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ABSTRACT

Electroconvective flow near ion-selective surfaces propels movements of ions and water, resulting in intricate
phenomena influenced by fine interactions among fluid, voltage, and charge. However, the formation mechanism
of the small number of cations in the extended space charge (ESC) near the ion-selective surfaces remains un-
clear. Herein, the origin of the small number of cations in ESC is investigated using a blockage-nanoslot-bulk
structure. Direct numerical simulations of the fully coupled Poisson-Nernst-Planck and Navier-Stokes equa-
tions are presented for a blockage-nanoslot-bulk system under the influence of external fields. A strong electric
field induced by ion flux is recommended as a critical factor for ESC formation based on transient analysis of the
local fluid, voltage, and charges in the intermediate time. Once the ion flux exceeds the limiting current density,
the induced strong negative electric field propels a small number of cations at the nanoslot-bulk interface to
extend parallelly within a finite region, forming an ESC characterized by a localized peak charge structure.
Furthermore, the self-similar extension of the ESC is determined based on variations in the ESC thickness, and the
normalized structure of the space charge density was revealed by employing normalized coordinates, which were
confirmed by direct numerical simulations. Finally, we showed the effect of the geometric structure on the

vortex, demonstrating that the nanoslot structure significantly improves wave number prediction.

1. Introduction

When an external electric field is applied perpendicular to an ion-
selective surface (or nanoslot), distinct ion-depleted and ion-enriched
regions form on opposite sides of the surface. As the electric field
strength increases, non-equilibrium ion transport near these surfaces
intensifies, destabilizing the quiescent ion-depleted region and giving
rise to rolling vortices—a phenomenon commonly referred to as elec-
troconvection. It plays a crucial role in various fields such as wastewater
treatment [1-4], biomedicine [5,6], electrokinetic micro-mixer [7,8],
lab-on-a-chip [9,10], electrochemical devices [11,12], biological sen-
sors [13], shock desalination [14,15], ion rectification [16,17], and
colloidal systems [18-20].

The possible mechanisms of electroconvection are commonly clas-
sified into four categories: vortices driven by the extended space charge
(ESC) layer [21], double layer [22-24], charge injection [25,26], and
temperature patterns [27]. Here, we focus on electroconvection driven
by the ESC. There exists abundant theoretical [28,29], computational
[30-33], and experimental [34,35] research on electroconvection. The
effect of voltage on fluid flow is a subject of universal interest. When the
voltage exceeds a critical threshold (approximately 20 times the thermal
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voltage), the flow transitions from a stable state without vortices to a
state characterized by vortex rolling. This transition was successfully
predicted by the linear stability theory [36]. With a further increase in
the voltage, the electrostatic force destabilizes the steady vortex, causing
a transition from regular vortices to irregular chaotic structures. The
evolution exhibits self-similar characteristics and reveals a pattern of
wavelength selection [35]. These electroconvective flow patterns
[37-39] akin to Rayleigh-Bénard convection [40-43]. Subsequently,
the system enters a nonlinear chaotic regime characterized by secondary
instability [44]. These vortices exhibit chaotic transport characteristics,
manifested as fluctuations in velocity and concentration [30,39].

Flow control is also a topic of the electroconvection. Some studies
have been focused on investigating the impact of shear flow on elec-
troconvection. These studies have revealed a shear sheltering effect,
whereby an increase in the shear flow results in a significant vortex-
height suppression [45-47], vortex state [48,49], vortex fluctuations
[48], and vortex patterns [50,51]. In numerous applications, fluids
exhibit non-Newtonian behavior, a phenomenon frequently observed in
lithium batteries. A numerical investigation of the electrochemical
processes within viscoelastic electrolytes revealed that flow instability is
promoted by polymer stretching, which is contingent on the
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Weissenberg number [52]. The impact of a magnetic field on the elec-
trochemical processes has been explored numerically [53]. Their find-
ings revealed that the application of a magnetic field could modify the
ion flux and electrochemical processes by inducing Lorentz forces,
subsequently reducing the size of the flow structures. Moreover,
current-induced membrane discharge can suppress the ESC and elec-
troconvective flow through ionization [54]. Some studies have been
focused on investigating electroconvective flows in circular geometries,
and it was found that the curvature can enhance instability [23,55].
Some scholars have also shown that Rayleigh-Bénard flow [32,56-58]
can be coupled with electroconvective flow, which exists in larger
electrochemical devices. Karatay et al [32]. Found that when the di-
rection of gravity and the direction of the electric field are consistent,
when the Rayleigh number is very large, the electroconvective flow can
be completely suppressed.

Despite significant advancements in understanding electro-
convective flow and space-charge phenomena, the formation mecha-
nism of the small number of cations in the ESC remains poorly
understood. Existing studies have neither provided a systematic
description, such as a the normalized structure of the space charge
density, nor addressed the origin of this critical feature of ESC [21,35,48,
49,52]. The relevant summary is as follows:

(i) In membrane science, the Donnan potential at the membrane-
solution interface is widely acknowledged as a key factor in ion
transport processes (Fig. 1(a)) [59]. However, recent findings,
including our prior work [27,60], indicate the presence of sig-
nificant periodic oscillations of the Donnan potential at the
nanoslot-bulk interface. Such oscillations could serve as a po-
tential mechanism for vortex formation, but this perspective has
not yet been explored.

Moreover, prior analyses of ESC formation have typically
employed simplified structure, such as bulk region, which fail to
capture the complexities of the bulk-nanoslot-bulk structure [61].
Notably, these approaches neglect the fluctuating nature of the
Donnan potential and its impact on ion transport and charge
redistribution (Fig. 1(b)). This limitation has constrained prog-
ress in understanding the mechanisms underlying ESC formation.
In the field of electrokinetics, the electrical double layer (EDL),
which arises from electrolyte polarization near charged surfaces,
plays a central role in ion transport [62]. While it is generally
recognized that ion flux contributes to ESC formation, as reported
in previous studies [61,63], the physical origin of the small
number of cations in the ESC has not been addressed. Specifically,
Ref. [63] noted a connection between ESC and ion flux but did
not provide a systematic explanation for the source of these cat-
ions (Fig. 1(c)).

(i)

(iii)

To address these, this study aims to uncover the formation mecha-
nism behind the small number of cations in the ESC. Herein, a three-
layer blockage-nanoslot-bulk structure was designed, instead of the
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traditional bulk-nanoslot-bulk [64,65]. Through a transient analysis of
the local fluid, voltage, and charges in the intermediate time, we found
that the ESC and vortices formed when the applied ion flux exceeded the
limiting current density. Based on the analysis of the local driving forces,
we elucidated the origin of the small number of cations in ESC. The
analysis of the ESC formation revealed that the small number of cations
in the ESC originated passively from the cations in the nanoslot. We also
theoretically revealed the universal structure of the ESC and clarified the
contributions of the Donnan potential and ESC to the vortex slip ve-
locity. Finally, we discuss the improvement of the nanoslot structure in
the quantitative prediction of the vortex wave number in the
experiments.

The structure of this paper is outlined as follows: The first section
introduces the theoretical background. In the second section, the
computational model is developed, including the geometry, governing
equations, and boundary conditions. The third section begins with the
validation of the model. The results and discussion analyze the forma-
tion mechanism of ESC, the self-similar expansion, the vortex, and the
effect of nanoslot on the wave number. Finally, the conclusions are
presented in the last section.

2. Physical model and mathematical equations

In the blockage-nanoslot-bulk configuration studied here, the
blockage structure plays a key role in enabling the EDL capacitive
charging [66-70], thereby maintaining the local charge balance over
intermediate timescales. To better understand the influence of this
configuration, we compared the effects of the blockage-nanoslot-bulk
structure with those of a classic monolayer structure (a bulk zone) on
the flow.

Fig. 2 illustrates the schematic of ESC formation and electro-
convective flow in blockage-nanoslot-bulk configuration, which in-
volves ion transport, potential evolution, and fluid motion.
Electroconvection can be described by the Poisson-Nernst-Planck
equations and the incompressible Navier-Stokes equations.
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where ¢; and c; are the cation and anion concentrations, respectively; e
is the elementary charge; kg is the Boltzmann constant; and T is the
temperature. D; and D, are the diffusion coefficients of the cations and
anions, respectively. U is the fluid velocity. z; and z; are the valences of
the cations and anions, respectively. In the Poisson equation, ¢ is the
electric potential, € = gge; is the dielectric constant (g being the relative
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Fig. 2. The two-dimensional computational domain consists of three main zones: a blockage zone, a nanoslot zone, and a bulk zone. The nanoslot zone contains 150
rectangular nanochannels, which are uniformly arranged in parallel. Due to their dense arrangement, only a few nanochannels are shown schematically for clarity.
The dimensionless sizes of the different zones are marked in the figure. In this study, the dimensionless Debye length is set to 0.001 [32,33,39], representing a 1-mM
salt solution, with a reference characteristic length of 10 um. This means that when the dimensionless size is 1, it corresponds to an actual size of 10 um. The walls of
the nanochannels are assumed to carry fixed negative charges. These charges cause the formation of overlapping EDLs within the nanochannels, leading to the
development of Donnan potentials at the interface between the nanoslot zone and the surrounding solution. As a result, the nanoslot zone acts as a perfectly

ion-selective region.

dielectric constant of the solution and ¢; being the vacuum dielectric
constant), and F is the Faraday constant. In the Navier-Stokes equations,
p is the fluid density, P is the pressure, p is the viscosity, and t is the time.

The spatial coordinates, fluid velocity, pressure, time, ion concen-
tration, flux, and electric potential are non-dimensionalized using the
microchannel length Iy, diffusion velocity Do/lo, diffusion time &2 /Dy,
bulk concentration ¢y, osmotic pressure uDg/I2, diffusion flux Doco/l,
and thermal voltage kgT/e, respectively. Here, Dy represents the refer-
ence diffusion coefficient, which is selected as 10 °m?/s in this study.
The following dimensionless forms of the Poisson-Nernst-Planck and
Navier-Stokes equations can be obtained:
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where c; and c; represent the dimensionless concentrations of the cat-
ions and anions, respectively; J; denotes the dimensionless ion flux; D;
represents the dimensionless diffusion coefficients; z; indicates the
valence; ¢ denotes the dimensionless electric potential; U indicates the
dimensionless velocity; and P represents the dimensionless pressure. In
this case, for simplicity, we consider Dy =Dy =1andz = -2 =1 [30,
39]. The dimensionless Debye length Ap = +/ekpT/[e2co]/Ip describes the
ratio of the characteristic EDL thickness +/kpT/[e2co] to the channel size
lo. Due to electroconvection having a weak sensitivity relation with the
dimensionless Debye length, here we select ED =103 [32,33,39]. Re =

”"Mﬂ = 0.001 is the Reynolds number, where uy is the diffusion velocity.
The electroconvective instability operates at a low Reynolds number,

allowing the inertia term (ﬁéf’—% + ﬁﬁ-%ﬁ) in the Navier-Stokes equation

to be neglected in direct numerical simulation (DNS) [30,39]. The
dimensionless hydrodynamic coupling coefficient ¥ = V2e /(uDy) de-
scribes the influence of the physical properties of the electrolyte in the
electrostatic force on the fluid. For common salt solutions (KCl), ¥ does
not vary extensively within the parameter space but remains a constant
value. Considering a 1-mM KClI solution in the channel at a room tem-
perature of T = 300K, the hydrodynamic coupling coefficient is a fixed

constant of ¥ = 0.5 [33,39].

To solve equations (2.5)-(2.8) numerically, the corresponding
boundary conditions are required. The walls of the nanoslot were
assumed to be impermeable to fluids and ions and uniformly charged
with a negative charge density [11,71-75]. The boundary equations
corresponding to the nanoslots are as follows:

(f)i%i +51§1(Czﬁa))n = 07
U=0, —Vgn=—lo/(eVr), 9)

where n is the unit outward normal vector to the boundary surface. —
loo/eVr describes the dimensionless normal electric field strength
generated by the negative charge on the wall, which is normalized by
the average electric field (V/lp). Here, o is defined as the charge density
on the nanochannel wall. In this study, we use — V@-n = 4000.

At the blockage end (cathode), a no-flux, impermeable, no-slip
boundary was considered, and the boundary conditions were as follows:

—Vgn=0, U=0, (D;V&+Dz(EVy)n=0, ,=0. (10)

Here, ¢, is the potential at the cathode (inert electrode).

When the ion flux is applied, the bulk end is connected to the
reversible electrode. At the bulk end (anode), the concentrations of both
the anions and cations are assumed to be identical, and there is an ion
flux j across it. If the voltage is applied, the bulk end is connected to the
inert electrode. The corresponding boundaries are as follows [76,77]:

G =06=1, (D;Va + D1z (6 Va))n=]. an

G =Cc=1,¢=0gr 12)

On calculating the effects of the flux boundary (11) and voltage
boundary (12) on the ESC, we observed that, for the blockage-nanoslot-
bulk structure, the ESC near the nanoslot-bulk interface depended only
on the flux.

The finite element method was employed to solve the aforemen-
tioned dimensionless Navier-Stokes and Poisson-Nernst-Planck equa-
tions along with the boundary conditions. A quadrate mesh was used to
discretize the nanoslot region. To accurately capture the overlapping
double layers, the longitudinal mesh size within the double layers was
setas (0.14p). To capture the ESC layers at the nanoslot-bulk interface,
a mesh with a count of 6"(1021[;) is deployed with localized refinement.
Such a non-uniform mesh partition facilitates the precise capture of
overlapping double layers, which results in ion-selective transport and
electroconvection induced by the ESC layer. Furthermore, we verified
the grid independence and found that the concentration and potential
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distributions are nearly identical for grid sizes of #(0.014p), #(0.05p),
and (0.17p). Therefore, the mesh size within the double layers in the
nanoslot was set as #(0.054p), which aids in effectively capturing sta-
tistical information of the concentration, electric field, and flow field. In
our study, the formation mechanism of the ESC was explored by
adjusting the ion flux. Based on the Ref. [61], we chose the range of

0 <j< @(1). The height of the nanoslot was set such that it was
consistent with the Debye length to ensure well-overlapped EDLs and
improved ion selectivity in the nanochannel. Further simulation details
can be found in our previous studies [23,46,49,60].

3. Results and discussion

Previous studies have extensively analyzed bulk-nanoslot-bulk
structures, providing validation for validating our model. To confirm
the accuracy of our simulation, we reproduced the ion concentration and
voltage distribution in the nanoslot from Ref. [77], as shown in Fig. 3(a)
and (b). The results closely match the reference data, demonstrating that
the overlapping electrical double layers (EDLs) create a block-like cation
concentration profile and steep voltage gradients at the nanoslot-bulk
interface. These findings validate the ability of our DNS approach to
accurately capture the nonlinear ion concentration and voltage distri-
butions within nanoslots.

Fig. 3(c) provides a quantitative comparison between the results
from DNS and the analytical solutions, showing excellent agreement.
This agreement further validates the accuracy of the DNS approach.
Additionally, the Donnan potential is observed to increase with
increasing bulk ion concentration, consistent with theoretical pre-
dictions. This agreement establishes a reliable basis for the subsequent
analysis of ESC.

3.1. Formation mechanism of ESC

In a traditional bulk-nanoslot-bulk structure, an increase in the
external voltage causes an increase in the ion flux, resulting in intricate
coupling effects at the nanoslot-bulk interface and making the elucida-
tion of ESC mechanisms challenging. Consequently, irrespective of the
voltage [78] or current [76] is applied, the ESC is induced near the
nanoslot-bulk interface, see Table 1.

To address this issue, a blockage-nanoslot-bulk structure was pro-
posed. Unlike the bulk-nanoslot-bulk configuration, the blockage-
nanoslot-bulk structure offers a key advantage: it decouples the
voltage and current, thereby ensuring that the formation of ESC near the

@ 10.0 (b) 80
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Table 1

Comparison of the electroconvective response near nanoslot-bulk interface to
different loading type of electrode setups between the bulk (inert electrode)-
nanoslot-bulk (inert electrode) structure and the blockage (inert electrode)-
nanoslot-bulk (reversible electrode) structure.

Boundary Inert electrode with a voltage  Reversible electrode with a
Geometry exceeding 20kgT/e current exceeding ljim
condition
Structure
Bulk-nanoslot- With ESC With ESC

bulk
Blockage- Without ESC With ESC

nanoslot-bulk

nanoslot-bulk interface depends solely on ion flux. Notably, the
blockage in this model serves the critical function of capacitive charging
within the EDL.

In a blockage-nanoslot-bulk structure, the blockage end serves as an
inert electrode (platinum electrode), while the bulk end is connected to a
reversible electrode. Under the influence of an external voltage, ion
accumulation occurs at the blockage end, resulting in EDL capacitive
charging. When the applied voltage is sufficiently high, intense polari-
zation occurs at the blockage end, resulting in ESC formation near the
blockage end, which is similar to the concentration polarization
observed on metal surfaces. At this point, the ESC is absent near the
nanoslot-bulk interface. The ion flux in the bulk region of the nanoslot
reaches a saturation value of 0.19. However, when an ion current is
applied, ions cross the nanoslot-bulk interface, creating a strong con-
centration gradient at the nanoslot-bulk interface and causing the ESC
formation near the nanoslot-bulk interface. A slight EDL capacitive
charging occurs at the blockage end, and there is no ESC; see Table 1 and
Fig. 5(b).

In the blockage-nanoslot-bulk structure, applying a voltage at the
bulk end initially generates a brief surge of capacitive current, followed
by a steady decrease to smaller currents, as shown in Fig. 4(a). This
behavior is similar to capacitor charging at the blockage end, which acts
as an inert electrode. At this end, ions accumulate and charge the EDL,
eventually reaching equilibrium. Strong ion concentration polarization
occurs exclusively at the blockage end for sufficiently high applied
voltages, as seen in the inset of Fig. 4(b), consistent with previous ob-
servations [54]. Calculations reveal that the ion current in the
nanoslot-bulk region saturates at approximately 0.19, as shown in Fig. 4
(b), below the limiting current of 1. Even when the applied voltage
reaches 200 times the thermal voltage, no ESC forms near the

© o
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Fig. 3. Model validation. (a) Comparative verification of ion concentration and (b) voltage distribution in a single nanoslot, from which the scattered points are
extracted. (c) Effect of concentration of right end (anode side) on Donnan potential. The solid line corresponds toH = 5nm, while the dashed line corresponds to H =

2nm. On neglecting the effect of the ESC, Ref. [60] derived an analytical solution of the Donnan potential at the nanoslot interface as ¢, =

Yr +

B ln(( (/(2FH))* + c: + ﬁ) /cR>] /Vr, where @oVr represents the Donnan potentials at the left and right interfaces of the nanoslot, with Vi = kgT/e as the

reference thermal voltage. ¢, and @rdenote the potential at the left (cathode) and right (anode) ends, respectively. c;, and cgdenote the concentration of the left
(cathode side) and right (anode side) ends, respectively. The bulk concentration is 1mM. Here, ¢, = gr = 0, ¢, = Cr, ando = —1mC/m?.
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Fig. 4. EDL capacitive charging under the applied voltage. (a) Transient evolution of ion flux under voltage difference (¢r — ¢ = 30) in the blockage-nanoslot-bulk
structure. (b) Relationship between voltage and current in the blockage-nanoslot-bulk structure. The inset shows the distribution of salt concentration when the

voltage difference is 30. The ESC formation was not observed near the nanoslot-solution interface; however, ion depletion was observed at the blockage end. Ion fluxj
was calculated by subtracting the temporal and spatial average of the anion horizontal flux from the cation horizontal flux.

nanoslot-bulk interface.

When voltage is applied, the presence of local depletion on the
blockage end (inert electrode) leads to a nonlinear voltage distribution
on the blockage end, as shown in Fig. 5 (d). However, when a current is
applied, the presence of slight capacitive transport on the blockage re-
sults in the absence of steep voltage gradients, as shown in Fig. 5(d).
When a current is applied from the bulk end (reversible electrode), ion
current crosses the nanoslot-bulk interface and undergoes slight capac-
itive charging at the blocking end. Therefore, the state of EDL capacitive
charging at the blockage end is the key to achieving decoupling voltage
and current. Ion current crosses the nanoslot-bulk interface and un-
dergoes slight capacitive charging at the blocking end, as shown in Fig. 5
(b). Based on the analysis above, the function of the blockage end (inert
electrode) is to regulate the extent of EDL charging, thereby maintaining
the steady state and achieving the current decoupled from voltage.

In the blockage-nanoslot-bulk structure, the ESC was induced near
the nanoslot-bulk interface only when an ion flux was applied, as
illustrated in Fig. 5(a) and (b). However, when applying a voltage drop,
there is no induced ESC near the nanoslot-bulk interface, and the
Donnan potential at this interface aligns with the theoretical predictions,
suggesting the absence of an ESC (Fig. 5(c)). Therefore, the physical
mechanism of the ESC originates from the strong negative electric field
induced by the ion flux crossing the nanoslot-bulk interface. On calcu-
lating the parameter space spanned by the ion current (ion flux), it is

observed that the ESC is triggered only when the ion flux G) surpasses

the limiting current (}~'1immng = 1). The limiting current is defined as the
saturation value of the ion current (flux) in the one-dimensional scenario
[61].

To elucidate the source of the cation concentration within the ESC,
we provide a detailed analysis of ion migration mechanisms during its
formation. Fig. 5(a) offers a comprehensive depiction of the ion trans-
port processes at the nanoslot-bulk interface. The presence of a small
number of cations within the ESC is attributed to their migration under
the influence of a strong negative electric field generated by the ion flux
crossing the nanoslot-bulk interface. This electric field facilitates the
parallel migration of cations toward the anode, as shown in Figs. 5(a)
and 6(a). The Donnan potential prevents anions from crossing the
nanoslot-bulk interface, conferring ion-selective characteristics to the
nanoslot. As a result, one of the key factors contributing to ESC forma-
tion is the Donnan potential.

Simultaneously, the strong negative electric field (Fig. 5(d)) drives a
small number of anions near the nanoslot-bulk interface into the nano-
slot, contributing to the local redistribution of ions. These processes
form a region with a high, non-zero charge density confined between the
nanoslot-bulk interface and the diffuse layer, characteristic of the ESC.
This region exhibits a distinctive peak structure within the charge

density profile of the ESC. Additionally, the ion flux-induced Donnan
potential deviates from theoretical predictions, indicating the significant
contribution of the ESC to the overall potential distribution, as illus-
trated in Fig. 5(e). Based on the above analysis, we recommend that ESC
is caused by Donnan potential and strong electric fields induced by ion
flux. Furthermore, our theoretical derivation indicates that the Donnan
potential and ion flux are the primary contributions to the formation of
the ESC.

3.2. Dynamic and structural characteristics of ESC

The ESC layer differs from the EDL structure governed by the clas-
sical Boltzmann distribution and exhibits distinct spatial distribution
characteristics. Within the ESC layer, the charge density increases with
distance, reaching a local peak. However, outside the ESC layer, the
charge density decays rapidly with distance. With increasing flux, the
ESC extends outward, forming a self-similar structure in the interme-
diate time. Based on theoretical analysis, we obtain the equation for
charge evolution in transient state. For detailed derivation process, refer
to the Appendix.

For the diffuse layer (Xgsc < X < 1), the space-time distribution of
the space charge gpy1 (X, t) is as follows:

& [ I u—w(ﬁ]
~ (%?) _ _12 ESC 2¢py (x.t) .
qpr1 (X, D—(b?z

For the ESC layer (0 <X < Xgsc), the space charge Qsc(X,1) is
distributed as follows:
i -

o
/ﬁ)d lﬂ}i;z(x, t) _ ZID (xESC(E> ~%)

During intermediate times, the dynamic evolution of the space
charge depends primarily on the extension of the ESC peak position
(iEsc(?)), as indicated in Eq. (14). Hence, Fig. 6 shows that the ESC,
characterized by its peak structure of the space charge density, exhibits a
self-similar expansion towards the right.

We also derive a universal charge layer structure when the system

reaches a steady state. More derivation details are given in the Appen-
dix.

13

-2, a4

aESC (iN) =

G —C = (1(71)0‘5‘117‘

-0.5

(15)

(=S

B A T Y.
Xou — X/ 7/1%(]1) 3(A¢ - (pDonnan)



W. Liu et al.

International Journal of Mechanical Sciences 287 (2025) 109933

(a) lon flux Ton flux
c o
° °
(e} o
o
Blockage Nanoslot Bulk Strong negativ; e]e;:tric field
(b) 10° -
—j=05
—j=1
. —j=1.01
107 A
—=].3
¢, —¢, 107
-0.5 10°
J > Jiimiting
() —— -4 . .
-2 Blockage 1010‘4 107 107 10! 10°
X
c
© 10°
107! \\\
é, \ No ESC
10°
B
107 F_ _ ‘(bR=3O
.
0 10?0'4 16-3 = 16-2 107!
-2 Blockage -1 Nanoslot 0 Bulk 1 X
(d (e
60 F 60 F 60
r:_alk—fﬁ —j=05
—— 7x=30 —1
40 = 60 40 r——7=1.08 40t ESC
Q~7 K_I/'— D ~
4 P,
201 Vohage  pomman | 207 20} RARRRIARRARAARA
drop potential Ton flux
Analytical solution
0 1 r 0 >K DNS (Ion flux)
0 ) @® DNS (Voltage drop)
; - . . 0 30 60 920 120
-2 -1 ~ 0 1 - 1 o~ o
¥ 2 1 H 0 1 @

Fig. 5. Formation of the small number of cations in ESC. (a) Schematic of the strong negative electric field driving ion migration. A small number of cations near the
nanoslot interface move into the bulk, creating a high-charge-density region, the ESC, between the nanoslot-bulk interface and the diffuse layer, forming a localized
peak structure. Large spheres represent cations, and the small spheres represent anions. (b) Effect of the ion flux on the space charge density. (c) Effect of the voltage
drop on the space charge density. (d) Effect of voltage drop and ion flux on the voltage distribution. (e) Effect of voltage drop and ion flux on Donnan potential. The

theoretical curve is drawn using @, = [(/}R + gm(( (0/(2FH))? + 2+ zﬁ) /CR>:| /Vr. With an increase in the ion flux, the Donnan potential deviates from

theoretical predictions. The data here are all statistically analyzed under the scenario of intermediate time (f = 1).
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where X, is the normalized thickness of the space charge layer.

On neglecting the pre-scaling factor, it can be determined that the
space charge density has two universal scaling exponents that decay
with the space position. We recast our DNS data using X as the horizontal
axis, thus confirming the normalized structure of the space charge
density with distance X (Fig. 7). The value of @ponnan is obtained from the
DNS and approaches a saturation value of approximately 21 as the ion
flux increases. Therefore, based on the existing research [63], we
confirmed the universality of the charge density decay scaling, and the
normalized structure of the space charge density was given.
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Fig. 7. Normalized structures of ESC in the intermediate time. (a) Dispersed space charge layer structure. (b) Normalized structure of space charge layer. The ESC
structure is observed when located within X,,, while the diffuse structure is observed beyond X,,. (c) Charge density scaling. The two identifiable scaling regimes
align with the ESC layer and diffuse layer, respectively. Data points are obtained from the DNS, while the solid lines depict the theoretical equations. Within the ESC
layer, the charge exhibits an asymptotic decay scaling of -1/2, while in the diffuse layer (This term is suggested by the review [61]), the charge density decays with a

power-law relation of -2 as the distance X increases (Fig. 7(c)). These charge density scalings are consistent with the Ref. [63]. The data are all analyzed in the

intermediate time (f = 1).

3.3. Fluctuating Donnan potential and ESC contribution to vortex slip
velocity

The periodic oscillation of the Donnan potential at the nanoslot-bulk
interface may serve as a mechanism for the formation of electro-
convection, which requires further validation. Fig. 8 (a) and (b) show
the spatiotemporal evolution of the space charge, streamlines, and ion
concentration. The extension of the ESC induced by the ion flux is
observed, accompanied by the formation of electroconvection.

To reveal the mechanism behind the formation of electroconvection,
i.e. to clarify whether it is governed by the Donnan potential or the ESC,
we plotted the voltage distribution at the nanoslot-bulk interface, as
shown in Fig. 8(c). Indeed, a significant amount of periodic fluctuation
exists in the potential at the nanoslot-bulk interface, which is linearly
correlated with the number of nanoslots. Twenty-five nanoslots induce
25 cycles of potential oscillations, thus generating many periodic and

strong electric fields at the nanoslot-bulk interface, which could
potentially trigger vortex formation. However, the transient results of
the flow and concentration fields indicate that 25 small-scale vortices
are not observed near the nanoslot-bulk interface. A regular pair of
vortices was observed; therefore, the Donnan potential at the nanoslot-
bulk interface did not comprise the mechanism of electroconvection.
The key observation is that the effective range of the periodic fluctuation
in the Donnan potential is limited and decays rapidly with increasing
distance. To investigate this further, the potential distribution was
extracted by considering cross sections at different distances from the
nanoslot-bulk interface. The effective range of the oscillating potential
was smaller than the thickness of the ESC layer, thus indicating that the
Donnan potential was not the driving force behind electroconvection. In
particular, the effective fluctuation range of the Donnan potential ex-

tends to approximately 0.01 (#(Ap)) within the distance from the
nanoslot-bulk interface, while the location corresponding to the peak of
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Fig. 8. Fluctuating Donnan potential and ESC contribution to slip velocity in blockage-nanoslot-bulk structure. (a) Spatiotemporal distribution of space charge (¢; —
C2) and flow streamlines. (b) Spatiotemporal evolution of salt concentration ((¢; — ¢2)/2). (c) Distribution of fluctuating potentials near the nanoslot-bulk interface.

(d) Characteristics of horizontal distribution of space charge (¢; — ¢2), tangential volume forces (ﬁy), and velocity (v 7 +72). The body force at the ESC edge is
aligned with the slip velocity and ESC peak position, thus indicating that the ESC is the key vortex driving mechanism. Nanoscale vortices are absent at the nanoslot

interface because the ESC layer, characterized by strong electric fields, has a thickness significantly exceeding that of the EDL. Here, j=1.1 and T = 1.

the ESC is at Xy ~ 0.02. This suggests that the range of impact of the
Donnan potential did not reach the ESC layer. Based on the above
analysis, the Donnan mechanism for electroconvection was ruled out,
and the tangential slip velocity of the vortex did not act at the nanoslot-
bulk interface, but only reached the inner edge of the ESC.

Next, we confirm the electroconvection mechanism of the ESC. On
examining the distributions of space charge (¢; — ¢»), tangential volume

forces (ﬁy), and velocity (v w2+ 72), evidence of the ESC mechanism was
obtained. The local peaks of the ESC, tangential volume forces, and slip
velocity coincide, as shown in Fig. 8 (d). If the slip velocity of the
vortices originates from the oscillating Donnan potential, the electric
field volume forces associated with the interface Donnan potential
overcome the viscous forces driving the fluid motion, thus resulting in a
slip velocity consistent with the position of the Donnan potential.
However, the DNS results did not support this perspective. The slip ve-
locity aligns with the position of the ESC layer, indicating that the ESC is
the sole mechanism driving the vortex, as shown in Fig. 8(d). The
oscillating Donnan potential at the interface provides local disturbances
that serve as perturbations in the development of the flow instability.
The counterclockwise-rotating vortices near the ESC are accompanied
by corresponding perturbations in the salt-concentration field. Owing to
the low Ohmic resistance of the high-concentration region, it exhibits

relatively uniform potential and, therefore, lower electric fields.
Furthermore, examination of the electric field around the closed
streamlines revealed the presence of a tangential electric field induced
near the nanoslot-bulk interface. This tangential electric field acts within
the ESC layer, which is consistent with the DNS observations. When the
tangential electric field overcomes the viscous forces, it results in the
overall growth of the perturbed vortices, eventually forming vortex
structures at the edge of the ESC, as shown in Fig. 8(a). Thus, the strong
tangential electric field within the ESC operates as a positive feedback
mechanism and promotes vortex formation. The slip velocity of the
vortices triggered at the ESC edge confirms the ESC rather than the
fluctuating Donnan potential (Fig. 8 (c) and (d)).

3.4. Effects of nanoslot structure on flow pattern

We analyze the effect of the structure on the flow. Eq. (19) is used for
the analysis of a single-layer structure (a bulk zone). Fig. 9 presents a
quantitative comparison of the effects of the geometric structure on the
flow. In the early stages, the membrane surface triggers a multitude of
small-scale vortices. As time progresses, these small-scale vortices
became unstable under the influence of localized concentration distur-
bances. They evolve from small-scale vortices into larger vortices, with
the maximum vortex height being comparable to the channel height.
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based on the flow pattern, thus indicating that the nanoslot structure agrees well with the flow pattern prediction. Here, 7:11.

From a qualitative perspective, both boundary conditions captured the
vortex structure; however, the flow structure differed. From the
perspective of the wave number, ESC structure, and voltage distribution,
the effects of the two types of structures on the flow prediction were
quantitatively compared (Fig. 9(a)-(c)).

T =2, (V& +2:(6V§)n=0. 19)

A quantitative comparison of the wave numbers is presented,
wherein the temporal evolution of the wave number k can be described
by the following equation [78]:
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The measurement strategy for the vortex wave numbers has been
detailed in previous studies. [78]. Experimental investigations demon-
strated that particles near the nanoslot-bulk interfaces were swiftly
captured within a sufficiently short temporal scale, facilitating a strategy
for vortex wavelength selection. This phenomenon becomes evident
from the increase in brightness at the stagnation points before the
completion of the first observable annihilation—creation sequence of the
array vortices.

To be consistent with the experiments [78], we used a KCl solution.
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Fig. 10. Effect of the three-layer structure (nanoslot) and classical single layer (membrane concentration) on (a) the wave number, (b) space charge layer structure,
and (c) voltage distribution. (d) Effect of nanoslot length w on the ESC structure. Compared with the classical single-layer, the nanoslot structure exhibits significant
differences in the analysis of the ESC structure and voltage distribution. The Ref. [61] shows that, when the vortex is in a chaotic state, the wave number of the vortex
depends mainly on time and has a weak sensitivity to the voltage and the dimensionless Debye length [32].
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In the simulation of this paper, the geometry of the nanochannel is a
two-dimensional rectangle, the length of the nanoslot region is 1 (10
pm), and the distance between the upper and lower walls of the nano-
channel is 0.005 (5 nm), which can ensure sufficient overlap of the EDL.
In the experiment [78], the length and depth of the nanoslot region are
0.35 mm and 190 nm, respectively. The experiment can be considered to
comprise a quasi-two-dimensional structure because it has a low depth
[78]. Our analysis indicates that the nanoslot length w has a negligible
effect on the ESC, as demonstrated in Fig. 10(d). Consequently, the in-
fluence of the nanoslot region length on the vortex dynamics is minimal
and can be disregarded. Previous studies [61] have shown that when the
dimensionless voltage difference reaches 120, the vortex is already in a
completely chaotic state. We selected the case in which the voltage
decreases between the nanoslot and the bulk end were 200 (the ion flux
was 11) to discuss the comparison between the three-layer and
single-layer structures.

To determine the wave number (k) of the depletion regions, we first
count the number of ion-depleted regions in instantaneous flow snap-
shots and calculate their average length, which corresponds to the
wavelength (1 = 2n/k) of a single vortex pair. The wavelength is iden-
tified by measuring the lateral width of the plume within the vortex
depletion region. Theoretical predictions suggest that the fully devel-
oped vortex wavelength ranges from 0.7 to 1.2 [21], whereas experi-
mental observations indicate a wavelength of approximately 1.25 [78].
The wavelength calculated based on the three-layer structure was
approximately 1, while that calculated using the simplified boundary
varied widely, ranging from approximately 0.1 to 1.3. These findings
suggest that predictions based on the Donnan boundary closely align
with experimental observations. Therefore, wave numbers predicted
from the three-layer structure closely matched experimental data,
whereas predictions from the classical single-layer structure (with fixed
membrane concentration) deviated. This discrepancy arises due to the
presence of numerous small-scale vortices, which elevate the wave
numbers, as illustrated in Fig. 10(a).

The calculations under the ion flux (the ion flux was set to 11) for
both the simplified single-layer structure (with simplified boundaries)
and the three-layer structure (including a nanoslot zone) have been
extracted. Fig. 10(b)-(c) illustrate the respective distributions of the
space charge and voltage. It is evident that the three-layer structure,
incorporating the nanoslot, does not capture the double layer near the
nanoslot-solution interface. Conversely, the simplified single-layer
structure exhibits a distinct double-layer structure. Due to the pres-
ence of the EDL, a portion of the voltage is dropped across it. Conse-
quently, calculations based on the simplified single-layer structure yield
a larger voltage drop, approximately 200. In contrast, calculations based
on the three-layer structure result in a relatively smaller voltage drop,
approximately 140. Based on the above analysis, the electric field vol-
ume force within the ESC layer is greater for the simplified single-layer
structure. However, for the three-layer structure, the electric field vol-
ume force within the ESC layer is smaller. Therefore, the electric field
force calculated for the single-layer structure is larger, resulting in a
smaller vortex size excited, or equivalently, a larger vortex wave number
as depicted in Fig. 10(a). Finally, we discuss the effect of the nanoslot
length w on the ESC (Fig. 10(d)). As the nanoslot length increases, the
ESC tends to shrink. However, the ESC tends to expand as the voltage
increases.

4. Conclusions

To reveal the ESC formation mechanism near the ion-selective sur-
faces, we designed a microfluidic channel with a blockage-nanoslot-bulk
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configuration rather than a classical bulk-nanoslot-bulk formulation.
Based on the theory of Rubinstein and Zaltzman, through the DNS and
theoretical analyses, in the intermediate timescale, we found the for-
mation mechanism of the ESC is attributed to the strong negative electric
field induced by the ion flux, and the cations within the ESC originate
from the cations of the ion-selective surface.

Using the normalized coordinate, the normalized structure of the
charge density was revealed. Furthermore, The contributions of the ESC
and Donnan potential to vortices were discussed, and it was found that
the ESC is the key factor that induces vortices, while the Donnan po-
tential ensures ion selectivity. Finally, The effects of the nanoslot
structure on flow are discussed. Compared with the calculations based
on the classical single-layer (fixed membrane concentration) structure,
the results obtained from the three-layer structure with nanoslot cal-
culations demonstrate better agreement with the experimental data.
This improvement is credited to accurate predictions for precise insights
into the local ESC and voltage distribution structures.

These results enhance the understanding of the ESC and electro-
convection near ion-selective surfaces (nanochannels, reversible elec-
trodes, and selective membranes), thus facilitating a quantitative
understanding of the charge density and flow structure statistics. The
blockage-nanoslot-bulk structure proposed in this study is expected to
aid in realizing the simulation of more complex brain neuron signals.
Because of the complexity of brain neurons, blockage (dead-end) areas
often exist at neuron connections[81-84]. Further consideration of the
blockage-nanoslot-bulk structure is expected to aid in simulating and
designing applications of complex ionic neuromorphic signaling.

Due to the exceptionally slow capacitive charging under high voltage
conditions [70,85], vortices are initiated within a few seconds, and
chaotic fluctuations emerge, approximately reaching a statistically
steady state [61]. As a result, it is challenging to extend the simulations
in this study over long durations. Therefore, our simulations are
confined to an intermediate timescale, and the steady-state limit of the
system under long-term conditions remains unexplored, which is a
limitation of the hypothetical scenario of this work. Following Ref. [61],
the dimensionless simulation time is typically chosen as #/(0.1) ~ /(1)
to represent intermediate times. The nanoslots, acting as charge buffers,
continuously affect the balance between the electric field and space
charge during the transient time. In future work, we will explore the
system long-term response through both experimental and theoretical
approaches.
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Appendix

Based on Poisson’s equation, the spatiotemporal distribution of the space charge density depends entirely on the spatiotemporal voltage distri-
bution. Therefore, if the spatiotemporal voltage distribution can be determined analytically, the spatiotemporal evolution equation of the space-
charge density can be obtained. Based on the analysis strategy described in previous studies [21,79], the Nernst-Planck equations can be used to
describe this dynamic process.

_Fphatne (A2)
/ID

A one-dimensional transport process for salt solutions with a unit valence and equal diffusion coefficients is considered. Therefore, Eqs. (A1) and
(A2) can be simplified as

= dy
& @ d(%:)

ga_da  \ &/ A3
i & & (A3)
A
der _ &0 _ @ (A%)
e dx
Fo_a-o (AS)
dx
AD
The following variables are introduced to facilitate subsequent discussions:

=701 +0Cy, (A6)
6 = E1 - Ez, (A7)
~  dp
E=—, A8

dx’ (A8)

where ¢ represents the concentration, q is the charge, and E denotes the electric field. On substituting Eqs. (A6)—-(A8) into Egs. (A3)-(A5), we obtain

g d¥% d(GE)
gc _ e _dar) A9
o dx* dx (A9)
% _&q_de)
gt axt  dx

Substituting Poisson’s Eq. (A5) into Egs. (A9) and (A10) yields

(A10)

& &T 12d@(F
T g i

~d(dE/dX) ~»d®E d(E
Ai% = ,ﬁﬁ - Eﬁ ). (A12)
On integrating Eq. (A12), we can obtain
2 (dE &E e
—Ap (5 — @> = cE + const. (A13)

= . 2 (& &5 L . . .
When Apis very small, —4,, <‘;§di§> can be neglected. Therefore, the physical interpretation of const is that the ion current crosses the membrane
t dx

interface. We have const = j. For a single cation-selective membrane, the limiting current density (ﬂmiﬁng) is 1.
In the early stages, we consider a scenario with only two regions: the EDL and the diffuse layer. In the latter, we consider the expansion of the
electric field as follows:

~ ~ ~ ~ 2~
Epi, =~ Epro + ApEpr1 + ApEpro + -+, (A14)

where Ep; is the electric field intensity of the diffuse layer, and the distributions of EDL‘O, EDL_l ,and EDL,Z are the electric field solutions of the zero-, first-

. . . . o~ ~2
, and second-order expansions, respectively. It can be observed from Poisson’s equation that the space charge satisfies ¢ ~ O(4p,). Therefore, under the

limit of a small ED, Egs. (A11) and (A12) can be simplified as follows:
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Fop,  d%p 12 (En)
a’f - diz 2 D ﬁZ ?

(A15)

Ezd(aﬁm Jdx) 72 d°Ep.  d(CpiFp)
- = '

dt b dx (Al16)

On solving the analytical solutions of Eqs. (A15) and (A16) [80], we can obtain the concentration distribution (cp (?c,?)) of the diffuse layer:

() =1- —j1-%) ’rmlsin [rm(1 —X)]. (A17)

Here, the eigenvalue ry, is t(m — 1/2). Therefore, in the diffuse layer, the space-time distribution of the voltage is

PoL(%,1) /d“’a‘b”c_ —/EDLocb? / cb”c. (A18)
CDL

Then, for the diffuse layer (A, < X < 1), the space charge distribution is as follows:

(X0 = —E,idz"'(’;;(zx’ D_ “(g x0 } . (A19)
In the EDL (0 < X < ID), according to the electrochemical potential,

ji=1n(c1) + . (A20)
We can obtain the voltage distribution

@ =H—In( (%,0)). (A21)
Therefore, in the EDL (0 < X < Jp), the spatiotemporal distribution of the voltage mainly depends on the concentration, and we obtain

P (X,1) = In {%} : (A22)

cpr(X, t)

Based on the above analysis, the space—time distribution of space charge in the double layer (0 < X < Ap) is

Q1 (X, 1) = _Iidzaigz(i?) = _1123 " {?DL%?J (A23)

&

where N is the cation concentration at the nanoslot-bulk interface, which can be extracted from the direct numerical simulation data. The cation
concentration at the outer edge of the EDL was assumed to be approximately equal to that at the edge of the diffuse layer. Therefore, Eqs. (A19) and
(A23) can approximately describe the self-similar evolution law of the space charge in a short time.

Subsequently, the ESC forms, and with the progression of time, the ESC structure undergoes parallel expansion. From Eqs. (A11)-(A13), it can be
inferred that, at this intermediate moment, the spatiotemporal distribution of the ESC can be described by the following equation:

BEESC d CESC 1~2d ( ESC)

0k a2 2 Ap TR (A24)
~ (dE @E, ~ = ~
7AD ( ;;C — d’iE;C> = CrscEpsc +]J. (A25)

The space-charge layer comprises an ESC layer and a diffuse layer. Consequently, the overall voltage decrease across the entire system primarily
comprises the voltage of the extended space charge and that of the diffuse layer. Thus, the spatiotemporal distribution of the voltage within the
extended space charge (0 < X < Xgsc) can be derived, where Xgzsc denotes the transient position.

/r— ),

3
2

Prsc(X, 1) (xesc) 2 — (Xgsc — X) (A26)

where Xgsc is a function of time, such that ggsc(X, t) is a function of time and position.
Similarly, for the diffuse layer (Xgsc < X < 1), we can obtain the spatio-temporal distribution of the voltage in the diffuse layer ¢p;1 (X, f) during the
intermediate time
x -

@i (X, 1) = / ﬁd’i (A27)

Based on the above analysis, the spatiotemporal evolution of the voltage at an intermediate moment depends on the ESC position. At the edge of the
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ESC (Xzsc), the ion concentration is approximately zero. The spatiotemporal changes in the ESC edge (Xzsc) can be deduced from the thickness of the
diffuse layer as follows:

1 —j(1 — Xgsc) e "itsin[r,(1 — Xgsc)] = 0. (A28)
Therefore, we obtain

~ 1 2 = n"

Xgsc(t) =1 —]:. 7 Z rz) e"isin [rp(1 — Xsc(D)))- (A29)

It should be noted that, in the analysis herein, for a single cation membrane, the ion flux is greater than the limiting current density (the value is 1).
Therefore, we can obtain the spatiotemporal evolution law of the space-charge layer in the intermediate time.
For the diffuse layer (Xgsc < X < 1), the qpr1 (X, t) is

dz{ s Nl_md;c}
~ ~2 XESC 2¢py (x,t)
) = —dp—— .

qpr1 (X, ) = — & (A30)
For the ESC layer (0 < X < Xgsc), the Ggsc(X, T) is
JE ~2d2Ppsc(X, T Ip\/j _
drsc(X,t) = —Ap (pESCz( ) - f (Xesc() —%) /2. (31
dx 2p

When the ESC is fully developed, the space-charge layer reaches a steady state. Using the Poisson-Nernst-Planck equations, it is expected that the
decay scaling associated with the ESC Donnan potential can be derived theoretically. We consider the steady and non-convective Nernst-Planck
equations, which yield
0 = V-(V& +Zc: V). (A32)

Considering the horizontal transport of ions, cations undergo transport at the nanoslot-bulk interface, while anions are impeded at the nanoslot-
bulk interface owing to the influence of the Donnan potential, thus giving nanoslots ion-selective characteristics. In the case of the negatively charged
nanoslot in this study, the overall flux of the system mainly relies on the flux of the predominant cations, denoted as}l, while the flux of the anions}z is
zero. For a symmetric and binary electrolyte (z; = — 2, = 1), Eq. (A32) can be expressed as
~ da . dyp
1= cﬁl +a (E(P7
d—éz ~ dQ)

& Cax

By adding these two equations to Eq. (A33), we obtain the transport equation for the salt concentration (¢; + ¢z):

0= (A33)

- _d@+)  dp

= & & (C] Ez)- (A34)

Based on — dz%é’ = °‘ o) , Eq. (A34) can be rewritten as

AD
~ _d(€1+¢C) ~2dp @
=" “hg&g (435)

On letting —ADd‘“ = E; and integrating Eq. (A35) once, we obtain the expression (¢; + Cs):

- o~ e~ 1-2
¢1 + ¢ =j1(Xx—Xo) +QE1. (A36)

Eq. (A36) indicates that the salt concentration (¢; +¢,) increases with the distance from the nanoslot-bulk interface. On subtracting the two
equations from Eq. (A33), we obtain the transport equation for the charge (¢; — ¢,):

s d(c; —¢ d
7 - (‘1(& 2)+£(C1+Cz) (A37)
On substituting —@ = @ and Eq. (A36) into Eq. (A37), we obtain
dx ip
@ — ) d a _fdz) d
~ C1 — C a ~ ~ dx QNU ~ o~ o~ 12
J :%+§(C1“Z>:T+E(h<x‘x°)+§f51)- (A38)

On multiplying both sides of Eq. (A38) by the dimensionless Debye number, we obtain

d<_1’2’%§) dg

-~ ~ .~ 1
Apj1 = ADT"F/{DE J1 (X—Xo)JrEEl}. (A39)
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Taking into consideration — /ID%’ = E;, we can derive

~~ ~2 dZE ~ |I~v ~ ~ 12
Apj1 = 4p (&21 —-E; |:]l (x—Xo) +§El} . (A40)

The physical parameters satisfy E = o(1 /ID) and % =0(1), and as g approaches zero, Eq. (A40) can be approximated as an algebraic equation:
~ v~ ~ 1~2
E; |:]1(x7x0)+iE1:| =0. (A41)

We note that Eq. (A41) has a highly non-zero solution, which corresponds to the electric field in the ESC layer. We thus obtain

ID%‘/’ — /2 (Fo - %) for 0 < X < %o. (A42)

Eq. (A42) describes the electric field distribution within the ESC layer, where the electric field rapidly decays to zero far from the nanoslot-bulk
interface, indicating a small electric field in the bulk region. Integrating Eq. (A42) yields the voltage distribution within the ESC layer:

¢:<};1\/27-1).<%>[,(§0,§)%}+cfor0<§<3~co, (h43)

where C is an integration constant. Considering the presence of the Donnan potential at X = 0, we can assume that the Donnan potential is p(X = 0) =
@ponnan- AtX = 1, the voltage is ¢(x = 1) = Ap, where Ay represents the voltage at the anode induced by ion flux, and the voltage at the far left end of
the channel is zero. The voltage at the edge of the ESC layer at ¢(X =Xo) = @o. From Eq. (A43), we obtain the voltage decrease within the ESC layer ¢

~ -1 [ ~ 3 . . . . ~ . . .
— @Donnan = @D v/ 2j1 ) (%) -(Xo)2. Hence, we can determine the expression for the integration constant X, which represents the physical thickness of
the ESC layer.

- V9Z. o1
Xo =5 (1) 3(g0 — Bomnan)”’>. (A44)

From Eq. (A44), it can be observed that, as the Donnan potential increases, the thickness of the ESC layer decreases. In particular, when the Donnan
potential equals the potential at the edge of the ESC layer, the extended space charge layer disappears. It should be noted that the electric field in-
tensity in the diffuse region is nearly zero, indicating that the voltage decrease across the entire anodic diffuse region can be approximated as equal to
the anode voltage. Therefore, we obtain

- V9ZE. o1
%o = 5 (1) 2 (8§ — Pooman)”. (A45)
Furthermore, on substituting Eq. (A43) into the expression — é‘f = Z%2) we obtain the charge density within the ESC layer.
dx p
~ j. 1
El —Ez _lD\E[’iO_i]z for O<§<’i0 (A46)

However, for the diffusion region, the leading solution of ‘% is given as [80]

P 1 ~ -
d—(/]:fﬁ for xop <x < 1. (A47)
dx X — X
Therefore, we can obtain the charge density within the diffuse layer as follows:
2
- e 12 1 - -
C1—C=2 -AD(N ~> for xo < x < 1. (A48)
X — Xo

Finally, we obtain the space charge layer related to the Donnan potential as follows:

~1/2
23 1/2 3, 2
~ ~ ~ 9z 1 2
€1 —Cy = (%) Ap- [gxlg(jl)B(A(p — @ponnan)3 — x} for ESC layer
-2
=2 V924 1 2
C1—Ca=Apr 7/1%(]'1) 3(AQ — @pomnan)3 — x| for diffuse layer (A49)

2 __ 1
The thickness of the ESC layer satisfies the relation X, = ?&g (1) 3(Ap — agommn)z/ 3. Therefore, for different voltage values, the position of the ESC

2. 1
layer changes. To normalize the position of the ESC layer, we use X/ ?&f} (1) 3(Ap — @poman)”” | as the abscissa. The equations for the space charge

density are as follows:
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~1/2
- - raps |2 < (VR L 2
1 —Cy~ Ol)l/z'lzr Xou — X 7&,33(11) 3(AQ — Pponnan)3 for ESC layer (A50)
—2
FU N PO Vo2 . 1 _ 2 .
€1 —Co~ Ay | Xy — X 7/1,33(]1) 3(AP — Pponnan)? for diffuse layer (A51)

This collapses the structure of the space charge layer curve near the theoretical curve, thus allowing us to obtain the normalized thickness of the
space charge layer X,,, which is approximately 0.52. Using the normalized thickness of the ESC layer X,,, the universal distribution of the space charge
density can be obtained, as shown in Fig. 6(a) and (b).
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