higher cationic concentration in the high elec-
trolyte concentration reservoir (of cgr) due to Coulombic
repulsion from the positive-charged nanochannel surface.
As illustrated in Fig. 4c, negative charges accumulate
close to the positively charged nanochannel, whereas a
large fraction of neutral charges are present across the
nanochannel. Fig. 4d reveals that anions accumulate
right adjacent to the nanochannel wall because of positive
surface charge, and the overall nanoflow field is directed
from the reservoir of low towards high concentration. For

a larger h, the electrical neutrality of nanochannel leads
to a weaker electroosmotic effect, and flow is driven pri-
marily by chemiosmosis. Under a concentration gradient
between the two reservoirs, water molecules move from
cr, to cy towards equilibrium, thereby producing such
flow direction.

Fig. 5 shows the numerical results for a narrow channel
of height, h = 10 nm. Studying this nanochannel config-
uration with an overlapping Debye length is important
for understanding the inherent mechanism of the charge
selectivity and the resultant flow inside the nanochan-
nel. The electric potential (¢) profile in the 2D geome-
try is shown in Fig. 5a, along with the electric field (E)
in arrows. Due to the overlapping of EDL in this case
of h = 10 nm, ¢ is, hence, positive within the entire
nanochannel, and the variation of ¢ along the width of
the nanochannel is less significant when compared with
that of h = 60 nm.

Fig. 5b reveals a low cation concentration in the
nanochannel since the cations as co-ions are repelled
away from the positively charged nanochannel. There-
fore, in the high concentration reservoir, cations also
accumulate in the left bottom corner. In contrast, as
counter-ions, the anion concentration, c_, increases sig-
nificantly inside the nanochannel, resulting in a net
negative charge within the nanochannel, as illustrated
by Fig. 5c. Unlike the case of non-overlap of EDL
(h = 60 nm), electrical neutrality is not seen in majority
of the nanochannel of h = 10 nm. Therefore, there is a
stronger electroosmosis dominating the flow for h = 10
nm, compared to that of h = 60 nm. The distribution of

FIG. 5. Numerical results of the steady-state diffusioosmotic
flow in nano/micro-junctions, showing (a) electric potential
¢ (Volts) with electric field E (V/m) in arrows, (b) cation
concentration c+ (mM), (c) net charge ¢ ( = z4c4+2—c—) (in
C), and (d) anionic concentration c— (mM) with flow velocity
4 in arrows. The parameters used are h = 10 nm, I = 100 nm,
cr = 0.0l mM, cy = 0.15 mM, ¢ = 0.01 C/m?, and v; =
0.07 mm/s.



anion concentration (c_) and velocity profile are shown in
Fig. 5d. Due to the ion-selective effect of the nanochan-
nel with overlapping EDL, the cation concentration in-
side the nanochannel is negligible; hence, the net charge
profile (Fig. 5¢) and the anion distribution (Fig. 5d) looks
identical. In this simulation case of A = 10 nm, the flow
direction inside the nanochannel is from high concentra-
tion (cy ) reservoir to the low concentration (cr,) one, op-
posite to that for the h = 60 nm case shown in Fig. 4d.
Based on our simulation result for the narrow, charged
nanochannel of h = 10 nm, there is a net electrical field
in the x-direction pointing towards left, with a dominant
anion concentration, inside the nanochannel, resulting in
an electrical body force, F . = qE}, where ¢ is negative,
thereby pointing towards right. This electrical body force
within the EDLs leads to a dominant electroosmotic flow,
driving the flow towards right (in the direction from cg
to c¢r) for h ~ 10 nm (see Fig. 5d), whereas the chemios-
mosis effect is weak since negligible anion concentration
difference inside of such charged, nanochannel was ob-
served.

In brief, in the absence of external electrical forcing,
the local electric field and ion-concentration distributions
direct the overall flow in a narrow nanochannel with EDL
overlap (h = 10 nm) from the reservoir of high concentra-
tion (cp) to that of low concentration (cy,), as explained
above. Interestingly, the direction of this bulk flow in
a charged, narrow nanochannel with overlapping EDL is
reversed, compared to that for a wide nanochannel with-
out EDL overlapping. This reversal of flow direction by
tuning nanochannel dimensions can have useful applica-
tions in nanofluidic devices for flow control.

B. Influence of electrolyte concentration difference

The effect of electrolyte concentration gradient on the
flow velocity was also studied. Illustrated by Fig. 6,
the numerical results show that the magnitude of aver-
age flow velocity (|u|) in the nanochannel is primarily
governed by the concentration difference Ac (= ¢y —cr)
between the two reservoirs. As shown in Fig. 6b, (|ul)
increases linearly with Ac for 0 < Ac < 1 mM simu-
lated. We carried out a best least-square residual fit-
ting (of A;Ac+ Ap) and found the best linear coefficient
A; =~ 0.88. The value of this linear fitting coefficient is
consistent with that estimated using a characteristic dif-

fusioosmotic flow speed, |U| = QR?‘QD |Ve|, predicted by
Keh et al., for a constant Vc along a flat charged sur-
face with ions following the Poisson-Boltzmann distribu-
tion [33]. To perform an order of magnitude comparison,
we estimated Ve ~ Ac/l by dimensional analysis and as-
sumed constant ¢ and Ap for our simulation cases; thus,
|U| ~ 2RZl>‘% Ac. We estimated Ap based on an aver-
age anion concentration of 5.48 mM for our simulation
case, that is Ap ~ 4 nm. Hence, the theoretical linear

coefficient was estimated to be 0.87, which is consistent
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FIG. 6. Effect of concentration difference on the nanoflow
velocity for I = 100 nm: (a) Average nanoflow velocity
in x-direction, (uy) and (b) Net average nanoflow veloc-
ity, (Jul). Different symbols represent different nanochannel
height used: h = 10 nm (@ and O), A = 30 nm (M and O),
and h = 60 nm (A and A). The dashed line (- - -) shows the
best linear fit, with a slope of 0.88.

with the linear-fit result of 0.88 found from our numerical
data.

From our numerical results, surprisingly, the value of
Ac (when Ac > 0) does not play an important role in
determining the nanoflow direction. Nanoflow in both
directions is observed for a wide range of Ac imposed
(see Fig. 6a). The nanochannel size, on the other hand,
influences the nanoflow direction significantly. As shown
in Fig. 6a, narrower nanochannels (h = 10, 30 nm)
tend to have an electroosmosis dominated flow due to
the net (negative) charges in the nanochannel with an
overlapping Debye length. For the narrow nano/micro-
junctions, electrical body force is strong and dominating
in the region close to cy with the electrical body force
towards left (i.e., in the horizontal direction from cj, to
cp). As aresult, for small A(= 10 nm) the electroosmotic
effect dominants with a significant anion concentration
(having a net negative charge) under a left-pointing E,
inside the charge nanochannel, leading to a strong electri-
cal body force moving the nanoflow towards right (in the
horizontal direction from the high (cg) to low concen-
tration (cr,) reservoir. Conversely, for a relatively large
nanochannel (e.g. h = 60 nm), with a significant fraction



of neutral charges, the nanoflow is determined primarily
by a diffusion process under Ac, causing the nanoflow
(with water molecules) to move from ¢y, to cy reservoir
due to a dominant chemiosmosis.

C. Controlling nanoflow direction

Our simulation results examining the influence of
o, ¢y, cr, h, and [ on a steady-state diffusioosmotic
flow show three different modes of flow in the charged
nanochannel. These distinct modes of nanoflow encom-
pass different flow directions: (i) opposite, (ii) parallel to
the direction of concentration gradient, and (iii) a mix-
ture mode of these two directions. By analyzing and
plotting different nanoflow regimes against different con-
trol parameters, we found that nanoflow direction is pri-
marily controlled by merely a few key parameters for the
parameter ranges explored. These major influences are
(1) nanochannel height (h), (2) nanochannel length (1),
and (3) surface charge density (o). We noticed that the
values of ¢y (ranging from 0.001 — 1 mM) and Ac (with
a fixed ¢y, of 0.01 mM) have an insignificant influence on
the nanoflow direction.

Revealed in Fig. 7 is the influence of diffusioosmosis
on nanoflow direction from more than 40 simulations at
different h, L and o, keeping other parameters constant
(¢ = 0.01 mM, cg = 1 mM, vy = 0.07 mm/s). Since
charge-selectivity of nano-confinements is dictated by the
extent of overlap of EDL 8], it is also important to see
its effect on DOF. We, thus, investigated the variation of
diffusioosmotic velocity (u,) with h/Ap, where Ap is the
Debye length (estimated using the average concentration
of anions inside nanochannel). However, as evident from
in fig. 7e, in the case of our 2D geometry focusing on
micro/nano-junction applications, the ratio h/Ap does
not seem to be the most vital parameter in determining
the direction of diffusio-osmotic flow.

Through the phase diagram analyzing the effects of o,
h and ! on direction of diffusioosmotic flow (Fig. 7a) and
scaling analysis, we found a non-dimensional number, C,
which can be used to collapse our data separating differ-
ent nanoflow regimes and predict the direction of DOF
through a nanochannel with the known values of I, h,
and o:

¢ = h/v/Dac, (6)

where Ag¢ is known as Gouy-Chapman length, a char-
acteristic length based on the surface charge density (o)
of the nanochannel, and can be estimated as [72, 73]:

2c0e BT The Gouy-Chapman length, Agc, is re-

)\GC = oFz
lated to Bjerrum length, A\p, via A\gc = , where Ap

rors
(=22€%/4mepe, kpT) is a characteristic distance at which
the electrostatic interaction between two charged species
in a solution is comparable to the thermal energy [5].
The dimensionless number, C, indicates the ratio of the

nanochannel height, h, to a characteristic length scale,

VIAac, which can be associated with the influence of
electrical interaction over a length-scale of ~ Ag¢ due to
the nanochannel surface charge along the channel length,
l.

Fig. 7f illustrates the variation of average diffusioos-
motic velocity in x-direction, (u;), with the characteris-
tic parameter C' given in Eq. (6). Below a critical value
of C' ~ 1.75, the nanoflow is directed from the reservoir
of high concentration (cg) to that of low concentration
(cp), as for the case of narrow h, e.g., 10 nm shown in
Fig. 5d. Above the value of C ~ 2.2, the bulk nanoflow
is in the opposite direction, from the low (cr,) to the high
(cr) concentration reservoir, similar to the case of large
h = 60 nm revealed by the flow field in Fig. 4d. In be-
tween these two critical values, circulation and mixing
are present inside the nanochannel. These critical values
of C' were calculated based on the range of surface charge
(o) explored, between 0.001 and 0.05 C/m?. These nu-
merical values of critical C are very likely specific to the
complex 2D nano/micro-junction geometry considered.

In addition, our simulation results in Fig. 7f show that
most of C' = 2 data are for the reversal cases (upper red
symbols in Fig. 7f) for different h, [, and o, whereas
the three data points for C' =~ 2 (of lower blue symbols
in Fig. 7f) are all from small ¢ (0.001 C/m2), relatively
large h (= 110—140 nm), and a comparable | (= 100—140
nm), although a larger h (& 150 nm) can also generate
the normal flow directions showing a positive < u, >.
Therefore, from the simulation results we can conclude
that most cases show flow reversal when C' < 2, however
with a few exceptions for the parameters with a small o,
a relative large h (= 110—140 nm) and with a comparable
I, whereby the surface charge effect is weak.

In comparison, previous theoretical study of diffusioos-
mosis flow under a homogeneous concentration gradient
along a charged flat plate shows that Zeta potential [41]
or channel aspect ratio [34] plays an important role in
the direction of the nanoflow. For our complex flow ge-
ometry of nano/micro-junction, we found that C is a
better parameter delineating different flow regimes, as
demonstrated by the comparison between Fig. 7e and 7f.
The non-dimensional number, C, can be physically in-
terpreted through the interaction or comparison between
electroosmotic and chemiosmotic effect, which is briefly
explained below and in details in Supplementary Infor-
mation (SI).

On the one hand, electro-osmotic velocity, ugo, is
caused by electro-migration of ions due to an external
electric field or an induced one (due to interaction be-
tween surface charge and ions via a concentration gradi-
ent). Under the effect of a tangential electric field, E,, it
can be shown that ugo for a charged nano-confinement
of constant zeta potential ({) along its surface is repre-
sented as [28, 74, 75]:

E,
upo = —Fe 7)
I

where ¢ (= €ge,.) is the permittivity of the medium, and
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w is the fluid viscosity coefficient. As E, = —9¢/0x &,
while the electrical potential, ¢, depends on spatial net
charges (q) and, hence, ion concentrations (c4), which
nonlinearly depends on the local diffusive, electromigra-
tion, and convective ion fluxes, i.e., by solving the cou-
pled Eq. (1)-(5). Therefore, finding a simple analytical
form of E, for this nonlinear system is challenging. Based
on our numerical results by analyzing electrical field E,
inside the charged nanochannel, we found |E,| ~ |E,| in
terms of magnitude.

To estimate the magnitude of the electric field |E,],
assumed to be ~ |E,|, which can be calculated using the
boundary condition of constant surface charge density
[63], via V- 7 = —0 /e, s0 E, scales with o/e. Eq. (Al)
then can be estimated with

(o
Upo = ——.
I

On the other hand, when a nanochannel is subjected to
a solution concentration difference, Ac, along its length,
a chemical potential gradient develops and initiates fluid
flow from one reservoir to another. This flow, known

(8)

as chemiosmotic velocity, uco, can be derived and ex-
pressed as [31, 74]:

kT In(1 — 7v?) Ac
1% 271')\3
ezgs

where 7 = tanh T s is the surface potential, z is
the valence of ions, e is the electronic charge, kg is the
Boltzmann constant, and T is the temperature. cq is
the reference solution concentration, Ap is the Bjerrum
length and related to the Gouy-Chapman length, Agc, as
defined above. For the dilute electrolyte concentrations
explored, after considerable simplification (for example,
using the linearized Boltzmann distribution of ions [62])
described in detail in SI, we obtained the ratio of chemios-
motic velocity (Eq. (A4)) and electro-osmotic velocity
(Eq. (A3)) to compare the effect of chemiosmosis vs. elec-

troosmosis:
1 (ezs\* Aac exn [~ Y-
s\ksT) 1 TP\, )

To estimate the surface potential (¢), its gradient
along the charged surface can be estimated using the

9)

uco Ea

uco
UEO

~
~

(10)



surface charge BC, Vo - it = —ofe ~ 0¢/0y ~ ¢s/h.
Surface potential can then be estimated as ¢s ~ —ch/e.
We substitute this expression for ¢, into Eq. (A1l) and
obtain:

uco
UEO

1 h? Yy 1 _,
~ iAGCl €Xp <—)\D) ~ 50 exp (—y/Ap),
(11)

where C' (= h/v/IAgc) is the non-dimensional number
characterizing the direction of nanofluidic transport in-
side the nanochannel. For y < Ap, exp(—y/Ap) = 1,

and thus, |12 | ~ %2 This allows us to express the crit-

ical C, C* = /2 when uco ~ ugo. In other words, the
characteristic parameter, C, can characterize the dom-
inance of either chemiosmotic (C' > C*) or electroos-
motic (C' < C*) flow. From our numerical data shown
in Fig. 7f, we observed a critical C* ~ 1.98 +0.22, which
is consistent with this simplified theoretical prediction of
C* =2 (= 1.41).

Based on charge conservation described by Eq. (2),
diffusioosmotic flow is governed by diffusion, electromi-
gration, and advection. When the nanochannel is narrow
and long with sufficiently large Gouy-Chapman length,
i.e., equivalent to a smaller value of C, the electromigra-
tion term dominates, and due to charge selectivity of the
nanochannel, anionic flow is dominant in the nanochan-
nel and supplied by the solution flowing from the high to
the low concentration reservoir (fig. 7b). Conversely, for
wider and shorter channels of a relatively small Gouy-
Chapman length (i.e., a large C), electroosmotic effect
diminishes due to almost neutral electric field induced in
the bulk. Consequently, the chemiosmotic effect dom-
inates, with water molecules moving from low to high
ion concentration area (fig. 7d). However, very close to
the channel, the electromigration of ions is still dominant
within the EDL. In intermediate scenarios, both chemios-
motic and electroosmotic flows exist and are comparable,
and hence a combination of these effects causes circula-
tion and mixing in the nanoflow (fig. 7c).

For future research directions, the present numeri-
cal framework, concerning diffusioosmosis in a charged
nanochannel connecting to two side reservoirs of dif-
ferent electrolyte concentrations, is a common theme
in water purification and sustainable energy genera-
tion using reverse electrodialysis (RED) and can be ex-
tended to investigate electric transport of current and
ionic fluxes [10], nanofluidic transport using concentrated
electrolyte solutions, and associated diffusiophoresis ef-
fect on colloidal particle motions [76]. In addition,
with nonlinear, nonlocal, and coupled governing equa-
tions, our numerical framework can be extended to ex-
amine the influences of external pressure gradient, ap-
plied electric voltage, nanochannel slip length [5, 10, 77],
high-salinity electrolytes [10], and diffusivity difference
between cations and anions [33] on various intriguing
electrokinetic phenomena, affecting desalination, mem-
brane filtration, and RED processes and efficiencies using
charged nano-channels or pores.

V. CONCLUSIONS

We investigated the effects of the nanochannel dimen-
sions and surface charge on diffusioosmotic flow in a
charged nanochannel connecting two reservoirs of dif-
ferent electrolyte concentrations, which is a common
flow geometry for reverse electrodialysis and micro/nano-
junctions. In the parameter ranges explored, we em-
pirically quantified a critical non-dimensional number
C = h/\/Agcl that can essentially predict the direction
of the nanoflow, thereby affecting the convective electri-
cal flux in the nanochannel. This dimensionless number,
C, was found by comparing the relative strength of elec-
trosmotic and chemioosmotic components of DOF in our
2D setup. While electrosmosis is governed by the electric
field in a system, chemioosmosis is dictated by the cor-
responding ionic concentration gradient in the nanoflow.

Through rigorous comparison, and scaling analysis,
the ratio of electric and chemioosmotic flow was found
to be dependent on three key nanochannel parameters,
namely, the nanochannel height (h), length (I) and sur-
face charge density (¢). Fundamentally, the dimension-
less constant C' describes a ratio of nanochannel height
to surface charge effect, where v/Agcl may indicate a
length-scale, characterizing the effect of surface charge
(o) along the nanochannel length (7). A high value of C
( 2 1.98) indicates an insignificant electroosmosis, and
due to chemiosmosis water flows from low to high con-
centration reservoir for a positively charged nanochannel.
In contrast, for a lower value of C' ( < 1.98) electroosmo-
sis directs nano-DOF from the high to low concentration
reservoir (against the concentration gradient) due to local
electrical body force in the nanochannel. The nanoflow
speed is, however, independent of this non-dimensional
number, C', but linearly depends on the concentration
difference.

Our simulation results, along with the theoretical anal-
ysis, reveal the key quantitative parameter, C, for con-
trolling nanoflow by tuning the nanochannel parameters
of length, height, and surface charge. Our results fur-
ther imply that typical nanotube dimensions (of h =~ 1
nm and 1 = 1 — 10 nm), with a maximum o = 0.05
C/m? and cy ranging between 0.01 and 1 mM, give
rise to a small C < O(0.1) and a reversal flow with di-
lute electrolytes. Experimentally, local nanoflow velocity
is challenging to measure directly since well-established
micro-particle velocemetry technique is not applicable for
nanoscale flows and fluorescent dyes are often charged,
while the global measurements of flow rates in nanochan-
nels are more feasible [54, 55, 78, 79]. In terms of appli-
cations, the quantification of the nanoflow direction is
important for building nanofluidic devices enabling flow
control, currently attracting attention towards nanoflu-
idic desalination, water purification, and reverse electro-
dialysis. The dimensionless parameter C' presented and
its critical value can help predict the diffusioosmotic flow
directions, conveniently using three crucial nanochannel
parameters: height, length, and surface charge.
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Appendices

A. ADDITIONAL VALIDATIONS OF THE
NUMERICAL SIMULATION

We further validated our COMSOL simulation by a
comparison with the results reported by Kang et al. [17].
As shown in Fig. 8, we found a good agreement between
Kang et al. findings [17] and our results for a simplified
model without external flow.

B. SIMULATION RESULTS OF ANIONIC
FLUXES

In Appendix B, we provide the anionic fluxes, J_ based
on Eq. (3) consisting of diffusive, electromigration and
convective ionic species, for the same numerical cases as
Fig. 4 and 5. In these cases, illustrated by Fig. 9, higher
anionic flux occurs near the regions of higher local con-
centration gradient. The anionic flux hence is maximum
near the electric double layer.

C. FORMULATION OF NON-DIMENSIONAL
NUMBER C

In Appendix C, we discuss the analytical derivation
of the characteristic non-dimensional number (C), intro-
duced in the main paper using scaling analysis and clas-
sical theories of electrokinetic flow. Diffusioosmotic flow
through a nanochannel is affected by two phenomena,
namely electroosmosis and chemiosmosis. The critical
parameter, C*, is derived as the ratio of chemiosmotic

10

to electroosmotic flow velocity and a primary parame-
ter controlling the nanoflow direction in a charged nano-
confinement. The physical interpretation of the non-
dimensional number is obtained through the simplified
expressions of the classical chemiosmotic and electroos-
motic velocities, described below.

B1. Electro-osmotic velocity

On one hand, electro-osmotic velocity, ugo, is caused
by electro-migration of ions due to an external electric
field or an induced one due to interaction between surface
charge and bulk ions. Under a tangential electric field,
E., without a chemiosmotic effect, it can be shown that
upo for a charged nano-confinement of constant zeta po-
tential, ¢, along its surface, can be represented as [28, 75]:

Ugpo = ———, (A1)

where ¢ (= ege,) is the permittivity of the medium, and
o is the fluid viscosity coefficient. Electric field (E)
is a function of the electric potential, ¢ (E = —6@;
E, = —0¢/0x &. Due to the complex nonlinearity of the
diffusioosmotic problem for our nano/micro-junction ge-
ometry, a straight-forward analytical formulation of F,,
to the best knowledge of ours, is unavailable. From our
numerical results, we observed that |E,| ~ |E,| for the
parameter ranges explored. We thus used this approxi-
mation to estimate |E,|.

Along the charged nanochannel wall, ﬁ(b - = 0¢ /0y,
L, close to the wall can be approximated using the
boundary condition of constant surface charge density,
0: Vit = —o/e [63], via

E,=—-09/0y~c/e. A2)

Using the relation (A2), we can estimate F, ~ E, ~
o/e. Hence, Eq. (Al) can be approximated as:
(o

Upo =~ ——.

m (A3)

B2. Chemiosmotic velocity

On the other hand, when a nanochannel is subjected
to a concentration difference of electrolytes, Ac, along its
length, a chemical potential difference develops and initi-
ates fluid flow to balance the chemical potential gradient.
This flow is represented by the chemiosmotic velocity,
uco, and can be expressed as [74]:

kT In(1 —~?) Ac

— A4
1% 271')\3 lCO ’ ( )

uco =

where v = tanh(ez¢s/4kpT), ¢ is the surface potential,
z is the valence of ions (while z = 1 in our case), e is
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0.1 mM, cg = cg/cr = 10, 0 = 0.01 C/m?, and I. = 0. (a) Electrical potential profile, (c) cation concentration, and (e) anion
concentration reported by Kang et al. The corresponding results by our simulation are shown in (b), (d), and (f), respectively.
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FIG. 9. The distribution of anionic concentration c¢_ and anionic flux field J_ (in arrows) for (a) h = 10 and (b) A = 60 nm.
The other constant parameters are [ = 100 nm, ¢, = 0.01 mM, cg =0.15 mM, ¢ = 0.01 C/m2, and vy = 0.07 mm/s.

the electronic charge, kp is the Boltzmann constant, T is
the temperature, and ¢ is the reference solution concen-
tration. Here, Ap is the Bjerrum length, mathematically
described by Ap = 22e?/(4nekpT) [5], and related to the
Gouy-Chapman length, Agc [5, 74]:

2¢RT  2¢kpT ez
oo | = — - )
oF'z oez 2mo\p

(A5)

Under the assumption that v < 1, we can approx-
imate In(1 — +?) ~ —~? [26]. Further considering ¢
to be small such that ez¢y/4kpT < 1, we get v =
tanh(ez¢s/4kpT) ~ ezps/4kpT. Using Eq. (A5) and
the above approximations, Eq. (A4) is simplified to:

kBT’}/2 /\Gcog -~ ezqﬁg)\gcag
16]€BT,U ZCO.

Uco (A6)

m ez leg

With the consideration of Boltzmann distribution of ions
[62] and subsequent linearization of the ion distribution,
the concentration of cation (c4) and anion (c_) can be
represented as [74]:

ez Y
~ 1 -
o co< ;kBTexp( AD)),

(A7)

where y is the direction perpendicular to the nanochannel
surface.

Using the above linearized distribution of ion concen-
tration, we can approximate the concentration difference,
Ac (= c_ — cq), as follows:

ez, Yy
Ac~ 2 - .
¢ ~ 2, (kBT exp( AB))

Eq. (A6) can be simplified using the above relation:

(A8)

1 (ez65\> Aaoo Y
~ — - . A
uco (kBT> I exp | =5 Os (A9)
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We calculate the ratio of the chemiosmotic (Eq. (A9))
to electroosmotic velocity (Eq. (A3)) to gauge the domi-
nant effect of ugo or uco:

uco _ 1 (ezo, ZAGCUeXp _Y g, (-2
upo 8 \ kT Iy Ap ) Co)

~ —



Here, the negative sign in the above ratio denotes that
the chemiosmotic (uco) and diffusioosmotic (ugo) flow
are directed in opposite directions, and the final flow di-
rection inside the nanochannel could be decided by the
dominant effect.

Assuming surface potential, ¢, to be approximately
equal to the nanochannel zeta potential, ¢ [68], we obtain
a simplified expression of Eq. (A10):
uco| L1 (e20\ Aac (Y
UEO - 8 kBT l P >\D '

(A11)

Potential gradient along the charged surface can be
estimated as Vé - 77 = d¢/dy ~ ¢s/h. From this relation
and Eq. (A2), surface potential can be approximated as
¢s ~ —Z We substitute this expression for ¢, into Eq.
(A11) and use Eq. (A5) to obtain:

h? Age ( Yy

uco| 1
" 2(2kpT/ez0)? 1

UEO

0
o |
Q
[\v}
@

[}
o
/‘\
5=
~
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where C' (= h/+/IAge) is found to be a characteris-
tic non-dimensional number that delineates nanofluidic
DOF flow direction inside the nanochannel. For y < Ap,
exp(—y/Ap) = 1—(y/Ap)+O0((y/Ap)?). For a simplified
estimation, we consider exp(—y/Ap) =~ 1, ignoring the
remaining terms, and consequently uco/upo ~ C?/2.
This allows us to express the critical C, C* to be equal
to V2 when uco ~ ugo. In other words, the non-
dimensional parameter, C', can characterize the domi-
nance of either chemiosmotic (when C > C*) or electro-
osmotic (for C < C*) flow. Based on our numerical
analysis and data, we found a critical C* = 1.98 4+ 0.22,
which is consistent with the analytical prediction of C* =

V2 (7 1.41).
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