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Abstract

Electroosmotic flow in a silica slit channel with
nonuniform surface charge density is investi-
gated. In nanoconfinement, the electrical dou-
ble layer occupies a non-negligible fraction of
the system. Therefore, modifying the charge
density on specific locations on the channel wall
surface allows effective manipulation of the elec-
troosmotic flow rates. In the present study, ex-
tensive (160 ns) nonequilibrium molecular dy-
namics simulations are conducted to investi-
gate the ability to control the electroosmotic
flow control in a nanoslit by patterning the
surface potential. The mechanism to modify
the surface charge consists of a set of charged
electrodes embedded within one of the channel
walls. The presence of the embedded electrodes
result in the redistribution of ions in the elec-
trolyte solution and in the alteration of the elec-
troosmotic flow throughout the nanochannel.
Indeed, the results reveal significant changes
in the electroosmotic driving force and velocity
profiles including local flow reversal. This study
provides physical insight into the direct manip-
ulation of the electrokinetic flow in nanoslits.
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Introduction

Fabrication techniques have evolved dramati-
cally over the past two decades,1–7 allowing
us to conceive systems integrating fluid con-
duits with length scales comparable to the size
of intra-cellular structures.5,8–10 Molecular level
understanding of fluid transport is a key point
to open the door to mimic the highly efficient
natural fluid transport processes in different
technological areas.11–14 Nevertheless, nanoflu-
idic applications15 present challenges to the im-
plementation of classical fluid dynamics models
due to the fact that inherent to the nanocon-
finement, the extremely large surface to volume
ratio and the very short time scale dominate
the fluid transport16–21 Therefore, a significant
issue for design and fabrication of integrated
fluidic nanosystems arises from predicting and
controlling the flows throughout nanoscale con-
duits.

Due to the fundamental requirement of global
charge neutrality, an electrolyte solution in con-
tact with a charged surface develops an Electri-
cal Double Layer (EDL)22–24 that screens the
net surface charge density. The EDL concept
was introduced in the early works of Gouy, De-
bye, Chapman and Huckel.24–27 This model dic-
tates that the surface where hydrodynamic no-
slip boundary conditions are enforced should
reside near the boundary between a stagnant
layer of fluid with bound ions adjacent to the
solid surface known as the Stern layer, and a
mobile layer containing a diffuse charge distri-

1

Page 1 of 17 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



bution (diffuse layer). Indeed, if an electric
field is applied parallel to the solid surface,
the co- and counter ions in the diffuse layer
will move as a response to the applied electric
field.22,23,28 The excess of counter ions in the
diffuse layer, drag water molecules inducing a
flow parallel to the solid surface known as elec-
troosmotic flow,23,24,29 wherein the strength of
the applied electric field and the surface charge
density govern the fluid transport.22,28 Further-
more, in nanoconfined electrolyte solutions, due
to the extremely large surface to volume ra-
tio, the structure and thickness of the EDL
determine significantly the electroosmotic flow
rates.20,30

Controlling the electroosmotic flow in micro
and nanoscale conduits is a key for the de-
sign of functional integrated micro and nanoflu-
idic systems.5,14 In the last two decades, the
control of electroosmosis in microfluidic de-
vices by applying external electric fields per-
pendicular to the main flow has been investi-
gated.31–34 Recently, nanofluidic field effect de-
vices35–38 feature electrodes embedded in the
channel walls, have been proposed for ionic
transport regulation.37,39–41 In those devices, an
externally applied potential36,39,42 introduces a
patterned surface charge distribution.42–45 De-
spite these important advances, fundamental
questions about the underlying physics of the
fluid and ionic transport remain open.23,24 Due
to the characteristic length scale of nanoflu-
idic channels, molecular surface roughness,24,43

steric and hydration effects,46,47 van der Waals
and electrostatic interactions8,20,40,48,49 can gov-
ern the overall system behavior, resulting in
deviations from the macroscale fluid behav-
ior.16,49–54 Indeed, species distributions, local
flow rates and electroosmotic velocity profiles
for gated silica nanofluidic devices are still
basically unknown.20 Moreover, nanoscale ef-
fects such as the channel wall roughness, wa-
ter molecular orientation near the walls and lo-
cal viscosity can significantly alterate the elec-
trokinetic transport. In this work, the elec-
troosmotic flow of a 0.205 M KCl water so-
lution confined in a slit-like amorphous silica
nanochannel with a spatially non-uniform sur-
face charge distribution is evaluated. We con-

duct all-atoms Molecular Dynamics (MD) and
NonEquilibrium Molecular Dynamics (NEMD)
simulations over 160 ns to elucidate flow physics
in a nanoslit channel with height of ca. 7 nm
featuring counter-charged electrodes embedded
in the bottom wall. The electrodes inserted in
the wall are physically separated from the elec-
trolyte solution by a thin silica slab55 of ca. 0.4
nm as shown in Figure 1.

Simulation Details

To study the electroosmotic flow, a 0.205 M KCl
water solution is confined in an amorphous sil-
ica slit as shown in Figure 1. All-atoms MD
and NEMD simulations are conducted using
the simulation package FASTTUBE.21,56,57 The
equations of motion were solved by implement-
ing the leapfrog algorithm with a time step of
1 fs for the simulations of silica amorphization
and with a time step de 2 fs for the rest of
the simulations. We use potentials previously
developed for modeling silica, water and ionic
species,16,51,58 which have been calibrated using
dedicated criteria. The water model is based
on the simple point charge SPC/E model59

with van der Waals interactions truncated at
1 nm.16,51,58 The channels are filled adding suf-
ficient water molecules to achieve the desired
pressure (1 bar) at 300K. The silica is described
by the TTAMm model developed by Guissani
and Guillot.60 For details of the potential we re-
fer the reader to Zambrano et al.16,58 To create
an amorphous silica channel, cristobalite cells
are replicated to build two parallel crystalline
slabs, with each slab containing 7040 Silicon
atoms and 14080 Oxygen atoms. An annealing
procedure is implemented,58,61 wherein, the sil-
ica slabs are coupled to a Berendsen heat bath
with a time constant of 0.1 ps. The cristobalite
is heated to 3000 K keeping the temperature
constant during 10 ps, subsequently, quenching
the system from 3000 K to 300 K by imposing
a cooling rate of 70 K/ps until the equilibrium
state is reached. The potassium (K) and chlo-
ride (Cl) ions are described by modeling the
atoms as Lennard-Jones spheres with a par-
tial charge placed on the center of the parti-
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cle. All the ionic interactions are described em-
ploying Coulomb and Lennard-Jones potential
terms with potential parameters obtained us-
ing the Lorentz-Berthelot mixing rules taking
basic parameters for the individual species from
Koneshan et al62 and Zambrano et al.58 For the
Cl-Cl and K-Cl interactions, effective polariza-
tion terms to model the dipole interaction are
added, which include the averaged effect of the
many-body interactions, for details the reader is
refered to Zambrano et al.51 and to Walther et
al.63 Electroosmotic flow through the slit silica
channel with height of c.a. 7 nm is generated
by imposing axial electric fields of 0.25, 0.5,
0.75 and 1 V/nm. In fact, these fields are very
high but required in the simulations to enhance
signal-to-noise ratio. Certainly, the strengths of
the electric fields imposed in the present study
may be of concern for experimentalists however
these values are in line with previous MD stud-
ies of electrolyte solution in nanochannels.24,64

Moreover, the electric field of a water molecu-
lar near a cation is 20 V/nm therefore 20 times
the highest electric field applied in the present
study.

In the simulations, the channel consists of
two slabs of amorphous silica with size of
34.8 nm×2.5 nm×3.4 nm representing the chan-
nel walls. The walls are aligned parallel to the
x-y plane, while the height of the channel is de-
fined along the z-axis cf. 1. The simulations are
conducted in an orthorhombic box, the dimen-
sions of the box are 34.8 nm × 2.5 nm × 28 nm,
which allow for enough z-distance to avoid
interactions between periodic images. Since,
the amorphous silica walls are rough, we de-
fine the height of channel as the averaged dis-
tance between the deepest points on the channel
walls. The channel volume is corrected by tak-
ing into account the volume of the silica rough-
ness. The confined solution consist of 20200
water molecules, 65 chlorides and 85 potassi-
ums. After, the amorphization of the silica
walls, partial charges are modified to a value of -
0.0067 e in each atom within the two outermost
atomic layers of the two silica slabs to repro-
duce a surface charge density of -0.115 e/nm2.
We noted that a silica surface becomes elec-
trically charged by releasing protons through

complex electro-chemical reactions65,66 there-
fore the surface charge of a silica surface de-
pends on the electrolyte solution concentration
and pH. Moreover, in a system with embedded
electrodes, the effect of the electrodes on the
surface potential depends also on parameters
such as the instantaneous electrolyte concen-
tration and the thickness of the dielectric layer
separating the electrolyte solution and the elec-
trodes.36,55 In general, MD simulations with re-
acting force fields (e.g. Reax FF67) are very
expensive in terms of computational resources,
which limit the studies with reacting force fields
to very small systems during relatively short
times.66,68,69 In this study, we use classical MD
simulations therefore the surface charge density
on the walls is assumed to be constant during
the flow simulations, which is in line with previ-
ous studies.20,64,70 Nevertheless, we realize that
non-reactive MD studies have limitations thus
this kind of studies should be complemented
by continuum modeling studies including reac-
tions36 and experiments.7,71

Immobilizing the amorphous silica slabs, wa-
ter and ions are released in the NVT ensemble
at 300 K during 5 ns to ensure proper equilibra-
tion of the water and ionic species. Afterward,
an axial electric field is imposed, which con-
sists of a constant force applied on each ion
in direction parallel to the x-axis. The wa-
ter temperature is maintained at 300 K by ap-
plying a Berendsen heat bath to the y veloc-
ity component transverse to the main flow di-
rections. Nevertheless, we verify that apply-
ing the heat bath to all three velocity compo-
nents does not affect the computed flow. Af-
ter 10 ns, two counter-charged embedded elec-
trodes are implemented in the system. The two
electrodes are simulated by modifying the point
charges of specific atoms in the bottom silica
wall as shown in Figure 1. In particular, on
each atom within a slab portion delimited by x
> 5.0 nm and x < 12.9 nm, a partial charge of
-0.004 e is imposed to reproduce a charge den-
sity of -0.293 e/nm3 in the negatively charged
electrode. The charge distribution in the elec-
trode generates a surface charge density of ca.
-0.450 e/nm2, four times higher than the surface
charge density of the bare silica. Correspond-
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ingly, on each atom within a slab portion de-
limited by x> 21.9 nm and x < 29.8 nm, a par-
tial charge of 0.004 e is imposed to reproduce a
charge density of 0.293 e/nm3 in the positively
charged electrode. We note that, the electrodes
are isolated from the electrolyte solution by a
thin silica layer with height of ca. 0.40 nm. In
this study, the overall systems are electrically
neutral. In order to compute the long range
electrostatic forces, a SPME (Smooth Particle
Mesh Ewald) algorithm72 is implemented with
corrections for the slab geometry.73 In the x,
y and z directions, 320, 30 and 250 reciprocal
lattice vectors are used respectively, and a real
space cut-off of 1 nm is implemented wherein
the electrostatic interactions are computed di-
rectly. The simulations are conducted for more
than 160 ns and properties are computed using
trajectory data extracted from the last 60 ns.
In the simulations performed to calibrate the
potentials, the procedure to conduct the sim-
ulations and the methodology to compute the
water contact angle were reported in Zambrano
et al.51,58 Moreover, in the present study we
evaluate the presence of an charged electrode
embedded within the silica substrate, hence the
polarity of the embedded electrode is systemati-
cally changed and the equilibrium water contact
angle is computed unsing a three-dimensional
binning method.57,58

Results and discussion

We conducted simulations of a case with
uniformly charged surfaces, imposing axial
electric fields24,53,64,74 of 0.25, 0.5, 0.75 and
1.0 V/nm. The species concentration profiles,
flow rates and tangential fluid velocity (x-
direction) across the channel are key quanti-
ties in the analysis of local surface effects on
the electroosmotic phenomena. In this study,
the atomic trajectory data are extracted each
100 fs to compute the fluid velocity, the wa-
ter flow and the species concentration profile.
The velocity and the concentration profiles are
computed using the binning method, while the
water flow is computed by following the pro-
cedure presented by Yoshida et al.75 Figure 2

shows the electroosmotic velocity profiles as a
function of the z coordinate, which is defined
as the distance in the direction perpendicular
to the solid-liquid interface, with z = 0 at
the boundary of the computational box. The
flow velocities in Figures 2A and 2B are aver-
aged over the entire channel length. In Fig-
ure 2A, the velocity profiles for the different ax-
ial electric fields exhibit the expected shape for
electroosmotic flows, the plug-like profile with
flow velocities of 0.12, 0.4, 1.0 and 1.35 nm/ns
for applied axial electric fields of 0.25, 0.5, 0.75
and 1.0 V/nm respectively. Indeed, the velocity
profiles confirm a linear response of the system
to increasing tangential electric fields in line
with previous studies.24,64,76 Figure 2B shows
the electroosmotic velocity profiles as a func-
tion of the z coordinate for the cases with em-
bedded electrodes. In these cases, the velocity
profiles differ from the velocity profile computed
for the cases with uniformly charged walls. In-
deed, in Figure 2B, the velocity profiles display
an assymetric shape with higher velocities near
the top silica surface while lower velocities and
even reversed flow velocities are observed near
the bottom silica surface wherein the electrodes
are embedded. The velocity profiles confirm
that strong applied axial electric fields dimin-
ish the effect of the surface electrodes, as ob-
served by Zambrano et al.,45,51 stronger forces
driving the ions in direction tangential to the
surface decreases the action of the transversal
electric field of the electrodes. Here, we com-
pute maximum flow velocities of ca. 3.0, 0.75,
0.2 and 0.07 nm/ns for axial electric fields of
1, 0.75, 0.5 and 0.25 V/nm, respectively. A re-
gion with stangnant water is observed for the
case with axial electric field of 0.75 V/nm. In
fact, in the cases with axial electric fields of
0.25 and 0.5 V/nm, counter-flow is generated,
with negative flow velocities of ca. 0.35 and
0.5 nm/ns, respectively. For these two cases we
compute rates of counter-flow of 120 and 160
water molecules per nanosecond, respectively.

The Figure 3 reveal local alteration in the ve-
locity profiles along the x coordinate direction.
Specifically, Figure 3 shows the x component of
the velocity computed at three particular po-
sitions along the x coordinate direction for ax-
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ial applied electric fields of 0.25 (red dots), 0.5
(solid blue line) and 0.75 nm/ns (dashed black
line). Indeed, the Figure 3A shows the flow ve-
locity profile over the negatively charged elec-
trode, the Figure 3B shows the flow velocity
profile computed over the gap between the two
electrodes and the Figure 3C shows the veloc-
ity profile computed on the positively charged
electrode. The electroosmotic velocity for the
case with applied electric field of 0.75 V/nm, de-
picted by the dashed black line in Figure 3, al-
lows to analyse the influence of different surface
charge on the local electroosmotic flow. There-
fore, over the two negatively charged regions
on the bottom wall, the flow velocity is posi-
tive, which implies that the flow is from left to
right (Figures 3A and 3B) while it turns neg-
ative (right to left) on the positively charged
electrode (Figure 3A). The cases with embed-
ded electrodes and applied electric fields of
0.25 and 0.50 nm/ns show negative velocities
or counter-flow on the three evaluated regions
along the entire length (x-direction) of the bot-
tom wall. Indeed, the velocity profiles in Fig-
ures 3A, 3B and 3C reveal that near the top
wall, water flows in the direction of the ap-
plied electric field. Therefore, we infer the pres-
ence of vortical structures for applied electric
fields of 0.25 and 0.50 nm/ns along the entire
length of the channel. Furthermore, in Fig-
ure 3C for the case with a electric field of
0.75 V/nm, the flow velocity profile, computed
on the positively charged electrode, displays a
region with flow recirculation centered (zero ve-
locity point) at c.a. 1.5 nm over the bottom
silica surface. Nevertheless, as shown in Fig-
ure 2B, in the case with an axial electric field of
1 V/nm, a higher applied electric field not only
increases the electroosmotic driving force but
also removes counter and coions from the EDL
resulting in a weaker effect of the patterned sur-
face charge on the electroosmotic flow, in line
with previous results.51

Moreover, we compute the ion concentrations
and the electrokinetic driving force as functions
of the z coordinate for the systems with and
without embedded electrodes using a bin size
of 0.18 nm. The ion concentration profiles and
the electrokinetic driving force for the channel

with an axial electric field of 0.50 V/nm without
electrodes are shown Figures 4A and 4B. In Fig-
ure 4A, the blue solid line depicts the potassium
concentration while the green dotted solid line
depicts the chloride concentration. As expected
in a 0.205 M KCl water solution confined inside
a nanochannel with negatively charged walls,
the concentration profiles reveal that the potas-
sium ions are attracted to the walls whereas the
chloride ions are rejected to the bulk. Moreover,
the ion concentration profiles in Figure 4A, ev-
idence the presence of an EDL with thickness
of ca. 1.8 nm. The thickeness of the EDL is
defined by the distance (z-direction) wherein
the cloride and potassium concentration pro-
files match the bulk values. Furthermore, we
compute a Debye screening length77 of 0.6 nm,
hence the EDL thinkness in the channel cor-
responds to three times the Debye screening
length, in line with previous theoretical studies
of nanoconfined KCl water solutions.78 In Fig-
ure 4B, the electrokinetic force acting on the
ions across the channel is shown for the case
with axial electric field of 0.5 V/nm without em-
bedded electrodes. The Figures 5A, 5B and 5C
show the local ion concentration as function of
the z-coordinate for the channel with embedded
electrodes with an applied axial electric field of
0.5 V/nm. In particular, the ion concentration
profiles computed over the negatively charged
electrode, over the gap between the electrodes
and over the positively charged electrode are
shown in Figures 5A, 5B and 5C, respectively.
The concentration profiles computed over the
negatively charged electrode indicate that the
positively charged potassiums are attracted to
the surface whereas the chlorides are expelled
to the bulk fluid. On the gap between the
electrodes, the profiles disclose a similar trend
to that shown on the negatively charged elec-
trode but with an attenuated rejection of chlo-
rides. Conversely, on the positively charged
electrode, the concentration profiles show that
the chlorides are attracted to the surface while
the potassium are expelled, which results in a
local electroosmotic flow in the opposite direc-
tion to the applied electric field. Indeed, the
concentration profiles shown in the Figures 5A,
5B and 5C reveal that the structure of the EDL
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on the bottom wall results locally distorted due
to the presence of the embedded electrodes as
compared to the EDL in the channel without
electrodes shown in the Figure 4A. In general,
in a confined electrolyte solution, the formation
of an EDL lead to the appearance of a diffuse
region, enriched in counterions and depleted in
coions as shown in Figure 4A. If an external
electric field is applied in the tangential direc-
tion to the solid surface, the induced electrical
force will set the ions into motion and the mov-
ing counterions will drag the water molecules
with them. The net force driving the water
molecules is known as the electrokinetic driv-
ing force. In this study, the local electrokinetic
driving force as a function of the z-distance
from silica surface is shown in Figures 6A, 6B
and 6C. In particular, the Figures 6A and 6B
show a net force on the negatively charged sur-
face in the same direction of the applied electric
field, whereas the Figure 6c shows a net force
in the opposite direction. Therefore, the driv-
ing force profiles evidence that the local elec-
troosmotic flow in slit nanochannels can be con-
trolled by implementing embedded electrodes
even if the electrical double layers are not over-
lapped.

The orientation of the water molecules in re-
sponse to the presence of charged species and
external electric fields has been found to modify
the viscosity of a nanoconfined electrolyte solu-
tion.48 In this study, we compute the viscos-
ity of the electrolyte solution following a simi-
lar procedure to the presented by Markesteijn
et al.79 Spefically, we conduct NEMD simula-
tions of Poiseuille flow of both a 0.205 M KCl
water solution in a silica channel with nega-
tively charged walls and pure water confined in
a silica channel with electrically neutral walls.
Poiseuille flow is generated by applying a con-
stant force on each water molecule confined in
the channel. In order to control the tempera-
ture in the systems we connect the water to a
Berendsen heat bath with the temperature cal-
culated after removing the center-of-mass veloc-
ity.59,80–82 The long-range electroostatic inter-
actions are computed using a modified version
of the SPME methodology72 to include slab
corrections in the z-direction.73 A viscosity of

0.67 mPa s is obtained for pure water at 300 K,
while a value of 0.70 mPa s is obtained for the
0.205 M KCl water solution at 300 K. The re-
sults indicate that for the concentration studied
here, a weak effect on the viscosity due to the
presence of the electrolyte is observed, which is
in reasonable agreement with previous studies
of the electroviscous effect in nanochannels.83

Furthermore, in recent studies, the surface
polarity has been found to modify the wetta-
bility of a silica substrate.19 Moreover, studies
have reported that imposed electric fields mod-
ified the wetting of water solutions confined in
nanopores.8,49,51 In order to examinate if the
electric field of the embedded electrodes in-
duced wettability, we evaluate the contact angle
of a water droplet placed on both a positively
(0.293 e/nm3) and a negatively (-0.293 e/nm3)
charged substrate. The water droplet consists
of 18000 molecules mounted on a silica sub-
strate of 37.9 nm × 37.9 nm × 3.4 nm following
a similar procedure to that employed by Zam-
brano et al.58 As a reference case, we compute
a water contact angle of ca. 18 ◦ on a bare sil-
ica substrate with a surface charge density of
-0.115 e/nm2. On the negatively and positively
charged silica substrates, a conctact angle of ca.
14 ◦ is computed. The variation is lower than
5 ◦, which suggests that the effect of the elec-
trodes on the wettability is negligible for the
systems evaluated in this study.19

Recent experiments have indicated that elec-
troosmotic flow in nanodevices can be con-
trolled by using embedded electrodes7,40,71 nev-
ertheless, several fundamental questions about
the underlying physics of nanoscale flow remain
open. In the present atomistic study, we use a
set of very high electric fields, which allow for an
all-atom description of the electrokinetic phe-
nomena to perform long time (more than 100
ns) simulations. We realize that these high elec-
tric fields are very difficult to attain in experi-
ments however the results of the present study
suggest that lower axial electric fields could be
used still generating counter-flow as shown in
the Figures 2 and 3. In these figures the cases
with electric fields of 0.25 and 0.5 V/nm dis-
play counter flow whereas the case with highest
applied electric field (1V/nm) does not display
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counter flow. Indeed, with this study, we at-
temp to provide information that may improve
the understanding of how nanoscale electroos-
motic devices work and encourage more experi-
mental work related to the fabrication and char-
acterization of electroosmotic nanofluidic de-
vices.

Summary and conclusions

We present an atomistic study of the elec-
troosmotic flow in a nanoslit with height of
ca. 7 nm whose surface charge density is pat-
terned by inserting electrodes in one of the
channel walls. Flow rates, concentration and
velocity profiles across the channel provide ev-
idence that electroosmotic flow can be con-
trolled in a nanoconfined electrolyte by im-
plementing counter-charged electrodes. These
results have clear implications for nanofluidic
technology. Specifically, the result confirms
that in a 0.205 M KCl water solution confined
in a silica nanoslit wherein the EDLs are not
overlapped, counter-charged embedding elec-
trodes with charge densities of ± 0.293 e/nm3

induce reversed electroosmotic flow as axial
electric fields lower than 0.75 V/nm are ap-
plied. The present study provides evidence
that a nanochannel with embedded electrodes
may work like a nanofluidic diode for con-
trolling effectively the local flow direction in
nanoconfined electrolyte solutions. Moreover,
we propose that surface charged electrodes gen-
erating reversed flow can be implemented to
induce mixing in nanoconfined flows wherein
the Reynolds number is extremely low.84 Ac-
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7 nm

34.76 nm

Z
Y

X

chloride ions
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Figure 1: Electroosmotic flow of a 0.205 M KCl water solution in a nano-slit silica channel with
counter-charged electrodes embedded in the bottom wall. The highlighted regions numbered 1 and
2 denote the position of the negatively and positively charged electrodes, respectively. σ denotes the
charge density on the bare silica surface. External axial (x direction) electric fields with strengths
between 0.25 and 1.0 V/nm are applied to the system. The height of the channel is ca. 7 nm and
the system is periodic in x and y directions.
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Figure 2: Electroosmotic velocity profiles in a slit channel with height of 7 nm. The reference
position (z = 0) is located at the periodic boundary of the computational cell. The x-component
velocities are computed extracting trajectories every 100 fs and averaged during the last 60 ns of
the 160 ns simulation, using a bin of 34.76 nm × 2.5 nm × 0.18 nm. The vertical dashed black lines
represent the zero velocity. The solid red, blue, black, and green lines depict the velocity profiles
for axial electric fields of 0.25, 0.5, 0.75 and 1.0 V/nm, respectively. (A) Flow velocity profiles
computed in the silica channel without embedded electrodes. (B) Flow velocity profiles computed
in the channel with two counter-charged electrodes embedded in the bottom wall.
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Figure 3: Electroosmotic velocity profiles across the slit channel with height of 7 nm with embedded
electrodes. The profiles are computed at three locations along the x-axis direction correspoding
to the negatively charged electrode, the gap between the electrodes and the positively charged
electrode. The reference position (z = 0) is located at the periodic boundary of the computational
cell. The x-component velocities are computed extracting trajectories every 100 fs and averaged
during the last 60 ns of the 160 ns simulation. The vertical dashed black lines represent the zero
velocity. The solid red, blue and black lines are velocity profiles for axial electric fields of 0.25,
0.5 and 0.75 V/nm respectively. (A) Flow velocity profiles computed on the negatively charged
electrode. (B) Flow velocity profiles computed on the gap between the two electrodes. (C) Flow
velocity profiles computed on the positively charged electrode.
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Figure 4: Ion concentration and electrokinetic driving force profiles across the slit channel with
height of 7 nm without embedded electrodes for the case with an axial electric field of 0.5 V/nm. The
profiles are computed along the entire length of the channel with a bin of 34.76 nm×2.5 nm×0.18 nm.
The reference (z = 0) is located at the periodic boundary of the computational cell. (A) The
dotted green line depicts the concentration of chloride ions as a function of the distance and the
solid blue line depicts the concentration of potassium ions as a function of the z distance. (B) The
electrokinetic driving force as a function of the z distance.

15

Page 15 of 17 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 9

 10

 11

 12

 13

 14

 15

 16

 0.2  0.6  1

z 
[n

m
]

[M]

A

 0.2  0.6  1

Concentration [M]

B

 0.2  0.6  1

[M]

C

Figure 5: Ion concentration profiles across of a slit channel with height of 7 nm with counter-charged
electrodes embedded in the bottom wall for the case with an axial electric field of 0.5 V/nm. The
reference (z = 0) is located at the periodic boundary of the computational cell. The dotted green
line depicts the concentration of chloride ions as a function of the z distance and the solid blue
line depicts the concentration of potassium ions as a function of the z distance. (A) The ion
concentration profiles computed on the negatively charged electrode. (B) The ion concentration
profiles computed on the gap between the electrodes. (C) The ion concentration profiles computed
on the positively charged electrode.
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Figure 6: Electrokinetic driving force profiles across the slit channel with height of 7 nm with
embedded electrodes on the bottom wall. The reference (z = 0) is located at the periodic boundary
of the computational cell. (A) The electrokinetic driving force as a function of the z distance
computed on the negatively charged electrode. (B) The electrokinetic driving force as a function
of the z distance computed on the gap between the electrodes. (C) The electrokinetic driving force
as a function of the z distance computed on the positively charged electrode.
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