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Achieving high ion selectivity in atomically thin membranes represents a critical step toward advanced gating-
controlled ionic transport in nanofluidic applications such as logic gates and biosensors. Herein, monolayer graphene
pores modified by crown ether are constructed to systematically investigate the ion selectivity in both vacuum and aqueous
environments from a theoretical perspective. Synergistic optimization of charge distribution and pore size significantly
improves the ion selectivity, showing a cation/anion selectivity ratio of up to 102. The energy profiles for ion penetration
(e.g., Lit, Na*, KT, CI7, Br™) are modulated by tailoring the pore size and introducing charges, as validated by kinetic
analysis of ion-free diffusion and electroosmotic flow. The fundamental ion-sieving mechanism is further elucidated by
examining the dependence of ion currents on carrier concentration in the nanopores. These findings on ion transport pave
the way for artificial nanochannel membrane applications in nanofluidic circuits and biomimetic sensors.
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1. Introduction

Charge selectivity, involving cations and anions, widely
exists in artificial channels and membranes, and holds signif-
icant promise in advanced technologies such as logic gates
and biosensors.['™* Two-dimensional (2D) materials, such as
graphene with nanochannels, exhibit advantages in enhanc-
ing the ionic permeability efficiency due to their ultra-short
ion transport pathways.>~"1 However, the charge-selective be-
havior diminishes at sub-nanometer thicknesses, necessitat-
ing functionalized nanochannels to achieve ion discrimina-

10-12

tion in ultrathin membranes.!'%'?! In this respect, function-

alization using crown ether is a powerful strategy for ion

[13-15] enabling pioneering advances in nanoflu-

recognition,
idic systems, including stress-gated K* transport,!'®) H hop-
ping mechanisms for fuel cell membranes,!'”! enhanced Na*

(16,171 and improved durability in Li—

rejection in desalination,
S batteries.!!8! In fact, the graphene-crown ether architec-
ture has recently established neuromorphic ionic responses
(e.g., memcapacitance, K* delay) to expand the frontiers of
bio-inspired iontronics.!'#! These achievements leverage the
size-matching specificity of crown ether (e.g., 18-crown-6/K ™,
15-crown-5/Na™, 12-crown-4/Li*),[!5:17:19201 "where optimal
steric binding ensures high-affinity cation capture at the ring
center.?1-?2l While such strong complexation is advantageous
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to selective recognition, it introduces an inherent energy bar-
rier for cation translocation through confined pores. Conse-
quently, efficient ion permeation in these systems often neces-
sitates external stimuli (e.g., a bias voltage), and it is necessary
to enhance the dynamic controllability of ion transport without
compromising the selectivity.

Herein, we propose a strategic nanopore design via sim-
ulations of crown ether-functionalized graphene to achieve
synergistic control of ion sieving and separation. The gov-
erning role of targeted structural adjustments on ion penetra-
tion profiles (first-principles calculations) and on cation selec-
tivity in aqueous solutions (molecular dynamics simulations)
is systematically investigated. Our results reveal exceptional
cation selectivity in the engineered nanochannels, with cation-
to-anion current flux ratios exceeding 10%:1 and demonstrate
programmable control of ion transport without external bias
dependence. The results provide valuable insights into the de-
sign and fabrication of thin films with selective permeability
of charges in nanoscale spaces.

2. Computational methods
2.1. First-principles calculation

The calculation was performed with the Vienna Ab initio
Simulation Package!?}! using the projector augmented wave
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http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

086102-1


https://doi.org/10.1088/1674-1056/ae5c74
https://cstr.cn/32038.14.CPB.ae5c74
mailto:aphuang@buaa.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 35, 086102 (2026)

(PAW) potentials of Perdew—Burke—Ernzerhof (PBE).[?*]
Transition state search was performed by the climbing-image
nudged elastic band (CI-NEB) method by VASP-VTST.[>]
The optimized C—C bond length was 1.424 A, in good agree-
ment with the experimental data.*®! Multiple distinct defect
types were engineered within the intrinsic graphene mem-
brane. These comprised a series of carbon-deficient nanopores
(14-carbon-4, ~ 3.7 A; 18-carbon-6, ~ 5.7 A; 24-carbon-9, ~
7.9 A; 26-carbon-10, ~ 8.6 A), accompanied by crown-ether-
like nanostructures of similar dimensions (e.g., 14-crown-4
ether) for comparisons, as shown in Fig. 1. The thermody-
namic stability of the latter crown-ether-like structures was in-
vestigated using ab initio molecular dynamics (AIMD), as de-
picted in Fig. S1 of the supporting information. The Brillouin
zone with a 3 x 3 x 1 k-point mesh was sampled in all cases ex-
cept structural optimization and transition state search and set
to 1 x 1 x 1. A plane wave cutoff energy of 550 eV was used
in all cases. Meanwhile, the electron energies are converged
to within a tolerance of 1 x 10~7 eV, and all the atoms were
allowed to relax in the geometric optimization until the force
on each atom is 1 x 1072 eV/A. Structure modeling and analy-
sis were based on visualization by the electronic and structural
analysis (VESTA) software. [?7]

2.2. Molecular dynamics simulation

A computational model was adopted to investigate ionic
currents through nanopores in a bilayer graphene array im-
mersed in a 0.5-mol/L KCI solution. The model featured a
4 x 4 nanochannel grid, with each channel composed of paired
nanopores. The force field and partial atomic charges were
adopted from the benchmark study by Smolyanitsky et al. for
graphene-embedded crown-ether pores: oxygen atoms in the
crown ether ring were assigned a charge of —0.4e, and the ad-
jacent carbon atoms were assigned positive charges to main-
tain overall charge neutrality of the system.['>) K* and CI~
were selected for MD validation because they enable simulta-
neous resolution of steric and electrostatic effects within a sin-
gle simulation, offering the most direct mechanistic validation
— while KCI serves as a canonical experimental benchmark
for broad comparability. The simulation commenced with an
energy minimization step using the LAMMPS molecular dy-

(28] followed by equilibration in the NVT en-

namics software,
semble for 40 ns at a temperature of 300 K. Periodic boundary
conditions were applied in all three dimensions (p p p). For the
diffusion selectivity analysis (without applied electric field),
the simulation box was capped at both ends in the z-direction
by graphene nanosheets to confine the ions and water within
two closed compartments. For the electroosmotic flow anal-
ysis, no such caps were applied, and an electric field was ap-
plied along the z-axis. Data from the full 40-ns trajectory were

used for the diffusion selectivity analysis, while data from 2 ns

to 40 ns were used for the electroosmotic flow analysis. This
framework, facilitated by LAMMPS, offers insights into ion
transport phenomena within graphene nanopores.

3. Results and discussion
3.1. Modulation of energy profiles

Ion penetration through graphene necessitates overcom-
ing an energy barrier or traversing an energy potential well. In-
vestigating the energy profiles associated with this penetration
is crucial, as it elucidates the underlying transport mechanisms
and the intricate interactions between ions and the graphene
lattice. A comprehensive understanding of this process, in-
cluding the analysis of the kinetics and fundamental mecha-
nisms governing ion selectivity through graphene membranes,
is essential for advancing applications based on graphene-
based materials. This knowledge is paramount in order to dis-
cern the factors that dictate ion mobility and selectivity across
such materials.

3.1.1. Pristine graphene

Pristine graphene, characterized by its tightly packed
structure of single-layer six-membered carbon rings, poses a
formidable barrier to ion penetration. This impermeability ex-
tends even to the smallest of atoms,>-3!! thereby rendering
pristine graphene a highly impervious material on the atomic
scale. To verify this experimental conclusion, ion nanochan-
nels are constructed in a complete graphene membrane, and
the permeation behavior of lithium (Li"), sodium (Na™),
potassium (K™), chlorine (C17), and bromine (Br™) ions is
studied, as shown in Fig. 1(a). The potential energy zero is
defined relative to the total energy of the system when the ion
is 15 A away from the graphene nanosheet, at which distance
their interaction is negligible. This configuration serves as the
reference point for analyzing the energy profiles associated
with ion penetration through the graphene lattice. Climbing
image nudged elastic band (CI-NEB) simulations*?! are ap-
plied to ascertain the transport pathway for lithium ions and
to derive the energy profile associated with ion penetration
through the graphene layer.

With this reference, the results indicate that the energy
profiles for ion penetration through a pristine graphene layer
are symmetric. Upon approaching the sheet, the ion adsorbs
onto either face. Full penetration occurs only when the ion
overcomes the central energy barrier and transfers to the op-
posite side. The findings reveal that the energy barriers for the
penetration of Lit, Na™, K*, Cl~, and Br™ through a single-
layer, intact graphene structure are high at 8.81 eV, 35.45 eV,
62.87 eV, 43.94 eV, and 63.66 eV, as shown in Fig. 1(a) and
Table S1. The energy profile exhibits a symmetrical config-
uration, with the lowest energy points located on either side
of the graphene, corresponding to the adsorption sites for ions
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on the surface of the graphene. These energy barriers pose a
challenge for ion permeation at room temperature, showing an
average translational kinetic energy:

_wr
AT

where k is Boltzmann’s constant and 7 is the temperature

E (1

in Kelvin, rendering the barrier insurmountable under such
conditions. The mechanism of ions permeating the pristine
graphene structure is analyzed using the electron cloud density
distribution. Carbon atoms are arranged in a hexagonal lattice
through sp? hybridization in graphene, and valence electrons
are distributed in a corresponding hexagonal lattice pattern.
The larger atomic radius and the larger number of valence
electrons in carbon atoms result in a denser electron cloud in
the monolayer graphene. The increased density of the electron
cloud hinders ion migration and decreases the ionic conduc-
tivity in graphene.

3.1.2. Defective graphene

Defects produced naturally during the synthesis and pro-
cessing of graphene significantly influence the ion penetra-
tion behavior in the structure. Different types of defect struc-
tures, such as 14-carbon-4, 18-carbon-6, 24-carbon-9, and
26-carbon-10, are studied, as shown in Figs. 1(b) and 1(c).

133341 exhibits enlarged

Graphene with atomic-scale defects
electron cloud “holes”, as shown in the insets of Fig. 1(b),
to regulate the ion penetration energy profiles. As shown in
Figs. 1(b) and 1(c), when the pore size increases, the ion pen-
etration energy potential barrier decreases and eventually van-
ishes. Among the ions tested, the energy profile for K is
dramatically altered: from presenting a substantial barrier of
62.87 eV in the pristine structure to featuring a pronounced ad-
sorption well (—3.50 eV) in the 26-carbon-10 nanopore. Sim-
ilarly, for C17, the energy extremum changes from a barrier
of +43.94 eV in the pristine structure to an adsorption well of
—0.43 eV in the same nanopore. A negative extremum (a well)
indicates that the ion is thermodynamically stabilized within
the pore, effectively trapping it. The overall energy profile re-
tains a symmetrical shape with two minima on either side of
the graphene. The key modification is the transition from a
high central barrier to a deep central well, as shown in Fig. 1.
Tons such as LiT, Na®™, K+, Cl~, and Br~ are examined
by studying their penetration through 14-carbon-4 defects in
graphene. The results indicate that the 14-carbon-4 defect re-
tains an energy potential barrier, meaning that the ions must
overcome this barrier in order to penetrate the graphene sheet
from one side to the other. As shown in Fig. 2(a), the pen-
etration process involves first adsorbing on both faces of the
graphene sheet before overcoming the potential barrier for full
penetration into the graphene sheet. Furthermore, K™ exhibits
the highest energy potential barrier among the tested ions,

while C1~ and Br~ exhibit intermediate potential barriers, with
their heights being comparable to those of Na®™. Graphene
with 18-carbon-6 defects (six carbon atom vacancies) and the
energy wells are —4.73 eV, —4.32 eV, —3.45 eV, —2.08 eV,
and —3.02 eV, for Li™, Na™, K*, Cl~, and Br~, respectively.
For the 18-carbon-6 nanopore structure, the energy barrier be-
tween the two potential energy minima vanishes, manifesting
as a single minimum potential energy well at the transition
state position, as depicted in Fig. 2(b). K shows a small
penetration barrier of ~ 0.3 eV, defined as the energy dif-
ference from the potential minimum to the central transition
state. By increasing the size of defects to 24-carbon-9 and 26-
carbon-10, the energy potential barriers of the corresponding
ions (Li*, Na™, K™, CI7, and Br™) are eliminated, forming a
single potential well as shown in Figs. 2(c) and 2(d).
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Fig. 1. (a) Reaction energy profiles for ions (Li™, Na*, K, CI~,

Br™) penetrating pristine graphene. Energy profiles for (b) K* and (c)
CI~ through graphene nanopore (14-carbon-4, 18-carbon-6, 24-carbon-
9, and 26-carbon-10). The insets represent the schematic diagram of a
nanochannel. The brown balls represent carbon atoms, and the purple
ball represents the penetrating ion.

These defects are shown to diminish both the height and
width of the energy barrier that ions must overcome to pene-
trate the graphene sheet. This combined reduction presents a
more accessible pathway for ion traversal. Consequently, the
dual lowering of the barrier can be expected to markedly en-
hance the probability of ion penetration, potentially improving
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the efficiency of applications that rely on controlled ion trans-
port, such as ion-selective membranes, sensors, and energy
storage devices. The order of energy barrier heights for ion
tunneling through 18-carbon-6 defects is Ep; > Ec) > Ex >
Ena > Epj, which is consistent with that of the ionic radius of
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the atomic radius of Rg; > Rc) > Rk > RNa > Ry. Therefore,
these species penetrate graphene nanochannels in their ionic
form (e.g., Li*, Na™, K*, C17, and Br™), rather than as neu-
tral atoms.
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Fig. 2. Reaction energy profiles for direct ion penetration across various types of graphene nanopores. (a)—(d) Pore-defective graphene (14-carbon-4, 18-
carbon-6, 24-carbon-9, and 26-carbon-10) and (e)—(h) crown ether-embedded graphene nanopores (14-crown-4, 18-crown-6, 24-crown-9, 26-crown-10).
Energy profiles for Lit/Na*/K/CI~/Br~ penetration quantify selective ion permeability. Insets: atomic schematics (gray: C; purple: ions; red/O: crown-

ether oxygen).

3.1.3. Charged nanopores

The embedding of crown ether into graphene nanosheets
leads to charge transfer between the oxygen atoms at the
edges and the nearest neighboring carbon atoms, which in
turn imparts a negative charge to the nanopores. This charged
nanopore produces functional ion sieving capabilities. In
this study, the embedded crown ether structures incorporated
into the single-layered graphene nanopores exhibit charged
nanoporous characteristics, specifically for the cases of 14-
crown-4, 18-crown-6, 24-crown-9, and 26-crown-10. In con-
trast, the non-incorporated crown ether structures produce
non-charged nanoporous characteristics, corresponding to the
cases of 14-carbon-4, 18-carbon-6, 24-carbon-9, and 26-
carbon-10. These findings are illustrated in Fig. 2. The embed-
ded crown ether structures incorporated into the single-layered
graphene nanopores with x-crown-y characteristics also show
thermodynamic stability, as shown in Fig. S1 of the supporting
information.

Ion transport through the nanopore can be modulated

by the charge state of the nanopore. When comparing the
charged structures 14-crown-4, 18-crown-6, 24-crown-9, and
26-crown-10 with their uncharged counterparts 14-carbon-4,
18-carbon-6, 24-carbon-9, and 26-carbon-10, variations in the
energy profiles for ion penetration are observed. The charged
nanopores affect the energy profiles for cation and anion pen-
etration in opposite ways. For structures with a similar defect
pore size, the negatively charged structures reduce the pene-
tration energy barrier for cations and increase it for anions,
as shown in Figs. 2(e)-2(h) and Table S1 of the supporting
information. For instance, in the 14-carbon-4 and 14-crown-4
structures, the energy barriers for Li™, Na™, K+, C1~, and Br~
ions are —2.34 eV, 4.45 eV, 11.05 eV, 3.32 eV, and 5.96 eV
for the uncharged 14-carbon-4 structure, respectively. In the
charged nanopore 14-crown-4 structure, the barriers for Na™
and K™ ions diminish to —0.72 eV and 5.77 eV, respectively,
while the barriers for chloride and bromine ions increase to
8.50 eV and 10.27 eV, respectively, as shown in Fig. 2 and Ta-
ble S1 of the supporting information. A similar selective effect
is observed for the larger pore. Whereas the neutral 18-carbon-
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6 structure presents adsorption wells for all ions, its charged
counterpart (18-crown-6) sustains wells for Li™, Na™t, and K+
but establishes a pronounced energy barrier against C1~ and
Br—, as shown in Fig. 2. The specific energy extrema (the
central energy maximum or minimum) are listed in Table S1
of the supporting information. These values demonstrate the
capability of the charged nanopores to discriminate and sieve
anions from cations.

The energy profiles for ion penetration through the
nanopores are found to depend on the size of the carbon atom
defects in the nanopore. As the pore size increases, the central
energy value for ion penetration decreases significantly and
can eventually become negative (forming an adsorption well),
a trend consistent with that in Subsection 3.1.2. Compared to
the energy barriers of pristine graphene (8.81 eV for lithium,
35.45 eV for sodium, 62.87 eV for potassium, 43.94 eV for
chlorine, and 63.66 eV for bromine), the charged nanopore
14-crown-4 shows a reduced energy barrier by an order of
magnitude, to —2.88 eV, —0.72 eV, 5.77 eV, 8.50 eV, and
10.27 eV, respectively, as shown in Fig. 2(e). For the charged
crown-ether nanopores, this enlargement preserves their in-
herent ability to discriminate between cations and anions, as
shown in Figs. 2(f)-2(h).

The selective sieving and separation of anions and cations
by graphene nanosheets are determined by the transition state
sites. The transition state refers to the position of an ion near
the plane of the graphene nanosheet during penetration, as il-
lustrated in the insets of Fig. 3. At the transition state, the ion
is situated in the midst of the electron cloud’s ‘hole’. There is
significant electron cloud overlap and transfer between the ion
and the carbon atoms of the nanosheet or the oxygen atoms
of the crown ether. Comparative analysis of the transition
states across various processes via differential charge density
maps discloses distinct behaviors for cations and anions in-
teracting with nanopores. Cations are consistently observed
to lose electrons, as represented by the blue color in Fig. 3.
Conversely, anions gain electrons, as indicated by the yellow
color. This visualization underscores the differential electronic
interactions at the transition state, highlighting the propen-
sity of negatively charged nanopores to interact more favor-
ably with cations. Compared to carbon-defective nanopores
alone, the crown ether structure more effectively strips elec-
trons from lithium, sodium, and potassium atoms, while trans-
ferring fewer electrons to chlorine and bromine atoms. Con-
sequently, it can be inferred that negatively charged nanopores
have a greater affinity for positively charged ions.

Strategically modifying graphene nanosheets with spe-
cific defects and charges allows for the fine-tuning of energy
profiles, significantly influencing ion sieving and separation.
This approach provides a means to enhance the selectivity of

graphene membranes for various applications, such as desali-
nation and ion-selective sensing. Understanding the resulting
ion transport mechanisms is crucial to advancing graphene-
based technologies and developing more efficient, sustainable
processes.

Fig. 3. Charge density difference of the transition states. Transition states
of Lit, Nat, K*, Cl7, and Br~ penetrating the graphene nanopores. The
yellow area represents an increase in electron density, while the blue area
represents a decrease in electron density.

3.2. Charge selectivity
3.2.1. Diffusion selectivity

The ion transport behavior is investigated in a concentra-
tion gradient-driven system utilizing crown ether-embedded
graphene nanopores, as shown in Fig. 4(a). A freestanding
graphene membrane, functionalized with crown ether moieties
within its nanopores, partitions two isolated chambers contain-
ing KCI solutions of differing concentrations (left chamber:
0.5 mol-L~!, right chamber: 0 mol-L~!).

The selection of K™ and CI~ was primarily driven by their
unique ability to simultaneously resolve the interplay between
steric confinement and electrostatic repulsion within a single
simulation — this offers the most direct mechanistic valida-
tion. Additionally, KCI serves as a canonical experimental
benchmark, ensuring the results are broadly comparable and
facilitating future validation.

Ionic exchange occurs exclusively through these func-
tionalized nanopores, driven solely by the chemical potential
difference across the membrane. The measurements focus
on the resultant ionic flux through the nanopores under this
concentration bias. All three crown ether-modified nanopore
structures (‘“24-crown-9”, “26-crown-10”, “30-crown-12"") ex-
hibit a consistent cation-selective permeation trend: posi-
tively charged K™ ions permeate more readily than negatively
charged CI™ ions through the negatively charged nanopores,
as shown in Figs. 4(b)—4(d). This observation confirms that
crown ether produces a negative charge along the pore pe-
riphery, enabling effective charge-based ion sieving. Conse-
quently, negatively charged nanopores preferentially facilitate
the translocation of counter-ions (cations) while impeding the
passage of co-ions (anions).
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Fig. 4. (a) Ions diffusion simulation system: time-dependent distribution of KCl concentrations in left and right reservoirs under C; > C;
condition, separated by crown ether-embedded graphene membranes with ion-transporting nanopores. (b) 24-crown-9 membrane, (c) 26-
crown-10 membrane, (d) 30-crown-12 membrane. Note: Left graph portions represent left reservoirs; right portions represent right reservoirs.

Furthermore, the study reveals a significant dependence
of ion selectivity on nanopore diameter. Among the three
crown ether structures evaluated, the nanopore with the small-
est aperture (“24-crown-9”) exhibits the most pronounced
cation permselectivity. This structure effectively blocks an-
ion translocation while maintaining enhanced K™ perme-
ability. This finding underscores that the effectiveness of
charge-selective sieving in crown ether-embedded graphene
nanopores is critically modulated by the physical confinement
imposed by the pore size, as shown in Fig. 4(b). Smaller
nanopores impose stricter steric and electrostatic constraints,
leading to significantly heightened selectivity favoring cations
over anions during free diffusion under a concentration gra-
dient. The results demonstrate the intrinsic cation selectivity
arising from the negative charge introduced by crown ethers
in graphene nanopores and highlight the pore size as a key pa-
rameter to optimize selective ion transport in these nanocon-
fined environments driven by osmotic forces.

3.2.2. Electroosmotic flow

Based on the discussion of the energy profiles for ion pen-
etration through crown ether-modified nanopores, modifica-
tions of size and charge alter the energy barriers/wells for an-
ion and cation penetration. It is thus predicted that the crown
ether structure can sieve and separate anions and cations. For
validation, the nanopore structure after crown ether modifica-
tion is immersed in a KCI aqueous solution, and its ion charge
sieving and separation capabilities are studied under the influ-
ence of an external electric field, as shown in Fig. 5(a). When
a bias is applied along the z-axis, potassium (K*) and chloride
(C17) ions undergo directed migration under the influence of
the electric field, which in turn generates an ionic current (7).

The ionic current is expressed by the following formula:

1= Ziqivi/H7

where H denotes the height of the simulated system, while

@)

q; and v; represent the charge and velocity of the i-th ion, re-
spectively. The total charge passing through the nanopores is

Q:/I,dt.

The ionic current I and the total ionic charge Q offer di-

defined by the integral

3

rect insights into the dynamics of ion penetration within the
nanopores.

When a positive or negative bias is applied perpendicu-
lar to the direction of the nanosheet, a distinct ionic current is
observed to be generated. The application of external biases
of E = 0.010 V/A and E = 0.005 V/A results in the vertical
traversal of charge carriers through the graphene nanosheet,
with the current magnitude depending on the external bias.
A potential with equal magnitude but opposite direction re-
sults in equal and oppositely directed ion currents, as shown
in Fig. 5(b). This graphene nano-ionic channel embedded with
crown ether is symmetrical on both sides of the nanosheet, as
corroborated by the energy profiles. When no external bias is
applied, no ionic current through the nanopores is detected.
The measured ionic current is a combined effect of potas-
sium (KT) and chloride (C17) ion flows. At a fixed electric
field, K™ and Cl~ ions move in opposite directions. Conse-
quently, at zero external bias, neither potassium nor chloride
ions exhibit the penetration behavior. Subsequently, the in-
dividual contributions of potassium and chloride ion currents
through the negatively charged crown ether nanopores are an-
alyzed. Potassium ions generate a significant ionic current,
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whereas chloride ions do not produce a current, as shown in
Fig. 5(c). Considering that the transport process in the sym-
metrical nano-ionic pore channel does not have a directional
bias, the conclusion of potassium and chloride ions under neg-

(b)

& d Gr with 24-crown-9 ether nanopores
( By ap SRy AN TR A AR
: i } R
SR ;

900

ative bias is consistent with that at a positive bias. All in all,
the crown ether-embedded graphene with negatively charged
nanopores exhibits preferential permeation for potassium ions
while impeding the passage of chloride ions.

E=0.010 V/A —~E=-0.010 V/A
—E=0.005 V/A ~ E=-0.005 V/A
—E=0V/A
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Fig. 5. Ionic transport dynamics under an electroosmotic flow field. (a) Electroosmotic flow simulation system: atoms and ions are represented
as van der Waals spheres, and water molecules are displayed transparently. Ionic currents through nanopores in single-layer graphene with a
defect (24-crown-9) in 0.5-mol/L KClI solution. (b) Total charges of ions moving through the nanopore versus time ¢, at various applied biasing
voltages. (c) Detailed breakdown of the individual ionic currents for K™ and C1~.

3.3. Selectivity mechanism

To elucidate the screening mechanism of charged
nanopores for anions and cations, it is necessary to consider
both the energy profiles for ion penetration through graphene
nanosheets and the behavior of ions in aqueous solutions. The
energy barrier at the mouth of the nanochannel is an impor-
tant intrinsic factor affecting the ionic conductivity in two-
dimensional, sub-nanometer-scale channels. Based on the dis-
cussions in Subsection 3.1, there are energy barriers as well as
energy wells for ion penetration through graphene nanopores.
Combining the solution to the tunneling probability formula
through a one-dimensional potential barrier

—2x/2m(V —E)

h “)

P =¢exp

Ion tunneling through nanopores is closely related to the
heights of the energy barriers and wells. Generally, the lower
the barrier height or the shallower the well depth, the easier it
is for a single ion to penetrate the graphene nanopore. How-
ever, in a mixed aqueous solution of anions and cations, the
penetration process is also influenced by the environment in
which the ions are situated.

For nanopores with small diameters, such as 14-carbon-4
and 14-crown-4, there are high tunneling barriers for potas-
sium and chloride ions ranging from 3 eV to 11 eV. At room
temperature, the average translational kinetic energy of ions
is 3kT /2 (~ 0.03 eV), which is insufficient to penetrate such
nanopores. For the 24-crown-9 graphene nanopores, both
potassium and chloride ions encounter energy wells, with the

well for bromide ions being shallower. Considering the per-
spective of a single particle penetrating the energy profiles,
the 24-crown-9 nanopore is more likely to allow penetration
of chloride ions than potassium ions. This is in contrast to
the results derived by molecular dynamics simulations. De-
spite quantitative differences arising from the distinct physical
premises (vacuum versus solvated environment, 0 K versus
room temperature), the NEB-derived relative stability ordering
(K™ > CI7) remains qualitatively consistent with the solution-
phase free energy profile, as shown in Fig. S2 of the sup-
porting information. This consistency supports the use of the
NEB-derived ordering as a meaningful indicator for predicting
selective ion enrichment under solution conditions. Accord-
ingly, the deeper well for K leads to its preferential capture
and intra-pore pre-concentration, whereas Cl—, lacking such a
well, remains depleted. This pre-concentrated reservoir of K+
then becomes the prerequisite for sustained cation conduction
under an applied electric field, as directly observed in the MD
simulations.

To elucidate the physical mechanisms governing selec-
tive anion/cation screening by charged nanopores, the two-
dimensional lateral density distributions of ions within the
graphene nanochannels are analyzed. Specifically, the in-
plane (XY-plane) ion concentrations across the graphene
nanosheet plane (integrated over z = 49-52 A, centered at
the nanopore location zy = 50.5 A) are quantified.?>3¢! The
critical function of the adsorption well is revealed here: it
leads to the intra-pore enrichment of charge carriers. In the
absence of an external electric field (E = 0 V/A), the nega-
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tively charged crown-ether nanopores capture and concentrate
a significant amount of K™ ions within the pore, while C1~
ions remain depleted, as shown in Figs. 6(a) and 6(d). This
is the direct consequence of the energy landscape: the well
for K™ enables its thermodynamic stabilization, whereas the
barrier for C1~ prevents its accumulation. As an external field
is applied, the pre-concentrated K+ ions are drawn through
the pore, sustaining a cation current. The local K* concen-
tration decreases with increasing field as ions are flushed out,

E=0V/A K+
(a) 80

E=0.005 V/A K+

as shown in Figs. 6(a)-6(c), demonstrating a dynamic cycle of
capture and conduction. In stark contrast, C1~ ions remain de-
pleted at all field strengths, as shown in Figs. 6(d)-6(f), as they
lack an initial intra-pore reservoir due to the repulsive barrier.
Therefore, the selectivity arises not merely from differing pen-
etration barriers, but from the asymmetric ability of the pore to
pre-concentrate cations versus anions, which dictates the avail-

ability of charge carriers for subsequent field-driven transport.
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Fig. 6. Lateral (XY -plane) mass density distributions of K™ and C1™ in the 24-crown-9 system, integrated across the graphene nanosheet plane
(z=49.0 A-52.0 A; graphene centered at z = 50.5 A). (a)~(c) K* distributions under biases of (a) 0 V/A, (b) 0.005 V/A, and (c) 0.010 V/A.
(d)~(f) Corresponding C1~ distributions under (d) 0 V/A, (e) 0.005 V/A, and (f) 0.010 V/A.

4. Conclusion

Atomic-scale defect engineering enables the construction
of graphene nanochannels with tailored crown-ether pores,
achieving programmable ion selectivity through pore geom-
etry and charge modulation. The 24-crown-9 functionalized
architecture exhibits exceptional cation selectivity, generating
cationic current exceeding anionic current by 100-fold via the
steric-electrostatic synergy. Mechanistic analysis reveals that
negatively charged defects reduce the free energy barriers for
cations (e.g., Li™, Na™, K*) while elevating barriers for an-
ions (e.g., CI™, Br™), while ion transport is governed by elec-
troosmotic dynamics. These findings establish a design frame-
work for biomimetic ion-exchange membranes, advancing ap-
plications in nanofluidic circuits and energy-efficient separa-
tion technologies.
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