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Heterogeneous membrane structures exhibiting ion diode effects have attracted significant interest in energy
conversion and storage. Herein, asymmetric double-layer graphene stacks with charged nanopores are con-
structed and placed in a KCl solution to study the controllable ion transport properties. Ion current rectification
(ICR) is observed and the switching ratio is up to 10 by leveraging the asymmetric structure, charge, and
interlayer distance. The trapping behavior of cations (K™ and anions (C17) in the nanochannels is investigated by
applying bias voltages, and peak ion capture occurs at an electric field of E = 0.02 V/A. The underlying

mechanism of ICR is elucidated according to the dependence between the ion current and carrier concentration
in the nanopores. The results provide valuable insights into the ICR mechanism and reveal high potential in the

energy field.

1. Introduction

Inspired by the high permeability and selectivity of biological
nanopores, heterogeneous membrane structures based on the ion diode
effect have garnered significant interest as promising candidates for
osmotic energy conversion and storage [1-4]. The ion transport
pathway in the membranes is intentionally constructed with an asym-
metric architecture to facilitate both ionic conductivity and charge
(cation/anion) selectivity [4-7]. Micrometer-thick asymmetric mem-
branes composed of diverse materials such as polymers [8,9], silica [10,
11], alumina [12], have demonstrated the capability for selective ion
transport. Although these devices achieve both ionic conductivity and
charge selectivity, conventional membrane materials such as polymers
and mesoporous carbon suffer from inefficient ion transport due to
excessively long ion transport channels [5].

To overcome this limitation, asymmetric nanochannel membranes
constructed from metal-organic frameworks (MOFs) [1,13-16], cova-
lent organic frameworks (COFs) [17-22], and two-dimensional mate-
rials [23-26] have demonstrated advantages in enhancing the ion flux
and output power density by virtue of the ultrashort ion transport paths
on the nanoscale. Specifically, two-dimensional materials including
graphene possess higher structural and chemical stability than the
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organic framework, making them competitive in constructing nano-
channels. The asymmetric bilayer atomic-scale nanochannels show
significant potential in achieving ion current rectification (ICR) at the
atomic thickness [24,25]. Single-layer graphene nanopores can acquire
charge through atomic polarization, for example, oxygen and
boron-substituted graphene [27,28], facilitating their utilization in ion
separation. By stacking graphene nanopores with opposing charges,
asymmetric nanochannels can be constructed, implying significant
prospects for applications in charge selectivity and ion rectification.

In this work, a heterogeneous membrane consisting of bilayer
charged graphene is designed for efficient ICR. The influence of the
structure, charge asymmetry, and interlayer distance on the ion trapping
and transport processes is studied. The ultra-short nanochannel shows a
remarkable ion current switching ratio of 10%, providing evidence of the
effective modulation and control of ion transport. The results provide
valuable insights into the restricted transport behavior of ions in nano-
scale spaces and as well as the design and fabrication of ion diodes.
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2. Computational methods
2.1. First principles calculation

The computation of the electron energy barrier is conducted using
the Vienna Ab initio Simulation Package [29] employing the projector
augmented wave (PAW) potentials of Perdew-Burke-Ernzerhof (PBE)
[30]. The transition state search is performed utilizing the
climbing-image nudged elastic band (CI-NEB) method by VASP-VTST
[31-34]. A rectangular graphene membrane (12.82 x 12.34 f\z) is
positioned in a three-dimensional periodic simulation box oriented
parallel to the x-y plane. The optimized C-C bond length is determined
to be 1.424 A, which closely matched experimental data [35]. In all
cases, the Brillouin zone is sampled with a 3 x 3 x 1 k-point mesh,
except during structural optimization and transition state search where
itissetto 1l x 1 x 1. A plane wave cutoff energy of 550 eV was employed
for all calculations. Electron energies are converged within a tolerance
of 1 x 1077 eV, and geometric optimization allows all atoms to relax
until the force on each atom reached 1 x 1072 eV/A. Visualization,
structure modeling, and analysis are conducted using the electronic and
structural analysis (VESTA) software [36].

2.2. Molecular dynamics simulation

To model ionic currents through a nanopores in bilayer graphene, we
constructed a 4 x 4 array of nanochannels and immersed it in the 0.5
mol/L KCl solution, as shown in Fig. 1 (a). Each nanochannel in the
array is composed of a pair of nanopores stacked up and down, as shown
in Fig. 1 (b)-(e). The partial atomic charges are determined by the Atom
Charge Calculator IT (ACC II) utilizing the EQeq method, as illustrated in
Fig. S1 [37]. For non-bonded interactions, the mixing rule is employed
to determine the Lennard-Jones (LJ) parameters, with the exception of
carbon-water interactions, which are characterized by the force-field
parameters provided in reference [38]. The LJ parameters can be
found in Table S1 of the Supplementary Information. The water mole-
cules are modeled using the TIP3P model [39,40]. The simulation box is
a rectangular parallelepiped with dimensions of 8.1 nm x 8.1 nm x 10.6

Fig. 1. (a) Simulation system: atoms and ions are represented as van der Waals
spheres and water molecules are displayed transparently. Ionic current model of
bilayer graphene with nanopores. Perspective view of bilayer graphene with
different types of defects: (b) BCV-F, (c) BCV-S, (d) BOBCV-F, and (e) BOBCV-S.
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nm and periodic boundary conditions are applied in all directions. In
each simulation, an initial energy minimization process is performed
with the LAMMPS package [41,42]. Subsequently, the system undergoes
equilibration in the NVT ensemble with a constant number of particles,
volume, and temperature maintained for a duration of 40 ns at a pres-
sure of 1 atm and temperature of 300 K. It should be noted that the first
4 ns of this period are allocated to the pre-equilibration processes. The

vector electric field E intensity is applied to the system, with its di-
rection aligned along the z-axis. In the subsequent sections, E > 0 V/A

indicates the positive direction along the z-axis, while E < 0V /A rep-
resents the negative direction along the z-axis.

3. Results and discussion
3.1. Nanopores in bilayer graphene

3.1.1. Pristine bilayer graphene

The characteristic of pristine monolayer graphene to block the pas-
sage of ions has been studied [43,44] and the ion-blocking behavior is
verified in pristine bilayer graphene structures in this section. In the case
of bilayer graphene with an AA stacking arrangement, the pristine
graphene layers are immersed in the 0.5 mol/L KCI solution, and a
positive bias voltage is applied along the direction perpendicular to the
graphene plane, as depicted in Fig. 1(a). When a bias is applied in the z
direction, K" and CI~ may undergo directed migration under the influ-
ence of an electric field, resulting in an ionic current I. The equation for
the ionic current is shown in the following:

I:ZQ[V[/H7 (€]

where H is the height of the simulated system and g; and v; are the charge
and velocity of the i — th ion, respectively. The total charge passing
through the nanopores are defined as follows.

0= /I,dt . (2)

The ionic current I and the ionic charge Q provide direct insights into
the ion penetration dynamics within the nanopore.

The cumulative charge of K™ and Cl~ translocating across the pristine
bilayer graphene is consistently maintained at zero, as shown by the
green line in Fig. 2 (a). The result shows that K™ and Cl~ cannot pene-
trate the pristine bilayer graphene when a bias voltage of 0.03 V/A is
applied within the simulation duration of 40 ns. This behavior strongly
proves that the pristine bilayer graphene inhibits the penetration of both
K" and Cl™. The closely packed carbon atoms in the bilayer graphene
significantly limit the space required for ion transport, thus preventing
them from penetrating the materials. These defects facilitate ion
mobility and establish the requisite space required for ions to penetrate
the bilayer graphene structure. Consequently, these observations
emphasize the importance of introducing defects into the structure of
bilayer graphene.

3.1.2. Bilayer graphene with nanopores

The emergence of atomic-level carbon vacancies is an inherent and
inescapable phenomenon during the fabrication process of graphene,
and these defects are potential channels for ion penetration. To inves-
tigate the ion transport behavior of atomic-scale defects, bilayer gra-
phene with carbon vacancies for the first (BCV-F) is constructed. In this
structure, the upper and lower layers of nanopores are equal in size,
about 0.8 nm in diameter, as shown in Fig. 1 (b). BCV-F is immersed in
the 0.5 mol/L KCl solution, and a voltage of 0.03 V/A is applied along
the direction perpendicular to the graphene plane, as illustrated in Fig. 1
(a). The charge equilibration analysis confirms that the bilayer graphene
with carbon vacancies is electrically neutral, with no charge accumu-
lation at the nanopores, as shown in Fig. S1 (a). The charges of ions
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Fig. 2. (a) Ionic currents through BLG, BCV-F, and BCV-S in the 0.5 mol/L KCl solution. (b) Current-voltage (I-V) characteristics of the bilayer graphene structure
that contains defects. The insets represent the schematic diagram of nanochannel and mark the direction of ICR. (c) and (d) provide the detailed representations of

the ionic currents for both K* and Cl~ in BCV-F and BCV-S, respectively.

passing through the nanopores increase linearly producing a stable ion
current. The ion current is the result of the combined action of K* and
Cl~, where cations and anions move in opposite directions, respectively,
as shown in Fig. 2 (b). The results show that the defective bilayer gra-
phene allows a considerable number of ions to pass through the gra-
phene nanopores, while the pristine bilayer graphene does not. Equal
reverse biases are applied to the system, and K' currents of equal
magnitude but opposite directions are observed. In addition, the con-
ductivity of K* is positively correlated with the applied biased voltage,
while no significant Cl~ current is detected, as shown in Fig. 2 (c). This
phenomenon is attributed to the fact that the hydration radii of K* is
smaller than that of Cl7, as shown in Fig. S2 (a), (b), and the hydration
radii of ion plays a key role in ion transport in the confined space of ~1
nm.

BCV-F with the symmetrical structure does not exhibit the ionic
rectification behavior, as shown by the red line in Fig. 2 (b). At a bias
voltage of +0.01 V/A, there is no ion penetration through the nano-
pores, and ion trapping near the nanopores is negligible. By increasing
the positive bias, ion trapping in the nanopores initially increases and
then decreases, as shown in Fig. S3 (a). Furthermore, it is found that K™
and Cl™ are trapped in the lower-layer and upper-layer nanopores,
respectively, leading to an ion current blocking phenomenon. The
phenomenon is disrupted as the external bias voltage exceeds 0.04 V/A,
leading to a decrease in ion trapping, as shown in Fig. S3 (a). Based on
the results, the introduction of nanopores in bilayer graphene mem-
branes provides the possibility for the penetration of K™ and C1~ and ion
currents. BCV-F is a symmetrical nanochannel and so ions are trans-
ported through these symmetrical channels under an external bias
without ICR.

3.2. Ion transport of different nanopores

3.2.1. Asymmetric nanopores
By changing the shape and size of the transport channel, the ion

transport channel can effectively control ion transport [45,46]. To
generate the ICR in the nanochannel, structural asymmetry is introduced
into the bilayer graphene with carbon vacancies so that the nanopore
sizes in the upper and lower graphene layers are different. Bilayer gra-
phene with carbon vacancies for the second (BCV-S), where the upper
graphene nanopores exhibit a larger size (1 nm in diameter) than the
lower one (0.8 nm in diameter), as shown in Fig. 1 (c), is verified to be
electrically neutral by the charge equilibration analysis, as illustrated in
Fig. S1 (b). BCV-S is submerged in the 0.5 mol/L KClI solution, and
different voltages are applied perpendicular to the plane of the gra-
phene, as shown in Fig. 1 (a). The findings show that the incorporation
of an asymmetrical structure exerts a significant regulatory impact on
ion transport and trapping in both symmetric BCV-F and asymmetric
BCV-S.

Three distinct phenomena have been observed from the symmetric
BCV-F and asymmetric BCV-S: (1) ICR, (2) dominant carriers, and (3)
voltage-dependent ion trapping. Firstly, the asymmetric BCV-S system
shows the ICR, but the symmetric BCV-F system does not. Especially in
the range of —0.02 V/A < E < 0.02 V/A, the forward ion current
significantly exceeds the reverse ion current, as indicated by the blue
line in Fig. 2 (b). The generation of ICR in BCV-S is related to the uneven
distribution of K" ions under the opposite bias near the nanopores, in
which K" ions are still the mainstream carrier in this process. Under
positive bias, K ions pass through small defects and then through large
defects in turn, while under negative bias, the order is opposite. The
obstacle for KT ions to penetrate the nanopore comes from the
obstruction of two nanopores with different sizes and the small nano-
pore has a greater influence on the potassium ion flow. Under positive
bias, the lower side of smaller nanopore is enriched by K* ions, and K™
ions are easily drawn by external bias to form K ion flow. On the
contrary, under negative bias, the K™ ion on the upper side of the smaller
nanopore is in a barren state, and the K' ion current is weak due to the
lack of K ion source. Therefore, the uneven distribution of upstream K"
ions concentration caused by positive bias and negative bias when



Y. Xin et al.

penetrating smaller nanopore is the main reason for ICR effect in BCV-S.
Under the condition of |E | > 0.02 V/A, the ICR effect is not obvious. In
this condition, the forward current is approximately equal to the nega-
tive current, as shown by the blue line in Fig. 2 (b). And the K" ions get
enough energy, and the concentration difference near the pinhole is no
longer the main influencing factor. Secondly, the ion types of carriers are
affected by the size of nanopores. BCV-S provides larger transport space
for Cl™, allowing them to participate in ion conduction, as shown in
Fig. 2 (d). It is worth noting that in BCV-S system, the same as BCV-F, K"
ions are the main carriers, which is determined by the ion radii of the
two ions. Thirdly, in the symmetric BCV-F, trapping of K" and Cl~ in-
creases initially, reaches a peak, and then decreases as the voltage is
increased. This is attributed to the accumulation of ions in the symmetric
pore structure, impeding transport of ions with opposite charges.
However, when the bias exceeds 0.04 V/1°\, the accumulation effect is
overcome, and the external voltage becomes the dominant factor in ion
transport, leading to a gradual reduction in ion accumulation, as shown
in Fig. S3 (a). In the asymmetric BCV-S system, this blocking phenom-
enon is overcome and no peak is observed, as shown in Fig. S3 (b).
Therefore, introducing structural asymmetry is crucial to modulating
ion current rectification in the design of ultra-thin nanofluidic systems.

3.2.2. Charged nanopores

Introduction of atoms or functional groups to the edges of graphene
nanopores enables the nanopores to acquire charges, thereby achieving
functionalization for nanopore particle sieving [47]. The current
investigation adopts a model distinguished by a charge asymmetric
bilayer structure. This bilayer graphene consists of a stacked configu-
ration featuring O-terminal and B-terminal carbon vacancies for the first
(BOBCV-F), and the diameter of the nanopore is about 0.8 nm, as shown
in Fig. 1 (d). Upon immersion in an aqueous solution, the bilayer gra-
phene defect structure adopts a symmetric nanochannel configuration,
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wherein the upper layer is composed of positively charged nanopore
defects (B) and the lower layer consists of negatively charged nanopore
defects (O), as illustrated in Fig. 1 (a). In BOBCV-F, the lower-layer
oxygen atom obtains electrons from adjacent carbon atoms to produce
a negative charge (~—0.23 e). Similarly, the upper-layer boron atoms
lose electrons to neighboring carbon atoms resulting in a positive charge
(~+0.89 e), as shown in Fig. S1 (e).

The transition from the uncharged BCV-F configuration to the
charged BOBCV-F configuration leads to the following alterations in ion
transport. Firstly, ICR is observed from BOBCV-F when a positive bias is
applied along the z-axis, while a negative bias is applied in the opposite
direction. By varying the applied bias to E = 0.01, 0.02, 0.03, and 0.04
V/A, the ion current is observed to traverse through the nanopore de-
fects, as shown in Fig. 3 (a). Conversely, when reversing the bias with
values of E = —0.01, —0.02, —0.03, and —0.04 V/1°\, no significant ion
current is observed through the nanopores in the BOBCV-F system, as
shown in Fig. 3 (a). Under different ion biases, the ion switching ratio of
the BOBCV-F system increases with the absolute value of the biased
voltage, as demonstrated in Fig. S5. Secondly, significant changes in the
dominant ion carriers are observed at a positive bias. In the case of BCV-
F, K ions are found to serve as the primary carrier, as shown in Fig. 2
(c). Conversely, in the charged nanopore defects BOBCV-F, a shift occurs
and Cl~ ions emerge as the predominant carrier, as shown in Fig. S6 (a).
For nanopore defects of the same size, the positively charged boron
atoms in the upper layer exert a stronger repulsive effect on K than the
negatively charged oxygen atoms in the lower layer. Therefore, only C1~
ions participate in the conduction in this system. Thirdly, as the positive
bias increases, the generated forward ion current does not increase
linearly with the bias magnitude. Particularly, at E = 0.02, 0.03, and
0.04 V/A, there is no significant change in the ion currents, as shown in
Fig. 3 (a). This can be attributed to that the K* ions are initially trapped
and accumulated by the lower-layer nanopore defects (O) at a positive

Fig. 3. Ionic currents through (a) BOBCV-F and (b) BOBCV-S in the 0.5 mol/L KCl solution. (c¢) Current-voltage (I-V) characteristics of the bilayer graphene structure
that contains defects. The insets represent the schematic diagram of nanochannel and mark the direction of ICR for bilayer graphene with different types of defects:

BCV-F, BCV-S, BOBCV-F, and BOBCV-S, respectively.
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bias. They are unable to overcome the barrier created by the positively
charged upper-layer nanopore defects (B). With increasing voltages,
accumulation of K ions in the lower-layer nanopore increases, as shown
in Fig. 4 (a), but the behavior of Cl™ differs. At a positive bias, they
accumulate in the upper-layer nanopore defect (B) and can penetrate the
lower-layer negatively charged nanopore defects (O) under the influ-
ence of the electric field. As the bias increases, penetration of Cl~
through the lower-layer nanopore becomes faster. The amount of Cl™
trapped in the upper nanopores gradually decreases, mainly due to the
inability of the upper nanopores to trap Cl™ in a timely manner. This is
the main reason why the ion current does not increase proportionally
with increasing bias.

To facilitate comprehension of the ion transport behavior, calcula-
tions are conducted to determine the ion density in the BOBCV-F system
at different voltages. The relative ion density, denoted as p, is computed
along the z-axis at an interval of "0.1 A" across each plate, with the center
positions of the two graphene nanosheets within the pore defining the
origin of the z-coordinate, as depicted in Fig. 4 (a). For bias voltages E <
0 V/A, no ion trapping is observed in the nanopores of the upper and
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lower graphene layers at the z-axis coordinates of approximately —1.9
and 1.9, respectively, as shown in Fig. 4 (a). With increasing negative
biases, K and Cl~ ions are enriched outside the upper graphene layer
and the lower graphene layer, respectively. When E > 0 V/A, Cl~ trap-
ping in the bilayer Graphene nanopore gradually decreases, while K™
trapping increases. It is worth noting that under a positive bias voltage,
only Cl™ ions participate in ion conduction in the BOBCV-F structure, but
K" ions do not. Consequently, it can be concluded that obstruction of K*
penetration by the upper B-terminal nanopore results in the accumula-
tion of K™ being trapped in the lower O-terminal nanopore as the
external bias voltage is gradually augmented.

3.2.3. Hybrid nanopores

It is evident that the structure and morphology of bilayer graphene
nanopores as well as the existence of charge asymmetry play a regula-
tory role in ion transport. Considering that the BOBCV-F exhibits a
strong blocking effect on K* due to the presence of the upper-layer boron
termination, only Cl™ ions act as carriers and suppress the contribution
of K in ion rectification. To address the issue, a hybrid defect, namely

Fig. 4. Distribution of ions along the z-direction through (a) BOBCV-F and (b) BOBCV-S at different applied biases.
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bilayer graphene consisting of a stacked configuration featuring O-ter-
minal and B-terminal carbon vacancy in the second (BOBCV-S), is
devised to combine the structure and morphology of the nanopore with
a charged asymmetry. In this system, the size of the upper B-terminated
nanopore is increased to 1.0 nm in diameter and the size of the lower O-
terminated nanopore is 0.8 nm in diameter, as shown in Fig. 1 (e). By
placing this bilayer graphene defect structure in an aqueous solution, an
asymmetric nanochannel is formed to consist of the up-layer positively
charged nanopore defects (B) and low-layer negatively charged nano-
pore defects (0), as shown in Fig. 1 (a). In the charged BOBCV-S, the
lower-layer oxygen atoms obtain electrons from adjacent carbon atoms,
resulting in a negative charge (~—0.24 e). Similarly, the upper-layer
boron atoms lose electrons to adjacent carbon atoms to produce a pos-
itive charge (~+0.81 e), as shown in Fig. S1 (f). It is noted that the
nanopore with the up-layer boron termination has a larger size than the
nanopore terminated with oxygen in the low-layer.

By increasing the size of the nanopore terminated with upper-layer
boron atoms, the distribution of nanopore charges is altered, resulting
in a significant modulation of the transport behavior of the K* and C1~
ion currents. Firstly, BOBCV-S exhibits ICR when subjected to vertical
positive and vertical negative biases along the z-axis, as illustrated in
Fig. 3 (b), (c). Application of biases with values of E = 0.01, 0.02, 0.03,
and 0.04 V/A facilitates the passage of ion currents through the nano-
pore defect. Conversely, under reverse biases of E = —0.01, —0.02,
—0.03, and —0.04 V/A, no substantial ion current flows through the
bilayer graphene nanopore defect, as observed in Fig. 3 (b). Across a
range of diverse bias voltages, the ion rectification ratio consistently
remains at a significantly elevated level, with certain specific bias
voltages demonstrating an ion switching ratio exceeding 102, as shown
in Fig. S5 (d). These findings suggest that the nanopore system has
excellent fluidic diode characteristics. Secondly, under positive bias
conditions, both K™ and Cl~ participate in ion conduction leading to an
increased conduction of ion currents. It is observed that BOBCV-S allows
a significant amount of K* to pass through the nanopore under forward
biases (E = 0.01, 0.02, 0.03, and 0.04 V/;\), as shown in Fig. S6 (b). This
phenomenon is not observed from BOBCV-F, as shown in Fig. S6 (a). In
particular, under positive biases, especially E = 0.02, 0.03, and 0.04 V/
10\, BOBCV-S exhibits an approximately five-fold increase in ion con-
duction compared to BOBCV-F, as shown in Fig. 3 (c). Thirdly, with
increasing positive bias, a linear increase in the generated forward ion
current is observed. Under the applied bias (E = 0.005, 0.01, and 0.015
V/A), no significant ion current is observed from the BOBCV-S system. A
linear increase in the ion current is observed with increasing applied
bias (E = 0.02, 0.03, and 0.04 V/1°\), as shown in Fig. 3(b), (c), while no
ion current blockade is observed.

In the BOBCV-S system, both K™ and Cl~ contribute to the ion cur-
rent. For bias voltages E < 0 V/A, no ion trapping is observed in the
nanopores of the upper and lower graphene layers at z-axis coordinates
of approximately —1.9 A and 1.9 A, respectively, as shown in Fig. 4 (a).
With increasing negative biases, K™ and Cl~ are enriched on the outer
side of the upper graphene layer and outer side of the lower graphene
layer, respectively, where the process is similar to that observed from
the BOBCV-F system. When the electric field is greater than zero (E > 0
V/A), trapping of CI~ and K" increases initially, peaks, and then de-
creases. Trapping of C1~ and K" initially increase, reaches a peak, and
then decreases again at a positive bias voltage. When 0 < E < 0.02 V/A,
both K* and Cl~ contribute to conduction, and ion trapping increases
with increasing voltages. When E > 0.02 V/A, K* and Cl~ ions conduct,
and the ions are carried away from the nanopores by the external
electric field. Considering the variations of K" and C1~ with bias voltages
in both the BOBCV-F and BOBCV-S systems, ion trapping increases with
voltages before ion conduction occurs. Once ion conduction is estab-
lished, replenishment of ions decreases with the voltage.

The prominent unidirectional ions transport of atomic scale mem-
branes makes them ideal candidates for electrochemical energy con-
version. The osmotic energy is generated by separating two cells
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containing salt solutions of different concentrations using ion-
conductive membranes. At the interface of these two solutions, an
electrochemical gradient occurs and drives ions across the membrane,
generating an osmotic ion flux. In BOBCV-S systems, cations/anions
move in opposite directions, resulting in net osmotic current, in which
both K and Cl~ contribute to ion current. Among them, the double ion
channel has more advantages than the anion exchange membrane and
cation exchange membrane, which only allow a single charged ion to
penetrate.

3.2.4. Interlayer distance

The transport behavior of ions can be influenced by the interlayer
distance of bilayer graphene through methods such as intercalation,
solvent effects, applied pressure, or etching [48]. By expanding the
study of ion transport modulation in BOBCV-S, the influence of aug-
menting the interlayer distance of bilayer graphene on the ion transport
is investigated. The interlayer distance of BOBCV-S, initially set at 3.8 A,
is adjusted to 7.6 A. This bilayer graphene defect structure is immersed
in the 0.5 mol/L KCl solution, and a positive bias and a negative bias are
applied along the z-direction.

Adjusting the gap between the layers of the BOBCV-S changes the ion
transport and trapping behavior. Firstly, under the same bias conditions,
the ion current of the system increases. Upon applying a bias of E = 0.02
V/A, the K™ ion current increases by approximately three times, while
the C1™ ion current switches from a closed state to an open state, as
shown in Fig. 5(a), (b). When a bias of E = —0.02 V/A is applied, both
the K™ and Cl~ ion currents remain at low levels, with few charge car-
riers penetrating the nanopore defects. Secondly, under a positive bias of
E = 0.02 V/A, the augmented interlayer distance facilitates interlayer
ion trapping, as illustrated in Fig. 5 (e), (f). In contrast, at a negative bias
of E = —0.02 V/A, the increased interlayer distance does not result in
interlayer ion trapping, as shown in Fig. 5 (c), (d). The quantity of
interlayer ion trapping directly influences the ion current under positive
biasing, leading to a further increase in the forward conduction current.
This characteristic, wherein the forward ion current increases while the
reverse current is suppressed, holds significant importance in enhancing
the permeability of semipermeable membranes while maintaining high
selectivity. Thirdly, a similar observation can be made under a positive
bias of E = 0.02 V/A, wherein an increased interlayer distance leads to
an extended duration to reach the peak ion trapping. For BOBCV-S with
an interlayer distance of 3.8 A, the saturation time in the nanopore is
approximately 1.5 ns, as shown in Fig. S7 (a). In contrast, for BOBCV-S
with an interlayer distance of 7.6 A, the saturation time in the nanopore
is approximately 10 ns, as shown in Fig. S8 (a). Following a continuous
thermal equilibration period of 40 ns in the simulation, the applied bias
is removed, resulting in the de-trapping of ions within the nanopores and
return to the solution, as illustrated in Fig. S7 (b) and S8 (b).

Increasing the interlayer distance in bilayer graphene nanopore de-
fects yields augmented ion currents and interlayer ion trapping under
positive bias, while concurrently preserving diminishing the currents
under negative bias. This behavior has potential in improving the
permeability and selectivity of semipermeable membranes. Addition-
ally, a larger interlayer distance increases the time to reach the peak ion
trapping, indicating the importance of interlayer distance in controlling
the ion dynamics in the nanopores.

3.3. Ion transport mechanism

To elucidate the underlying mechanism of ICR, the distribution of
ion concentration in the nanopores of BOBCV-S is investigated under
various bias voltages. Initially, in the absence of an external electric field
(E = 0 V/A), the nanopores have a limited population of K* and CI~ due
to random collisions with water molecules in the solution. At a positive
external electric field of E = 0.02 V/A, the ion concentration in the
nanopore goes up but at a negative external electric field of E = —0.02
V/A, the ion concentration decreases. The influence of the applied bias
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Fig. 5. (a) lonic currents through BOBCV-S and (b) double interlayer distance BOBCV-S in the 0.5 mol/L KCl solution. (c) and (e) Distributions of ions along the z-
direction in the BOBCV-S system at biased voltages of —0.02 and 0.02V/A. (d) and (f) Distribution of ions along the z-direction in the BOBCV-S system with a double

distance at biased voltages of —0.02 and 0.02V/A.

voltage on the charge carrier population is shown in Fig. 6 (a) - (f). This
ICR behavior can be applied to a wider range of nanoscale bilayer
asymmetric ion transport channels, as shown in Fig. 6 (g)-(i). These
observations highlight the impact of the applied bias voltage on the ion
concentration distribution in the nanopore and reveal the intrinsic
mechanism of ion rectification in the asymmetric nanopore system.
Furthermore, the ion transport process in charged nanopores is
investigated using the climbing image-nudged elastic band (CI-NEB)
technique, revealing that the carrier distribution in the nanopore is
controlled by the functional nanopores. These charged nanopores pro-
vide adsorption sites and transport paths for counterions [49,50]. When
an ion vertically penetrates a charged nanopore, it generates an energy
well or barrier at counter-charged nanopores or co-charged nanopores,
respectively, as shown in Fig. 7 (a) and (b). The graphene layer char-
acterized by an energy potential well that can trap counter-ions is called
a trapping layer, while the graphene layer characterized by an energy
barrier that can repel co-ions is called a barrier layer. Charged graphene
nanopores only allow counter-ion penetration, but not co-ion penetra-
tion, as shown in Fig. S9 (a)-(f). When stacking the two charged layers
together, K and Cl~ exhibit energy barriers within nanopores with the
same charge, while they exhibit energy wells within nanopores with

opposite charges, as shown in Fig. 7 (c). Such functionalized nanopores
with opposite charges induce anions and cations to be adsorbed on both
sides of the nanochannel respectively, which provides a carrier con-
centration difference for ICR generation.

The ionic current is determined by the salt ion concentration of K*
and Cl™ in the nanopores of the bilayer graphene nanochannels. The ion
concentration in the nanopores depends not only on the concentration of
electrolytes in the solution pool, but also on the structure and charge
asymmetry of the nanopores. The charges inside the nanopores, as
described by the classical Debye double-layer theory, play a crucial role
in the ion concentration distribution in the pore and consequently, the
conductivity of the solution. Graphene with charged nanopores selec-
tively traps counter-ions, and the trapping behavior leads to enough
carriers passing through the nanopores to form ion currents. The di-
rection and magnitude of ion current conduction are determined by the
placement of two atomic layers with opposite charges. Ions tend to be
trapped by the trapping layer first and then penetrate the barrier layer
under the external electric field. This behavior determines the direction
of current flow in the fluid diode. The magnitude of the ionic current is
limited by the barrier layer. When the bias voltage in the conduction
direction is below a certain threshold, it fails to provide the necessary



Y. Xin et al.

Materials Today Chemistry 34 (2023) 101767

Fig. 6. The 2D mass density distribution on the XY plane, ranging from 49.0 to 56.8 A along the z-axis, of K* and Cl~ in the BOBCV-S system. K* density distributions
under (a) zero, (b) forward and (c) reverse biases. CI~ mass density distributions under (d) zero, (e) forward, and (f) reverse biases. Representative snapshots of ion
transport through the bilayer asymmetric graphene defects under (g) zero, (h) forward, and (i) reverse biases.

energy for the charge carriers to overcome the barrier layer, leading to
either a small current or no current. As the voltage increases, charge
carriers acquire sufficient energy to penetrate the barrier layer, leading
to a significant ion flow. These findings contribute to our understanding
of the mechanisms driving ion current rectification in asymmetric
nanopores and highlight the potential application in various nanoscale
ion transport channels.

4. Conclusions

Heterogeneous membranes composed of bilayer charged graphene
are designed for high-efficiency ion current rectification (ICR). The
hybrid nanochannel BOBCV-S with both structural and charge asym-
metry exhibits selective transport of K" and Cl~ as well as ion current
rectification with a remarkable switching ratio of 10%. The asymmetric

factors in the nanochannels lead to ion current unidirectional conduc-
tion by controlling the concentration of carriers in the nanopores. The
findings and theoretical understanding pave the way for the design and
fabrication of nanoscale ion diodes.
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1. The crystal structure and atomic charges of nanopores in bilayer

graphene

Asymmetric double-layer graphene stacks with charged nanopores are
constructed. Six types of nanochannels, bilayer graphene with carbon vacancy to
the first (BCV-F), bilayer graphene with carbon vacancy to the second (BCV-S),
bilayer graphene with oxygen- and boron-terminated carbon vacancy to the first
(BOBCV-F), bilayer graphene with oxygen- and boron-terminated carbon vacancy
to the second (BOBCV-S), single-layer graphene with oxygen-terminated carbon
vacancy (SOCV), and single-layer graphene with boron-terminated carbon vacancy
(SBCV) , are listed as shown in Figure S1. The separation distance between the
two charged graphene nanosheets is determined to be 3.80 A using first principles
method. To determine the partial atomic charges, the Atom Charge Calculator II

(ACC II) with the EQeq method is employed, as depicted in Figure S1.[1]



Figure S1. The structure and charge distribution of (a) BCV-F, (b) BCV-S, (c) SOCYV,
(d) SBCYV, (e) BOBCV-F, and (f) BOBCV-S. Red balls represent oxygen atoms, pink

balls represent boron atoms, and gray balls represent carbon atoms.



2. The Lennard Jones and force field parameters

Table S1.  The Lennard Jones and force field parameters adopted in this work. [2]

Atom o/nm &/KJemol!

0-0 3.1656 0.1554
Water

H-H 0.0000 0.0000

C-C 3.3900 0.0692
Graphene

C-O 3.4360 0.0850
Nanopores

C-B 3.5342 0.1375

K-K 2.8400 0.4300
Tons

Cl-Cl 4.8305 0.0128




3. Tonic radii of K* and CI ions
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Figure S2. (a) The radial distribution function between ions and carbon atoms on
graphene. (b) The radial distribution function between ions and oxygen atoms on H>O.

The radial distribution function of K" ions and CI" ions along the carbon atom
shows that the distribution of K" ions are closer to the carbon atom, as shown in Figure
S2 (a). The hydration radii for of K* ions and CI" ions can refer to the radial
distribution function of oxygen atoms on water molecules around the ions. The radial
distribution function (RDF) between ions and oxygen atoms on H>O shows that the
RDF curves of K" ion and CI" ion have two ups and downs, which means that both ions
have obvious primary hydration and secondary hydration shells. The hydration radii
for K" and CI" ion are at the first peak, which are ~2.7 A and ~3.1 A respectively, as

shown in Figure S2 (b).



4. Trapping behavior of ions BCV-F and BCV-S
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Figure S3. Distribution of ions along the z-direction in (a) BCV-F and (b) BCV-S at

different applied biasing voltages.



5. Simple logic for nanofluidic computing

The quantity of trapped charge in the nanopores is influenced by the applied
positive transmembrane voltage, given a specific concentration of the KCI solution.
When a transmembrane field of 0 V/A is applied, no charges are trapped in the two
layers of nanopores in BOBCV-S. As the positive transmembrane voltage gradually
increases to approximately 0.02 V/A, the amount of charge trapped in the nanopores
increases gradually. Specifically, K ions are trapped in the negatively charged
nanopores, while CI” ions are trapped in the positively charged nanopores. Further
elevation of the transmembrane voltage leads to a gradual reduction in the amount of
trapped charge in the nanopores, as illustrated in by increasing the positive bias, ion
trapping in the nanopores initially increases and then decreases, as shown in Figure S4
(a). Notably, in states of high charge trapping, the trapped ions within the nanopores
are rapidly released upon removal of the transmembrane voltage, returning to the zero-
voltage charge trapping state. This input-output relationship exhibits the
characteristics of NOT logic gates or operations, where the ions within the nanopores
are expelled when the bias is removed, as depicted in Figure S4 (b). Building upon
the two asymmetric structures, the NOT gate can be utilized to realize AND, OR, and
XOR gates, as demonstrated in Figure S4 (¢).

The switching speed of nanopore rectifiers from the cutoff state (negative bias) to
the conducting state (positive bias) can be estimated. The ionic response can be

understood as the directed diffusion of ions in an aqueous solution towards the charged



nanopore followed by the ion's escape from the confinement across the membrane.
The effective average transition time t, T =71, + 7T, , Where 7, is the ion's
association time with the charged nanopore in the aqueous solution, and t,, istheion's
transmembrane penetration time. Under positive low bias, some ions cannot
overcome the barrier of the boron nanopore after associating with the charged nanopore,
resulting in 7, < 7,,. Under positive high bias, 7,, finally becomes smaller than
T,, and the ionic current is limited by the saturation value of association. In
conclusion, both the ionic rectification response speed and the response speed of
charged nanopore trapping of ions are related to the association time t, of the
hydrated ion with the charged nanopore. Its order of magnitude can be estimated by
the following formula: t, ~ q/I, where q is the charge of the trapped ion in the
nanopore, such as K*, and I is the corresponding ionic current, corresponding to K* ions.
For the defects (O9B12) nanopore structure given here, the response time can be

referred to 7, ~ a few nanoseconds under 0.02V/A bias.



Figure S4. (a) Distribution of ions along the z-direction through bilayer graphene
containing defects (O9B12) at different applied biasing voltages. (b) Structure diagram
of logic device input and output. (c) Simple logical operations including NOT,
exclusive AND, RO, and XOR are obtained by measuring the effective membrane

potential in both the "on" and "off" permeation modes.
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6. Calculation of rectification ratio of fluid diodes

To ascertain the rectification ratio of a fluid diode, it is imperative to compute the
ratio between the forward flow rate and the reverse flow rate. This ratio serves as a
quantitative measure of the diode's effectiveness in facilitating fluid flow in one
direction while inhibiting flow in the opposite direction. In the context of ionic current,
the following equation can be employed: [ = Y,; q;v;/H, where I represents the ionic
current, H denotes the height of the simulated system, and q; and v; correspond to
the charge and velocity of the i — th ion, respectively. To calculate the rectification
ratio, the forward flow rate (I,;) is divided by the reverse flow rate (I_;), yielding the
desired ratio. Here, the symbol j signifies the magnitude of the externally applied bias
voltage. This study presents Figure S5, which showcases the ion switches observed

in various nanopores of double-layer graphene under distinct ion biases.
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Figure S5. The rectifier switching ratios of bilayer graphene nanopore defects under

varying bias voltages.

switching ratio in BCV-F, BCV-S, BOBCV-F and BOBCV-S system.
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Specifically, (a), (b), (c¢), and (d) demonstrate the rectifier



7. lonic currents through bilayer graphene with pores
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Figure S6. TIonic currents for both K* ions and CI” ions in (a) BOBCV-F system and

(b) BOBCV-S system.
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8. Time dependence of ion trapping behavior

The time-dependent behavior of ion trapping in defect bilayer graphene is
investigated under a positive bias of £ = 0.02 V/A. It is observed that an increased
interlayer distance of BOBCV-S leads to an extended time required to reach the peak
ion trapping. In the case of an interlayer distance of 3.8 A, as depicted in Figure S7
(a), the saturation time within the nanopore is approximately 1.5 ns. However, for an
interlayer distance of 7.6 A, as shown in Figure S8 (a), the saturation time within the
nanopore is approximately 10 ns. Following a continuous thermal equilibration
period of 40 ns in the simulations, the applied bias is removed, resulting in the de-
trapping of ions from within the nanopores and their return to the surrounding solution.
This de-trapping process is illustrated in Figures S7 (b) and S8 (b). By examining the
time dependence of ion trapping, these findings contribute to a deeper understanding of
the behavior of ions within defect bilayer graphene structures, providing valuable

insights for related applications.
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Figure S7. Time dependence of ion trapping behavior in BOBCV-S under a
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defects over time. (b) lon desorption process within the defects when the positive bias

voltage is switched off (E = 0.00 V/A).
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9. Ion transport in single-layer graphene with defects

Single-layer graphene with O-terminal carbon vacancy (SOCV) and B-terminal
carbon vacancy (SBCV) are immersed in an aqueous solution, and an external bias
voltage is applied to measure their ionic currents. The results revealed distinct ion
transport characteristics for the two types of nanopores. In the case of the oxygen-
terminated nanopore, K" ions permeate the pore, forming a K* ion current, while CI
ions are unable to pass through the nanopore, resulting in the absence of a chloride ion
current, as depicted in Figure S9 (a). Conversely, in the boron-terminated nanopore,
chloride ions traverse the pore, creating a chloride ion current, whereas K* ions are
hindered from passing through, leading to the absence of a K" ion current, as shown in
Figure S9 (b). These findings demonstrate the selective permeability of the nanopores
based on their terminal atoms, highlighting the differential behavior of K" and CI  ions

in the graphene nanopore system.
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Figure S9. Ionic currents through single-layer graphene with (a) SOCV and (b)
SBCYV respectively. (c), (d), (e), and (f) present the distribution of ions along the z-
direction through SOCV and SBCV at different biasing voltages (E = -0.005V/A and E

=0.005V/A).
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