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lon transport through a two-dimensional membrane with nanopores plays an important role in many
scientific and technical applications (e.g., water desalination, ion separation and nanofiltration). Although
there have been many two-dimensional membranes for these applications, the problem of how to
controllably fabricate nanopores with proper shape and size still remains challenging. In the present
work, the transport of ions through a C,N membrane with intrinsically regular and uniformly distributed
nanopores is investigated using all-atom molecular dynamic simulations. It was found that the
monolayer Co,N membrane possesses higher ion permeability compared to the graphene membrane
because of its higher density of nanopores. In addition, it exhibits excellent ion selectivity under a low
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Accepted 16th October 2018 electric field due to the distinct dehydration capabilities and interaction behaviors (with the pore edges)
of the different ions. Furthermore, we found that multilayer C,N membranes have weak ion selectivity,
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1 Introduction

In recent years, ion transport through membranes with nanosized
pores or channels has become a rapidly growing research field. For
example, ion transport through cell membranes via ion channels
is a key process in biology." Ion transport through semipermeable
membranes is widely used in desalination,>"® nanofiltration"**
and nanofluids.”*>* In general, the transport behavior is mainly
affected by electrostatic interactions, steric exclusion of the
hydration shell and coordination with the solvent or functional
group at the pore edges, where the size of the pore or channel in
the membrane plays a key role. For example, K" and Cl~ (their
hydrated diameters are about 0.66 nm) cannot be transported
through a neutrally charged graphene nanopore with a diameter
of 0.4 nm, but they can cross a graphene nanopore with a diameter
of 0.8 nm."* Nevertheless, if the pore is functionalized with
a charged or partially charged functional group, the critical size of
the pore can be changed (for ion transport). For example, Kral
et al.”® reported that a 0.5 nm-diameter graphene nanopore func-
tionalized with F-N atoms allowed the transport of ions (Li*, Na"
and K'), due to the fact that the charged nanopore could reduce
the transport energy barrier of ions carrying the opposite charge.
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the experimental design of C;N-based nanodevices in nanofluids.

As mentioned before, graphene is one of the most widely
used 2D membranes for ion transport.>”*® In addition to gra-
phene membranes, other materials (e.g., TiO,,* silica®* and
MoS, *') can also be used as membranes for ion transport.
However, these two-dimensional materials encounter the same
limitations, namely, they must have some pre-treatment for real
applications because they do not have inherent nanopores for
mass transport. Despite the rapid development of nanotech-
nology, it is still difficult to fabricate nanopores with a proper
shape and size for ion selectivity at present. Additionally, to
resolve the trade-off between selectivity and permeability, the
membrane generally needs a high density of nanopores.**

As new 2D materials, C,N membranes have recently attracted
great attention,*** and possess intrinsic regular and uniformly
distributed nanopores with subnanometer diameters, and have
an extremely high thermal stability and a tunable wide band
gap.*>* Thus, they may have inherent advantages for different
molecules with different sizes. For example, a strained C,N
membrane can serve as a filter for highly efficient water desali-
nation. It has been found that only water from seawater can
permeate the C,N membrane, their flux is strengthened by one to
four orders of magnitude relative to that of other membranes and
the transport behavior can be precisely controlled with tensile
strain.*¢ Additionally, C,N membranes also possess excellent
capability for gas separation. Liu et al* showed that C,N
membranes exhibit remarkable selectivity for H, from among
other atmospheric gases. Xing et al* reported that C,N
membranes exhibit an exceptional ability to separate He from
natural gas with a high permeability (1 x 10” GPU) for He at room
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temperature. Although great progress has been made on water
and gas separation using C,N membranes, to the best of our
knowledge, there has still been no attempt to use a C,N
membrane for ion transport and selectivity, which may hinder its
wider application in nanotechnology.

In this work, we mainly focus on the transport of ions (i.e.,
Li", Na" and K") through a C,N membrane using all-atom
molecular dynamic (MD) simulations. As we will show below,
the monolayer C,N membrane exhibits higher ion permeability
(compared to that of graphene) and excellent ion selectivity
under a low electric field. The underlying mechanism of the ion
selectivity will be discussed in detail. Furthermore, the effect of
the layer number of the C,N membrane on the ion transport
and electroosmosis will also be investigated.

2 Methods

As shown in Fig. 1a, our simulation system contained one C,N
membrane, water molecules and ions (Li*, Na*, K" and C17). The
modeling of the C,N membrane was taken from work by Zhou
et al.*” It had multiple nanopores with diameters of ~0.41 nm *
and was placed in the middle of the simulation box. The parallel
edges of the C,N membrane were covalently bonded to each
other to form an infinitely large membrane. In the present
paper, three categories of C,N membranes with different
numbers of layers (monolayer, bilayer and trilayer) were con-
structed. In the case of the multilayer membrane, the distance
between the adjacent membranes was about 0.34 nm and the
stacking was A-B-C* (see Fig. 1b). The size of the simulation
box was about 4.20 x 4.40 x 6.00 nm’. Periodic boundary
conditions were adopted in all three directions. The system was
solvated with water molecules and salts (NaCl, LiCl and KCI)
with a concentration of 1.0 M unless otherwise stated.

In this work, all-atom MD simulations were carried out with
a Gromacs 5.0.4 package® with an amber99sb force field. The
TIP3P water model was chosen. The force field parameters for the
C,N membrane were taken from the work of Zhou et al.*” LINCS

Bilayer Trilayer

Fig. 1 Schematic illustration of ion transport through a C,N
membrane. (a) An electric field along the z-axis drives ion transport
through the CoN membrane. For clarity, water molecules in the
simulation box are not displayed. (b) The atomic structure of the C,N
monolayer, bilayer and trilayer membranes; the C and N atoms are
depicted as cyan and blue spheres, respectively; the initial stacking of
the multilayer C,N membrane was A-B-C.
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constraints were used for all bonds involving hydrogen atoms.
The particle mesh Ewald method was used when calculating the
long-range electrostatic interactions, and the Lennard-Jones (L])
interactions were cut off at a distance of 1.2 nm.

During the simulations, the systems were firstly energy-
minimized for about 10 000 steps. Then 2 ns of NPT equili-
bration (the pressure coupling was isotropic in the x and y
directions, but different in the z direction) was performed.
Finally the translocation process of the ions through the
membrane under an external electric field was simulated for 50
ns at the NVT ensemble. To save computing time, here we used
a relatively strong electric field, which is a commonly used
method (to speed up the translocation process) in simula-
tions.**** In the case of the monolayer membrane, the N and C
atoms of the C,N membrane were harmonically restrained with
a spring constant of 1000 k] mol " nm 2. In the case of the
multilayer membrane, the membrane in the bottom layer was
harmonically restrained and the remaining layers were free. The
Nose-Hoover method with a time constant of 0.1 ps was used to
keep the temperature at 300 K,* and the pressure was kept at 1
bar using the Parrinello-Rahman method with a time constant
of 0.1 ps.*® Each system was performed three times by changing
the speed seed to obtain an error estimate. The integration time
step was 2 fs. The ionic current was calculated using®"*

Z qilzi(1 + A1) = zi(1)]

AL,

1(1) = (1)
where N was the total number of ions, At was equal to 10 ps, L,
was the length of the simulation box in the z direction and g;
and z; were the charge and the z-coordinate of ion i,
respectively.

To calculate the free energy for ion transport through the
C,N membrane (in the absence of an electric field), biased
simulations were done using a harmonic potential with a force
constant of 1000 k] mol~" nm~? applied to restrain the position
of the single ion. The reaction coordinate was defined as the
distance in the z direction between the ion and the center of one
certain pore of the C,N membrane. Since the potential of mean
force (PMF) from the two sides of the membrane should be
symmetric,*® we just calculated the PMF when z = —1.0 ~ 0 nm
(divided into 10 windows of 0.1 nm), and the PMF for 0 ~
1.0 nm was reproduced from that for —1.0 ~ 0 nm. The
weighted histogram analysis method (WHAM)**** was then
applied to calculate the potential of mean force after 12 ns of
simulation for each window (the first 4 ns were used to reach
equilibrium and the last 8 ns were used for PMF calculation).

3 Results and discussion

3.1 Ion transport through the monolayer C,N membrane
driven by an electric field

Fig. 2a shows the relationship between the number of passed
ions and the simulated time under an electric field. It was found
that the number of passed ions changes linearly with time,
indicating that the ion transport is stable. Then, the ionic

This journal is © The Royal Society of Chemistry 2018
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Fig.2 (a) The number of passed ions as a function of time under an electric field of 0.1V nm~and 0.5V nm™2. (b) The ionic currents for each ion
through the monolayer C,N membrane as a function of the electric field. The inset is a zoomed in graph of the ionic currents under an electric
field of 0.1V nm~1to 0.5V nm™1. The error bars represent the standard deviation obtained from three independent runs. (c) The permeability ratio
for three types of ion through the monolayer C,N membrane. The dashed line stands for the case of the 1 : 1 binary K*/Li* mixed solution with the
concentrations 0.5 M (mix1), 1.0 M (mix2) and 1.5 M (mix3). The inset shows the permeability ratio of K*/Na™ versus the electric field. The number

of passed Cl™ ions was always zero.

currents of three types of ion through the monolayer C,N
membrane under different electric fields were calculated (see
Fig. 2b). As expected, with an increase in electric field, the
currents of each ion nonlinearly increase due to the accelerated
dehydration of the cation shell under the higher electric
field.?”>>°¢ Notably, the current of the K* ion through a single
nanopore in the C,N membrane is about 1.16/30 = 0.039 nA
under E = 0.15Vnm™ ', where 30 is the number of nanopores in
the C,N membrane. It is approximately the same as that from
a single pore in a graphene membrane (0.032 nA *’) under the
same conditions. However, the density of nanopores in the C,N
membrane® (~10"* em™?) is two orders greater in magnitude
than that in the graphene membrane?” (~10" cm 2). As
a result, the ion permeability of the monolayer C,N membrane
is much larger than that of the graphene membrane. Moreover,
Fig. 2b also shows that the ions with smaller hydrated diameters
(the Li" hydrated diameter is 0.76 nm, the Na" hydrated diam-
eter is 0.72 nm and the K" hydrated diameter is 0.66 nm ?’) have
larger ionic currents under the same electric field. However, this
trend does not appear under an electric field of 0.25 V nm ™!
0.4 Vnm™ ' (see the inset in Fig. 2b).

To better compare the performance of the membrane in
applications such as ion separation, the ionic permeability ratio
(defined as the ratio of the number of passed ions to the
number of passed Li" ions) under different electric fields was
then calculated (Fig. 2c). It was found that the ratio of K" and
Na' relative to Li" was very high when the electric field was low.
Then it rapidly decreased, before increasing gradually and then
finally reaching equilibrium as the electric field went on
increasing. A similar phenomenon was also observed inthe 1: 1
binary K'/Li* mixed solution with the total concentrations
0.5 M, 1.0 M and 1.5 M (see the dashed line in Fig. 2¢). In
addition, very little difference existed between the three mixed
solutions, which also indicates that the concentration of ions
may have little influence on the ion selectivity. The ratio of K"
relative to Na' (as a function of the electric field) was nearly
identical to that of K" relative to Li" (see inset in Fig. 2c), which
is consistent with that observed in the case of the graphene

to
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nanopore functionalized with carbonyl groups.*® Generally, the
C,N membrane exhibits excellent ion selectivity, especially
under a low electric field. The ions with smaller hydrated
diameters generally have higher selectivity under the same
electric field for the monolayer C,N membrane, in line with
other membranes.*** In all the simulations, we found that the
Cl™ ion could not pass through the monolayer C,N membrane
because the N atoms (carrying negative charges, —0.48¢) were
around the nanopores of the membrane. These negatively
charged atoms can prevent the transport of Cl™ ions, indicating
that the monolayer C,N membrane exhibits cation selectivity.
To study the underlying mechanism of the ion selectivity, the
potential of mean force (PMF) of a single ion being transported
through the monolayer C,N membrane (in the absence of an
electric field) was calculated (see Fig. 3a). Taking the Li* ion as
an example, when it approaches the C,N membrane, due to the
deformation of the hydration shell, the PMF firstly increases
slowly. As it goes on approaching membrane, the PMF will then
decrease a bit and reach a minimum at z = —0.36 nm, which is
mainly attributed to the attraction interaction between the
cation and the negatively charged nanopore (i.e., N atom). With
the further decrease in z, due to the dehydration of the ion (the
coordination number of ions with water molecules begins to
decrease, see Fig. 3b), the PMF will again increase, and reach
a maximum when z is about —0.12 nm (see the blue circles in
Fig. 3a). Nevertheless, when the ion and the pore are very close,
the electrostatic interaction becomes very large, and could be
much larger than the dehydration-induced exclusion interac-
tion. Hence, the PMF will again decrease and reach a minimum
when z = 0 nm (see the blue rectangles in Fig. 3a). To better
discuss the position distribution in the following sections, we
define the region between the center of the C,N membrane
(solid line) and the maximum (dotted line) in the PMF as the
attraction region, and the region between the minimum
(dashed line) and the maximum (dotted line) in the PMF as the
repulsion region (see Fig. 3a). Similar phenomena were also
observed in the case of Na" and K" ions although the values for
the energy barrier/well and the corresponding z coordinates

RSC Adv., 2018, 8, 36705-36711 | 36707
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Fig. 3 The potential of mean force profiles (a) and the coordination
number distribution of ions with water molecules (b) along the z-axis
for three types of ion passing through the monolayer C,N membrane
in the absence of an electric field. The center of the monolayer C,N
membrane is represented by the gray solid line at z = 0. The dashed
line and the dotted line represent the minimum and maximum in the
PMF, respectively. The black, red and green colors represent the Li™,
Na* and K* ions. The region between the dotted line and the solid line
is defined the attraction region; the region from the dashed line to the
dotted line is defined the repulsion region. For the sake of brevity, only
the repulsion (the dark cyan shaded area) and attraction regions (the
light cyan shaded area) for the Li* ion are shown.

were different. In more detail, for the three types of ion, the
heights of the energy barriers are about 2.9 keal mol™* (K",
4.4 keal mol " (Na*) and 8.0 kcal mol " (Li*), and the depths of
energy wells are about —6.9 kcal mol™" (K*), —6.6 kcal mol™"
(Na*) and —3.5 kecal mol™* (Li*). The difference in the PMFs for
the three types of ion at the pore position may originate from
their different coordination abilities with N atoms. Since K" has
the lowest potential barrier and the deepest potential well, it is
easiest for K to translocate through the membrane. In contrast,
as Li" has the highest potential barrier and the most shallow
potential well, it is difficult for it to translocate through the
membrane.

To further explain the distinct ion selection behaviors under
high and low electric fields, the position probability distribu-
tion of ions along the z direction under E = 1.0 Vom %, 0.1V
nm ' and 0.3 Vnm™ " were calculated (see Fig. 4). Under a high
electric field (see Fig. 4a), the Li" ions are mainly distributed at
z=—0.37 nm (around the repulsion region), indicating that it is
not easy for a Li* ion to be transported through the C,N
membrane, probably due to its higher hydration energy. The
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Na' ions are mainly located at z = —0.48 nm and z = —0.22 nm,
partly in the repulsion region and partly in the attraction region.
As a result, there are more chances for a Na' ion passing
through the membrane (compared to those for a Li" ion).
Moreover, due to their lower hydration energy, the K" ions are
mainly located around the attraction region (z = —0.27 nm),
where the ions can have their translocation facilitated. Under
a low electric field, since the ions are mainly distributed far
away from the pores (see Fig. 4b), the probability of ion trans-
port should be much lower (when compared to that under
a high electric field). In particular, as previously mentioned, the
Li" ion has the highest energy barrier and a low external field
can hardly drive the Li" ion through the pore (the position
distribution of a Li" ion inside the nanopore is nearly zero).
Meanwhile, for a Na* ion, a peak in the number density profile
appears at z = 0 nm, indicating that the dwell time of a Na" ion
is elongated; for a K" ion, a peak appears at the exit of the
nanopore (z = 0.13 nm), meaning that the number of passed K"
ions has increased. These lead to a more obvious difference
between the transport ability of the three ionsat E= 0.1 Vnm™ .
In the case of E = 0.3 Vnm ™, it was found that the three types
of ion are mainly distributed in the repulsion region, and their
distribution inside the nanopore is mostly the same (see
Fig. 4c). Thus no obvious difference between the transport
ability of the three ions occurs under this electric field.

3.2 Ion transport through the multilayer C,N membrane
driven by an electric field

Previous reports have shown that multilayer membranes
possess higher ion selectivity, attributed to the extension of the
selection region.*>*® Here, the translocation of ions through the
multilayer C,N membrane was also investigated under the
electric field E = 1.0 Vnm™'. As shown in the inset in Fig. 5a, it
was found that ions with smaller hydrated diameters have
larger passing rates regardless of the layer number. It also
shows that the number of passed ions decreases with the
increase in the number of layers. Additionally, the ionic selec-
tivity for the monolayer C,N membrane is larger than that for
the multilayer C,N membrane (see Fig. 5a). This means that
increasing the number of layers cannot increase the ion selec-
tivity for the C,N membrane, which seems to contradict the
results from the graphene membrane.*

To provide a possible explanation for the above results,
typical snapshots of an ion passing through the C,N
membranes are shown in Fig. 5b. Due to the electrostatic
interactions and van der Waals interactions, the multilayer C,N
membrane shows the A-B-C stacking mode,*’ which is different
from the aligned stacking mode in the graphene membrane.
This unique stacking mode causes a decrease in the effective
area of the pores (see Fig. 5b). Meanwhile, increasing the
number of layers leads to an increase in channel length and
roughness in the interior surface of the pores. As a result, the
transport time of the ions through the membrane increases. As
shown in Fig. 5b, K" ions stay longer in the region between the
adjacent C,N sheets when passing through the trilayer C,N
membrane. This means that the ion passing rate in the case of

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) The ionic selectivity ratio of three types of ion as a function
of the number of layers under £ = 1.0 V nm™. The inset shows the
number of passed ions as a function of the ion type and the layer
number. The ionic selectivity ratio is defined as the ratio of the number
of passed ions to the number of passed Li* ions. (b) The stacking (upper
panel) and snapshots (lower panel) of a single K* ion through the
membranes with different numbers of layers. The red represents the
first layer CoN sheet, the white is the second layer C,N sheet and the
blue is the third layer C,;N sheet. The gray cylinder represents the
passage of the ion. The pink bead represents the K* ion. In the lower
panel, the transport of one specific ion is illustrated in detail, and the
ion positions are marked for a series of uniformly distributed times in
the ion transport process.

the multilayer membrane is lower than that in that in the case
of the monolayer membrane. Additionally, the K' ion has
a larger size compared to that of the Na" ion and Li" ion (the
ionic radii of K*, Na" and Li" are 0.133 nm, 0.095 nm, 0.06 nm,

This journal is © The Royal Society of Chemistry 2018

respectively), resulting in a larger resistance. Thus, the K* ion
has a larger decrement. To summarize, the decreased ion
passing rate in thick C,N membranes mainly originates from
the increase in the length of the channels and the decrease in
the effective area of the pores.

3.3 Electroosmosis induced by ion transport

The ion flow (through nanopores) driven by the electric field can
lead to electroosmosis.®® To describe the electroosmotic flow,
the mean number of passed water molecules (in the ionic
hydration shell) induced by one passed ion (i.e., Nyater/Nion) Was
computed.®®®* As can be seen from Fig. 6a, the ratios of three
types of ion for the monolayer C,N membrane are all larger than
1, while the ratios for the multilayer C,N membrane are all
smaller than 1, indicating that the ion capability for dragging
and pushing water is reduced with an increase in layer number.
In addition, in the case of the monolayer C,N membrane,
smaller ions (with larger hydrated diameters) have a stronger
capability for electroosmosis, which is consistent with the
results with graphene functionalized by F-N atoms.* To further
analyze the electroosmosis, typical snapshots of the transport
process were taken. As shown in Fig. 6b, two water molecules
distributed at both sides of the ions can be pushed and dragged
by the Li" ions, resulting in the permeation of both the ions and
the water molecules through the monolayer membrane. In
contrast, when the size of the ion increases, the partial water
molecules around the K' ion can be dragged (see Fig. 6c),
leading to a smaller number of passed water molecules.

In the case of the multilayer C,N membrane, ions of
a smaller size drag fewer water molecules through the bilayer
and trilayer C,N membranes. These results are the opposite to
those with the monolayer C,N membrane. As a Li" ion passes
through the bilayer C,N membrane, due to its small size the
relative position between the Li" ion and the pushed water
molecules can be adjusted inside the interlamination of the
membrane (the line connecting the ion and the water molecule
changes from perpendicular to parallel to the plane of the
membrane, see Fig. 6d). As a result, the pushed water molecules
will be stripped away from the ion when the Li" ion further
penetrates through the nanopore of the second layer. Thus, water

RSC Adv., 2018, 8, 36705-36711 | 36709
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Fig. 6 (a) The rate of electroosmotic water flow in the membranes with different numbers of layers under E = 1.0 V nm~%. The error bars
represent the standard deviation obtained from three independent runs. The transport process of water molecules induced by the Li* ion (b) and
K* ion (c) in the monolayer C:N membrane. The transport process of water molecules induced by the Li* ion (d) and K* ion (e) in the bilayer CoN
membrane. The red bead represents the O atom in the water molecule, the cyan bead is the Li* ion and K* ion is represented by the pink bead.

molecules can hardly pass through the nanopore along with Li"
ions under these circumstances. On the other hand, with the
increased ion size, the relative position of the water molecules and
the K" ion cannot be adjusted inside the interlamination of the
membrane (see Fig. 6e). Consequently, the pushed water molecule
will not be stripped away from the K" ion when the ion goes on
passing through the second layer, and can permeate the nanopore
along with the ions. In general, the electroosmosis flow of the
multilayer C,N membrane is smaller than that of the monolayer
C,N membrane, but the multilayer C,N membrane may be well-
suited as a cathode material for water desalination using an
electroosmotic flow (the removal of ions from saline solution™?).

4 Conclusion

In summary, three types of ion transport through C,N
membranes under an electric field have been investigated using
all-atom molecular dynamics simulations. When the ions pass
through a monolayer C,N membrane, the ionic current non-
linearly increases with the electric field, and the current is larger
than that in the case of a graphene membrane, which is mainly
due to its higher density of nanopores. Moreover, it was found
that the monolayer C,N membrane presents excellent ion
selectivity (especially under a low electric field) due to the
distinct dehydration ability of different ions and the interac-
tions between the ions and the pore edges. In addition, the
effect of the layer number of the C,N membrane on the ion
transport was also studied. Interestingly, the multilayer C,N
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membrane showed the weaker ion selectivity, but has potential
for desalination. Overall, this work can help us better under-
stand the underlying mechanism of the transport of ions
through a charged nanopore, and may shed light on the design
of C,N membrane based nanodevices in real applications.
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