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ABSTRACT

Understanding the ion transport through nanopores provides a central basis in advancing the design
of molecular sensors or preparation of biomimetic systems based on nanopores. Here we report a
continuum modeling approach that introduces an alternating current (AC) field to investigate the
competition between a surface-charge dominated electromigration process under a frequency in-
duced ion dynamics at nanoscales. We highlight a transition from a surface-charge-dominated ef-
fect, where electric double layer (EDL) impacts prevail, to bulk-like ion dynamics as pore dimen-
sions approach the microscale. The results reveal that rapid electromigration dominates ion dis-
tribution at a millisecond timescale, generating transient, non-equilibrium concentration profiles.
In contrast, lower frequency perturbations enable diffusion to equilibrate ion distributions within
each cycle, establishing periodic quasi-steady states. The findings from this work highlight the
interplay of the ion selectivity and distribution by exploiting the dynamic competition between

electromigration and diffusion in oscillating bias systems.
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INTRODUCTION

Inspired by biological nanochannels, nanopores are model structures that serve as critical plat-
forms for studying the physics and electrochemistry of nanoconfined solvent and ions. Nanopore
systems have been widely applied in various applications including water desalination,'? and
chemical and biological separations.’~ In particular, understanding ion transport is critical for ad-
vancing ionic or molecular sensors, !> with nanopore sensing platforms playing a pivotal role in
DNA sequencing, drug delivery and sensing etc.!*!> These platforms also provide key insights into
drug-protein interactions.'®!” The ion transport is regulated by external physical fields such as

electricfields.'®!” In many of these applications, a direct current (DC) is used to electrophoretically
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drive ions through the confined space in nanopore device, while the changes in ionic conductance
serve as detection signal for translocating molecules, ions, or polymers.22*

Alternating current (AC) has distinct advantages over DC in systems involving dynamic con-
trol of ion transport.>>?® For instance, AC is employed in ion ratchet systems for gel electrophoresis
and electronic switching in logic circuits,?” demonstrating its versatility in manipulating charged
particles. Unlike DC systems, AC stimulation can even be generated through photocurrent-driven
processes, such as via proton pumping across membranes, enabling unique biohybrid applica-
tions.?® A critical challenge in nanopore-based DNA sequencing arises from the inherent noise in
resistive-pulse signals, which obscures molecular-level details during translocation events and the
fundamental limitations of conventional DC-based sensing methods.?* *?A survey of the literature
reveals limited studies on the alternating current (AC) controlled ion translocation. AC voltage
modulation has been used to study conductance fluctuations of DNA translocation in nanopores,
revealing a complex interplay between the predominantly diffusive motion and field effects.** Re-
sistance-based detection of DNA and small molecules in solution have been used to leverage ion
transport through arrays of nanopores.**=® Non-linear voltage sweeps—enabled by AC stimula-
tion—can accelerate ion transport by rapidly dissipating accumulated charges within nanopores.’’
This contrasts sharply with DC-driven systems, where stagnant charge layers often hinder mass
transport.

The use of AC control has advantages compared to the conventional DC controls to understand
translocation through nanopore systems. It is believed that the AC bias with zero offset is expected
to place a lower net driving force to translocate for highly charged biomolecules as compared with
DC, consequently easing the control of molecule translocation in a single cycle.*®° However, the

physical mechanisms governing ion transport in nanopores under electric fields involve complex
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interactions between the surface charge effects and the constrained volume, making direct study
of the nanopore physics challenging. As such, there is relatively little that is known about the be-

d,***! which indicates a need

havior of nanopores under the influence of an alternating electric fiel
for understanding the time-dependent ion dynamics and polarizations. For instance, the surface
charge effect of nanopores prominently influences ion transport, especially at low ionic strengths
due to the overlap of electrical double layers. Such overlapping induces an excess of counterions
to maintain electroneutrality and create permselectivity.*> This permselectivity, however, is just
one facet of the ionic behavior within nanopores. The ionic current rectification effect (ICR), ob-
served as a non-linear current-voltage relationship, is another prominent feature. ICR often arises
from the induced ionic concentration polarization with asymmetric ion concentration profiles at
the nanopore entrance and exit.*** Ion current rectification and electroosmotic flow in asymmet-
rically charged conical nanopores can be tuned by voltage scan rate, pressure, and surface charge,
enabling diode-like behavior and novel nanoscale transport phenomena with potential applications
in sensing and fluid control.*>#6

Finite-element simulation provides a path to understanding these interactions by building
model systems and modulating key variables to assess their importance in ion transport behavior
in nanopore systems transparently governed by established physics. Ion transport in a nanopore
subject to an alternating electric field results in a complex and dynamic interplay between migra-
tory and diffusive transport mechanisms. Excess surface-charge on the inner pore wall induces
localized fields that occupy a significant fraction of the area of the nanopore (overlapping electric
double layers), establishing ionic concentration gradients that transverse the pore length. Simulta-
neously, the application of high-frequency AC voltage perturbation induces longitudinal (along the

length of the nanopore) electrostatic potential gradients that drive ion migration through the pore.
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At somewhat longer timescales, concentration gradients in the nanopore introduce a significant
diffusive transport mode. As nanopore dimensions expand from the tens to hundreds of nanometers
in diameter, ion transport is dominated by the AC field rather than the surface-charge dominated
ion distribution associated with the nanoconfinement and overlapping double layers.

Using finite- element simulations, we investigated these coupled phenomena within nanopores
at different diameters subject to varying AC voltage frequencies. We found that at millisecond
timescales, ion-transport dynamics are governed by the transient formation of electric double lay-
ers (EDLs) at the surface of the nanopore, which dominates the early-stage ion redistribution at
the nanopore. As operational timescales extend, high-frequency regimes induce dynamic, non-
equilibrium concentration shifts within the nanopore, driven by the competition between elec-
tromigration and diffusion. Conversely, at low-frequency modulation, ion transport shifts to a
quasi-steady state regime, where periodic equilibration between field-driven migration and diffu-
sive relaxation establishes predictable, oscillatory concentration profiles. Findings from this sim-
ulation study offer important implications for the operation and design of nanostructured materials
to regulate ion transport in devices. The influence of the altered electric potential modulates the
surface charge density dominating mass transport, and such control must be carefully considered

to achieve the desired device performance for ion separation and applications.

SIMULATION METHODS

Simulation of ionic transport with potential gradient was conducted by solving couple diffusion
(Fick’s second law) and migration process (Poisson-Nernst-Planck) with finite-element method
using COMSOL Multiphysics 6.1. The 2D model is shown in Figure 1 and schematic plot in Fig-

ure S1. The boundary conditions were set considering the surface charge at the nano channel area,
5
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potential, the initial concentration, and constant concentration. The length of nanopore is 1000 nm
with diameter 20 nm and 200 nm. The surface charge density is -0.001 C/m? at the wall of na-
nopore. The fine mesh (0.1 nm) applied at the inner nanopore to describe the effect of electrical
double layers. The coarse mesh (0.5 nm) was chosen for the reservoirs area to decrease the com-
puter memory cost during calculations. Binary ions of cation A” and anion B~ are considered in
electrolyte. The uniform salt concentration is 1 mM at bulk with the related transport governed by
parameters including diffusion coefficient (1 ym?/s) and permittivity of water (78.5 F/m).

The voltage is applied at the top edge (AB) in Figure 1 of the reservoir which is the square
wave function with 0.5 V amplitude, 1 Hz and 5000 Hz frequency, 0.5 duty cycle. The mathemat-

ical expression of the square wave function is:
E(t) = 0.5sgn(sin(27ft)) (D)

Applying sgn operator to the sine wave clips the continuous waveform to just its sign. Whenever
the sine is positive, E(¢) = +0.5; whenever it is negative, E£(¢) = 0. In the model the total time is 5
period of each frequency, and the time step is the t;,; /100.

The Poisson-Nernst-Planck equation determines the potential distribution in the solution by the
electric potential from applied and surface charge density from material.

V- (eVd) =—p )
where ¢ is the dielectric constant, @ is the electrostatic potential, and p is the charge density

applied at wall of nanopore as -0.001 C/m?. The Nernst-Planck equation is :

6CL'
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Where c; is the concentration of ion and the function of time (¢) and position (x). J is the flux
and it neglect convection and only consider the diffusion and migration in the dilute limit there

they can be cleanly decoupled in the transport equation.

Diz;F

J = —DV¢; — ciVo 4)
D is the diffusion coefficient, set to 10712 m?/s represents high-viscosity aqueous systems (e.g.,

gel, tissues), ¢ is the concentration of 1 ion, F is the faraday constant, z; is the valence of charge

ion, R is gas constant @ is the electric potential.
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Figure 1. Scheme of the 2D axis symmetric geometry used in simulations. A zoomed in cone re-

gion is shown on the right. The ground potential is placed on boundary H-G and the applied
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potential is on boundary A-B. Dash line represents the cutline of the model as well as the sym-

metry axis of the model. The initial concentration of cation and anion is 1 mM.

RESULTS AND DISCUSSION

Non-Equilibrium Ion Dynamics via Electromigration-Diffusion Competition at High
Frequency Fields: Results from Figure 2 depict the transient cation and anion concentration pro-
files in a conical nanopore (20 nm diameter) under a 5 kHz pulsed electric field revealing a dy-
namic interplay between surface charge effects and an altered electric field-driven ion migration.
Within the first 0.2 ms, cation concentration at the nanopore tip (0 nm cutline: point at 0 nm in the
center of the pore) drops sharply from 1 mM to 0.8 mM (Figure 2a), driven by ion concentration
polarization (ICP) induced by the negatively surface charge density (-0.001 C/m?, referenced with
the experimentally measured surface charge density on the Silica Si-OH surface, where 1mC/m?
is roughly corresponding to 6000 charge/pum?).*” Critically, the initial configuration of the simu-
lation is such that the surface charge on the inner walls of the nanopore induced a double layer
formation at t > 0. The small radius of the nanopore tip and low electrolyte concentration (1 mM)
results in a transient depletion of the ion concentration in the tip region. This can be seen more
clearly in the graphs of the A" concentration profile at 0.1 ms and 0.45 ms (Figure 2b), where the
concentration profile of A" cations is not uniform along the entire length of the nanopore wall as
one might expect (given the constant surface charge density).

This is because the volume of the tip region is small enough that there are not enough total
ions present in that region of solution to compensate the total excess charge on the inner wall of

the tip. This results in a transient depletion of the concentration of A at the tip at short times (~0.1

ms) which is then replenished by longer range transport of A" ions from further up the shaft of the
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nanopore at slightly longer times (~0.4 ms). At 0.4 ms, the establishment of the electric double
layer along the inner walls of the nanopore is complete and the concentration of A™ is higher than
its bulk value due to their overlap in the tip region. Thus, in the range of 0 to 0.4 ms, the concen-
tration profile does not follow the voltage perturbation (Figure 2a), as surface charge in the na-
nopore dominates ion transport at early times. By t > 0.4 ms, however, the surface effects have
reached equilibrium, and the time-dependent concentration profiles are controlled by migration
induced by the longitudinal AC electric potential distribution. Concentration at the tip rises during
active pulses (0.4-0.5 ms, 0.6-0.7 ms) and declines during off-phases (0.5-0.6 ms, 0.7-0.8 ms),

reflecting non-equilibrium electromigration-diffusion competition.
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Figure 2. (a) The concentration of cation A" (black) and anion B~ (red) (the data points are the
averaged representation) as a function of time at the tip of the nanopore (20 nm in diameter) over-
layed with the 5000 Hz voltage perturbation (blue). (b) The concentration profile of cation A+ in
the nanopore cone at 0.1 ms and 0.45 ms under the 5000 Hz perturbation. (c) Identical graph to (a)
but at a 1 Hz voltage perturbation. (d) schematic of nanopore section, with cutline shown as the
dash line at the center of the geometry. The simulated ion distribution in panel a and panel c are
shown at the center of the red-circle point. Nanopore diameter of 20 nm with cone angle of 1.1°.

The highlighted red circle at the center of the nanopore tip is where data from panel a and ¢ are
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simulated. The diffusion coefficients are D, = 1 X 10712m?/s and Dz = 1 X 10712m?/s. The

total number of data points simulated is 111 and this is applied for both (a) and (b).

Quasi-Equilibrium Ion Dynamics via Electromigration-Diffusion Competition at Low Fre-
quency Fields: Simulation revealed a frequency-dependent electric field transition of ion concen-
tration distribution driven from surface-charge-dominated to the external field-governed ion dy-
namics. At t <0.2 ms, the formation of the EDL delays the system’s response to the high frequency
field, where the surface charge redistributes ions to screen the local electric potential: a phenome-
non consistent with nanoscale EDL overlap effects.* However, once the EDL stabilizes (t > 0.4
ms), the rapid 5000 Hz pulses (0.2 ms cycle) forces ions into a non-equilibrium state. The confine-
ment of gradients to <500 nm (Figure 2a) further underscores the role of pore geometry in focus-
ing field effects: the conical tip amplifies local field intensity, enhancing electromigration within
the nanoscale while leaving bulk-like zones unaffected in Figure S2. In the longer-duration simu-
lation results (5 ms) shown in Figure S3, the cation concentration exhibits rapid oscillations fol-
lowing the 5000 Hz electric field, while the difference between maximum concentration values
during field activation approaches zero. The ratcheting up of concentrations is correlated to the
AC electric field for both cation and anion with increasing time. Figure 2d presents a schematic
of the nanopore section, with the red-circle point indicating the location at a 20 nm diameter where
the data shown in Figures 2a and 2¢ were calculated. Figure 2c¢ illustrates the cation and anion
concentration dynamics at the tip (0 nm cutline) of a conical nanopore under a 1 Hz pulsed electric
field, spanning a 5 s timeframe. The pulsed field, applied in 0.5 s intervals (0-0.5 s, 1-1.5 s, etc.),
induces periodic cation accumulation and depletion phases. During each active pulse, the electric
field drives cations toward the negatively charged density tip, generating a sharp concentration

11
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peak (1.43 mM) within 0.1 s. Conversely, anions are repelled, forming a depletion zone. When the
field is turned off (0.5-1 s, 1.5-2 s efc.), cation concentration decays to 1.12 mM at the tip due to
diffusion-driven relaxation, while anions gradually recover toward equilibrium. This cyclic behav-
ior produces five distinct concentration waves, reflecting the interplay of electromigration and dif-
fusion at low frequency. And the concentration distribution shows an oscillation wave along the
1000 nm cut line in nanopore with electric field in Figure S4.

The quasi-steady state is established within each pulse cycle, enabled by the slow 1 Hz fre-
quency. During field-on phases electromigration dominates, rapidly accumulating cations at the
tip. However, unlike the high-frequency case (Figure 2a), the 0.5 s pulse duration allows sufficient
time for diffusion to partially counteract electromigration, leading to a slight decline in cation
concentration (from 1.43 mM to 1.42 mM) even before the field is turned off. The extended oft-
phase (0.5 s) further permits diffusion to redistribute ions, reducing tip concentration to 1. 12 mM
before the next pulse begins. These observations show that ion transport at low frequencies is
dominated by bulk diffusion and migration rather than surface charge effects, which are only pre-
sent at short times in the high frequency regime.

The thickening and overlap of EDLs during the field-on phases (Figure 2a) highlights the role
of surface charge in ion transport. The conical geometry amplifies EDL overlap at the tip, enhanc-
ing counterion screening,* while the pulsed field periodically disrupts this equilibrium. The de-
pletion of anion during active pulses (Figure 2¢) further confirms surface-charge-governed selec-
tivity, as co-ions are expelled from the EDL region. These dynamics resemble voltage-gate ion
channels,*® where periodic fields regulate ionic access. However, the quasi-steady concentration
recovery during off-phases contrasts with high-frequency regimes (Figure 2a), where diffusion

cannot keep pace with rapid field changes.

12
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Figure 3. (a) The concentration of cation A" (black) and anion B™ (red) as a function of time subject
to a 5000 Hz perturbation; (b) Snapshots of cation A" concentration profile at 0.1 ms and 0.45 ms
at a 5000 Hz voltage perturbation; (¢) Concentration profile of cation A* (black) and anion B~ (red)
as a function of time subject to a 1 Hz perturbation; (d) Snapshots of cation A concentration profile
at 0.4 s and 0.9 sat 1 Hz perturbation. Nanopore opening is 200 nm in diameter at all panels. The
diffusion coefficients are D, = 1 X 107'2m?/s and Dz = 1 x 107'2m?/s. For panel a&c, simi-
lar cutline as presented in Figure 2d is used here to extract the concentration profile. The number

of data points for (a) and (b) is 110.
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Pore Dimension to Ion Transport and Dynamics at Frequency-Dependent Field: The
above-mentioned electromigration-diffusion competition at high frequency fields is further inves-
tigated under the control of pore size. Figure 3a shows the effect of increasing the pore size to 200
nm in diameter at the tip, where at a frequency of 5000 Hz the concentration of ions in the pore is
nominally insensitive to the external applied voltage within time. Unlike in the case of smaller
nanopore (Figure 2), where the double layer extends approximately 10 nm into the bulk solution
from the wall, the time dependent formation and redistribution of the double layer does not sub-
stantially impact the concentration of ions ~100 nm away towards the middle of the nanopore.
Consequently, the rate of ions transport into and out of the nanopore tip remains comparable as the
pore dimension increased to 200 nm in diameter and no obvious ion depletion or enhancement is
seen. A small decrease in the ion concentration with time is still seen, which may be attributed to
the ion redistribution near the surface forming the double layer. Figure 3b shows the nearly iden-
tical A concentration profiles in the middle of nanopore at 0.1 ms and 0.45 ms, while the formation
of double layers is clearly visible near at the inner wall tips in the graphs. Figure 3¢ shows the
concentration of cation A" and anion B- at the tip and center of the pore as a function of time under
a lower frequency voltage perturbation of 1 Hz. The concentration of both cations and anions in-
creases and decreases with the 1 Hz perturbation to the same extent, whereas the concentration of
anions was relatively lower when the pore size was 20 nm in diameter across (Figure 3c¢). This
effect again arises from the double layer overlap in the 20 nm size (in diameter) creating an asym-
metric transport limitation on ion transport. The accumulation of cations in the pore tip facilitates
their transport relative to anions, whereas double layer overlap does not affect the equilibrium ion
distribution in the large 200 nm in diameter pores and thus does not have an asymmetric effect on

the transport of one ion relative to another in center. Figure 3d similarly shows that, under a 1 Hz
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external voltage signal, the extent of the pore-wall double layer is small relative to the pore open-
ing. This observation supports the claim that the symmetric ion transport in the center of a large
nanopore arises from the absence of overlapping double layers at the pore walls. The concentration
distribution of cation along the 1000 nm cut line in nanopore with the AC electric field is shown

in Figure S5. The complete set of datapoints simulated for ion concentrations is shown in Figure

Sé.
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Figure 4. Concentration plots of ions with diffusion coefficients D, = 1 X 10~ *m? /s and Dg =
1 X 107>m?2/s. Panel (a) displays the scenario at an applied frequency of voltage field at 5000
Hz over a total duration of 1 ms, while panel (b) shows the results at 1 Hz over 5 s. The concen-

tration of ions is within a cone shape (20 nm in diameter) nanopore at the cut point 0 nm.

Ion Diffusion Coefficient and its Correlation to the Ion Concentration Distribution at Al-
tered Field: A decreased of ion diffusion coefficient (as compared with Figure 3) has been ap-

plied to investigate the ion concentration distribution at the AC controls in a 20 nm in diameter

15
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nanopore, results are presented in Figure 4. Herein, we adopt benchmark values of the cation
diffusion coefficient of D, = 1 X 1071* m? /s and the anion diffusion coefficient of Dy =

1 X 107> m? /s to represent scenarios with mismatched ion mobilities. Such disparity in diffu-
sion coefficients has been experimentally observed in systems including biomolecule sensing
with polymer backbones, ionogels, and solvated zwitterions. '**® At 5000 Hz, the concentrations
of both ions are unaffected by the external voltage in the time range 0-1 msec. Despite the small
size of the pore relative to the spatial extent of the pore wall double layer (once formed), the 100-
1000x decrease in diffusion coefficients increases the length of time required for it to be estab-
lished. At 1 Hz (Figure 4b), cation A" exhibits periodic oscillations, peaking at ~1.45 mM during
field-on phases (0-0.5 s) and decaying to ~1.2 mM during off-phases. The anion B~ shows the
same trend, increasing to ~1.1 mM under the field and recovering to 0.8 mM post-pulse. Because
the time range observed in this case is within the order of seconds rather than milliseconds, the
formation of the pore wall double layer is relatively fast, and thus the concentration profile is
similar to what’s seen in Figure 2¢, though they differ in the time scale to approach to the maxi-
mum concentration.

The central insight is that the degree of the ion diffusion coefficient can transition the system
from a regime where the ionic concentrations in the pore rapidly respond to the AC fields induced
nonequilibrium charge distributions, versus the sluggish transport that are insensitive to rapid
changes in the electric field. At 1 Hz, the long pulse duration (0.5 s) allows a slow replacement of
B~ to partially redistribute via electromigration and diffusion. Lowered ion mobility results in a
gradual accumulation of ions during field-on intervals (e.g., 0-0.5 s, 1-1.5 s), suggesting that re-
duced transport delay the attainment of a quasi-equilibrium state under an identical electric field
condition. At 5000 Hz, however, neither ion adjusts to the short 0.2 ms pulses. For A" and B, the
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diffusion timescale exceeds the pulse cycle, which results in ion transport that is diffusion limited.
The difference of diffusion coefficient for A* and B~ suggests that smaller ions partially adapt to
rapid fields, while bulky ion species exhibit a slow adaption to field changes.*’ Notably, the ion
concentration profile displays consistent oscillations at a 1 Hz frequency, suggesting a dynamic
ion transport interaction with the alternating electric field (Figure S7). Conversely, at a 5000 Hz
frequency, the concentration profile appears relatively flat, indicating that the rapid alterations on
(off) in the electric field do not significantly impact ions concentration distribution due to the slow
movement of ions within the 20 nm in diameter cone shape nanopore. Such distinct response high-
lights how the ion diffusion coefficient governs the timescale over which ions redistribute in re-
sponse to varying frequencies of the applied electric field. The interplay between the diffusion
coefficient and the field frequency dictates whether ion transport is dominated by dynamic elec-
tromigration or mitigated by diffusive relaxation. Notably, the liquid junction potential (LJP) is
neglected in the simulation model, which disregards the natural asymmetry that arises when ion
mobilities differ. Omitting the LJP may artificially impose symmetry in ion transport that does not

reflect physical reality.
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Figure 5. The concentration of A" ion as a function of time with cone shape (20 nm in diameter)
nanopore and cut line length of 1000 nm. The applied electric potential and total time are, respec-

tively, () 0.5V, I ms,(b)0OV, 1 ms(c),0.5V,5s,and (d) 0V, 5 s.

Effect of Constant Electric Field on the Ion Distribution. The system response to time
varying electric fields has thus far revealed that the pore wall double layer formation is important
for explaining concentration vs time plots at different frequency controls. The time dependence of
the double layer formation was examined independently from applied AC voltage by recording

concentration profiles as a function of time under constant voltage.
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Figure 5 presents 3d concentration profiles of cation A" (z axis with color projection on the
top) in a conical nanopore (20 nm diameter, cutline: 1000 nm-y axis) under now constant electric
field conditions versus time (x axis). Panels (a) and (c) represent the system's response under an
applied voltage of 0.5 V, while panels (b) and (d) depict the system with no applied voltage. At 0.5
V (Figure 5a), the concentration of cation sharply decreases from 1 mM (bulk) to 0.75 mM within
the first 0.3 msec due to pore wall double layer formation depleting the tip region of ion. Subse-
quently, electrophoretic migration and pore wall double layer overlap drives an increase to 1.3 mM
at 1 ms near the 0 nm cutline.

Without the electric field (Figure 5b), the concentration profile similarly drops to 0.75 mM
initially but recovers to 1.2 mM at 1 ms, exceeding the bulk concentration—a phenomenon at-
tributed to the exclusion-enrichment effect from double layer at nanoconfinement.’® At an applied
DC voltage of 0.5 V for 5s (Figure 5¢), the concentration profile establishes a maximum value of
1.47 mM near the tip. Conversely, while in the absence of an electric field (Figure 5d), the con-
centration profile of A" is stabilized at 1.4 mM (0 nm cutline), the difference between these two
being the effect of field driven migration along the pore length, leading to additional cation accu-
mulation in the tip.

While the Poisson-Nernst-Planck simulations capture key information about AC-driven ion
dynamics in nanopores, several limitations need consideration. First, the lack of electroosmotic
flow (via Navier-Stokes equations) neglects potential fluid motion, which could accelerate ion
redistribution at high frequencies. Second, surface charge density was treated as uniform and con-
stant, while real systems exhibit complex and dynamic situations. The assumption of a fixed charge
density (o6 =—0.001 C/m?) overlooks dynamic charge modulation under electric fields, which could

alter EDL formation timescales. Finally, our model ignores the ion-ion correlations and steric
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effects, which become significant at high concentrated solutions. These simplifications were nec-
essary to isolate electromigration-diffusion competition but may limit quantitative accuracy in sys-

tems where convection or charge nonlinearities dominate.

CONCLUSIONS

This study offers a new mechanistic understanding of the dynamic competition between elec-
tromigration and diffusion by successfully coupling a time-dependent Poisson equation with
Nernst-Planck transport under alternating electric field boundary conditions. Results reveal a rapid
electromigration dominated ion distribution at high frequency controls, generating transient, non-
equilibrium concentration profiles. In contrast, lower frequency perturbations enable diffusion to
equilibrate ion distributions, establishing periodic quasi-steady states. Findings from this work
highlight the interplay of the ion selectivity and distribution by exploiting the dynamic competition
between electromigration and diffusion. This simulation study offers important implications for
the operation and design of nanostructured materials to regulate ion transport in devices. In partic-
ular, AC modulation provides a powerful means to tune ion selectivity, suppress concentration
polarization, and control transient accumulation or depletion of ions within confined geometries.
Such control is directly relevant for nanopore sensors, where alternating potentials may reduce
baseline drift and noise while enhancing temporal resolution of analyte translocation events. The
influence of the altered electric potential modulates the surface charge dominated mass transport
at confined geometries, and such control must be carefully considered to achieve the desired device
performance for ion separation and applications. Insights from this study establish AC modulation
as a powerful and tunable strategy for designing next-generation nanopore sensors, ion-selective

devices.
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