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Abstract: The model of ion transportation through graphene
nanochannels is established by the molecular dynamics
simulation method. Statistics of the electric potential and
charge distribution are made, respectively, on both sides of
graphene nanopore with various diameters. Then, their
changing relationship with respect to the nanopore diameter is
determined. When applying a uniform electric field, polar
water molecules are rearranged so that the corresponding
relationship between the polarized degree of these molecules
and the nanopore diameter can be created. Based on the
theoretical model of ion transportation through nanochannels,
the changing relationship between the concentration of anions/
cations in nanochannels and bulk solution concentration is
quantitatively analyzed. The results show that the increase of
potential drop and charge accumulation, as well as a more
obvious water polarization, will occur with the decrease of
nanopore diameter. In addition, hydrogen ion concentration
has a large proportion in nanochannels with a sodium chloride
(NaCl) solution at a relative low concentration. As the NaCl
concentration increases, the concentration appreciation of
sodium ions tends to be far greater than the concentration drop
of chloride ions. Therefore, sodium ion concentration makes
more contribution to ionic conductance.
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n biological systems, ion channels commonly exist
I and are essential to ensure ion selectivity in an ex-
traordinarily fast flow!". For instance, the transportation
of K™ is favored in potassium channels instead of Na™ de-

spite their similar size, achieving the selective permeabili-
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ty called gating'”. Additionally, the nuclear membrane
pores control the passage of messenger RNA from the cell
nucleus into the cytosol'”. Thus, it can be seen that bio-
logical channels have significant functions in the biomass.
With the development of nanotechnology, combining life
sciences with physical science and nanoscience has made
the nanoscale regime increasingly attractive. By mimic-
king the functions of biological channels, a nanopore is
constructed in an impermeable membrane which separates
two chambers filled with electrolyte solution'™ .
ample, the utility of the a-hemolys or MspA nanopore
can be used as biological sensors”’; chemical and bio-
chemical reactions can also be monitored at a single-mol-
ecule level”. The bio-inspired batteries can be formatted
to transfer or store energy'”; and protein nanopores offer
an inexpensive, label-free method of analyzing single oli-
gonucleotides'™, etc.

However, despite the heterogeneity and remarkable
characteristics of biological channels, there are some dis-
advantages. For instance, the sensitivity of the channels

For ex-

is vulnerable to some experimental parameters, such as
pH, temperature and salt concentration'”; the integration
of biological systems into large-scale arrays is diffi-
cult"; and the mechanical stability of biological chan-
nels is not guaranteed. Therefore, solid-state nanopores
have become substitutes for biological channels in their
experiments owing to their advantages like robustness and
mechanical stability, easily manufactured and integrated,
Undoubtedly,
have a wide range of applications, such as biological
molecules information sequencing, water desalination,
treatment of exhausted gases, energy storage, ionic cur-
U2 etc. Among these applications,
nanofludic is defined as the study and application of fluid
flow in and around nanometer-sized objects with the char-
acteristic length less than 100 nm'".

The discovery of graphene, a single layer of carbon atoms

arranged in a 2D hexagonal lattice, provides new opportuni-
(41

and so on'"". solid-state nanochannels

rent rectification

ties and attracts wide attention' . Graphene has a series of
unique properties, such as being atomically thin"', highly
flexible'”, stretchable, and transparent“”. It is also impen-
etrable to ions, and is an excellent thermal and electrical

conductor'™ . Additionally, it has been applied in nanode-
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vices for nanofluidics, ion transportation and biological mol-
ecule detection, etc!”. Therefore, graphene nanochannel is
chosen in this paper to study ion transportation.

With the development of various experimental meth-
ods, the ion transportation through nanochannels can be
studied gradually. Specially,
nanochannels with smooth surface offer a unique system
to study molecular transport and nanofluicis’™” . Although
experimental observations are intuitive and effective, the
specific parameters of ion transport cannot be accurately
quantified in the nanochannels”™'. Molecular dynamics
(MD) simulation, which offers an effective tool to study
the ion transportation through nanochannels'™', is a com-
putational method that allows the microscopic dynamics
of a molecular system to be investigated. In this work,
we conducted MD simulation on nanopores with different
diameters to explore the potential and charge distribution,
and the water flow under an applied electric field. Fur-
thermore, we

hydrophobic  graphene

simulated ion transportation

nanochannels with different diameter-to-length ratios.

1 MD Details

through

MD simulations were performed by utilizing GRO-
MACS 4. 65. The schematic diagram of the model used
in the simulation is exhibited in Fig. 1, which is assumed
to be infinite in all directions using periodic boundary
conditions. The force field used was OPLS-AA. Gra-
phene nanotubes, with diameters in the nanometer range
and atomically smooth surfaces, can enhance fluid flow
due to hydrophobic interaction'™ . We then took graphene
nanopores to conduct MD simulations with the diameter
of nanopores of 2, 3 and 4 nm. Therein, the model di-
mension was 6. 7 nm x6. 7 nm x 15 nm with a solid wall
in the middle of z-direction. The wall was consisted of
one layer of 6. 5 nm x 6. 5 nm graphene atoms with a nan-
opore in the center. In addition, both sides of the gra-
phene layer were filled with 1 mol/L sodium chloride so-
lution. The wall atoms were fixed to their original posit-

(b)

Photograph of a MD simulation of ion transportation

Fig. 1
through a graphene nanopore. (a) Overhead view of the simulation
box; (b) Side view of the simulation box

ions during the simulation. The water molecule was
proved to be rigid by using the SPC/E model. Hydrogen
and oxygen atoms were modeled as point charges'™ . To
keep the electrical neutrality of the model, the number of
Na® and Cl~ were both 405.

Moreover, the electrostatic interactions between water
molecules and ions were modeled using the Ewald sum-
mation algorithm, which was used to process the summa-
tion of Lennard-Jones potential and electrostatic potential.
The cut-off radius was 1.0 nm. Newton’s equation of
motion was integrated using the velocity Verlet algorithm
with a time step of 2 fs. A Berendsen thermostat was
used to maintain the temperature at 300 K. Meanwhile,
the flow was modeled under the applied electric field of
0.07 V/nm in the positive z-direction. In total, the entire
simulation took 10 ns after energy minimization and tem-
perature coupling.

2 Results and Discussion

2.1 Potential distribution across the nanopore

As the electric field is applied to the electrolyte, ions
will be electrophoretically driven through graphene nanop-

24
OI'GS[ !

, forming the ionic current. In this simulation, we
set the diameter of the nanopores to be 2, 3 and 4 nm. In
order to show the electrical potential distribution as a
function of position along the pore axis, we have not
taken the periodic boundaries into account and the refer-
ence of potential is taken to be the left boundary of the
box.

The potential distribution is calculated by dividing the
box into a thousand slices along the z-direction first and
then the charges per slice are summed up'™'. As shown in
Fig.2(a), the inner potential drop mainly occurs near the
region of the nanopore due to its high resistance and it in-
creases with the decrease in nanopore diameters. As a re-
sult, an increase in the driven force on ions is observed.
Particularly, the ion transportation velocity in smaller
nanopores is faster, which is in accord with the previous
experimental results” . Meanwhile,
fields applied to the system is considered, the total poten-
tial distribution along z axis is shown in Fig.2(b). One
of the main challenges of DNA sequencing is to control
the DNA velocity, and therefore the potential distribution
across different nanopores can be instructive to achieving
DNA sequencing accurately and timely"™.

when the electric

2.2 Charge distribution across the nanopore

The charge distribution is also studied here. There are
anions and cations in the electrolyte solution and the ap-
plied electric field drives them to move in opposite direc-
tions. Clearly, the ion transportation through nanopores
with the diameter of 2, 3 and 4 nm can be seen in Fig. 3.
The sodium cations move in the same direction as the ap-
plied electric field. However, the nanopore is too narrow
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Fig.3 Charge distribution along z-direction for ions transporta-
tion through nanopores with various diameters

to allow many ions to transport through it simultaneously.
Consequently, some cations accumulate at one side of the
graphene layer. Meanwhile, the accumulated cations can
attract surrounding chloride ions due to the electrostatic
force. As a result, the charge density fluctuates until it
nearly becomes neutral when the position selected is far
away from the graphene due to the systematic electric
neutrality. Similarly, on the other side of the graphene,
chloride anions accumulate and attract sodium cations. As
a result, when decreasing the diameter of the nanopores,
more sodium cations accumulate on the one side of the
wall (see Fig. 1) as well as more chloride anions aggre-

gate on the other side due to the size restriction to ion
transportation"”" .

2.3 Water polarization

In order to analyze the ion transportation, nanochannels
comprised of five graphene layers are built to assess the
water polarization, as shown in Fig.4. Therein, the box
length along z-direction is 10 nm. It is widely known that
a molecule of water has two hydrogen atoms covalently
bonded to a single oxygen atom. Whereas the water mol-
ecule is not linear and the oxygen atom has a higher elec-
tronegativity than hydrogen atoms so that it carries nega-
tive charges, the hydrogen atoms are slightly positive”™ .
As a result, water is a polar molecule with an electric di-
pole moment. A huge difference exists between the bulk-
water flow and the flow in nanochannels. Therefore, the
water flow will become directional under the 0. 01 V/nm
electric field when moving through graphene nanochan-
nels with the varying diameters of 2, 3 and 4 nm. Obvi-
ously, the MD simulation shows that water molecules are
polarized as the oxygen atoms are arranged in the opposite
direction of the electric field while hydrogen atoms face
the same direction as the electric field. Finally, a poten-
tial drop appears shown in Fig. 4. This drop is so-called
water polarization, and it influences ion transportation
through nanochannels'”>" .
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Fig.4 Relationship between water potential and box length for
ions transportation through nanopores with various diameters

2.4 TIon transport through nanochannels

Considering the experiments conducted for the anoma-
lous ion transportation through nanochannels”'', some
theoretical calculations have been made for verification.
During the calculations, the radius-to-length ratio of
nanochannels has been changed under different concentra-
tions of sodium chloride. The value of the surface charge
density o can be determined as

4 x107°

N ed SNgy- t - =Ny = Ny, (D
A

where ng,-, ng-, Ny, Ny, represent the ion concentration

at
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of OH™, Cl°, H"and Na® inside the nanochannel, re-
spectively; d is the diameter; N, is the Avogadro con-
stant; and e is the elementary charge.

Moreover, the definition of o can be expressed as

o,K,
K, +n,

o (2)
where ¢, is the largest value of the surface charge densi-
ty, equal to —1.28 C/m’; K, is the equilibrium constant
and its value is 10 ° mol/L. Additionally, the distribu-
tion of both the cation concentrations and the anion con-
centrations inside the nanochannel complies with the Bolt-

. . . 3
zmann distribution”!

Rewe _ £ D, - D) 3
n bulk - exp( kT nc bulk ) ( )
Rowe (D, - Dy 4
noon = CXp( kT Fne bulk ) 4
where n, andn_ (n,,, and n_, ) stand for the cation

and anion concentrations inside the nanochannel ( bulk so-
lution); @,  and @, refer to the electric potential in the
nanochannel and bulk, respectively'”'.

Besides, there is an assumption that the ratio between
the concentrations of hydrogen and sodium is constant ei-

ther inside the nanochannel or in the bulk.

T 5)

RNat- Plnas

where njj, and ng, (n, "and ny, *) stand for hydrogen and
sodium concentrations inside the nanochannel ( bulk solu-
tion) .

On the basis of calculations above, some counterintui-
tive results are shown in Figs. 5(a) and (b), which are in
In Fig. 5(a),
with the increase of the concentration of sodium chloride,

. . . 31
accord with previous analysis reported™" .

the hydrogen concentration inside the nanochannel decrea-
ses with its diameter changing from 2 to 20 nm. When
the NaCl solution is lower than 10 mol/L, the concen-
tration of protons inside nanochannel is greater than that
of Na*™'. With the increase of NaCl concentration™",
the concentration of Na ™ inside the nanochannel increases
linearly with its diameter changing from 2 to 8 nm when
the bulk concentration is above 10~ mol/L, reflecting
that the initial H" inside nanochannel is replaced by Na”*
in the bulk, which can be seen clearly in Fig.5(b). Par-
ticularly, it also shows that at a high ionic concentration,
the conductance is determined by the nanochannel geome-
try and bulk ionic concentration. In other words, Na™ has
completely replaced H" inside the nanochannel at this oc-

which makes a
135]

currence and thus becomes dominant,
greater contribution to ionic conductance
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Fig.5 Relationship between the calculated hydrogen concen-
tration and NaCl bulk concentration in nanochannels with vari-
ours diameters. (a) Hydrogen concentration; (b) Sodium concentra-
tion

3 Conclusion

The ion transportation through graphene nanochannels
is studied by using MD simulation. When ions transport
under the applied electric field, the smaller the diameter
of the nanopore, the higher the value of the potential
drop. As a consequence, the velocity of ion transporta-
tion becomes faster. Meanwhile, charge distribution can
be influenced by the size resistance. In other words, cat-
ions accumulate at one side of the nanopore while anions
aggregate on the other side. Additionally, water polariza-
tion is still shown due to the fact that water is polar mole-
cule. The results further reveal that the calculations of ion
transportation through nanochannels with various diame-
ters show some counterintuitive phenomenons. For in-
stance, protons are dominant ions at the very first begin-
ning in nanochannels at low bulk concentrations. Howev-
er, when the bulk concentration increases, protons are
gradually replaced by other cations.
tends to be more clear as the diameter of the nanochannel
shrinks. These results shown above shed light on the in-
fluence of potential and charge distribution as well as wa-

This phenomenon

ter polarization on ion transportation in nanochannels.
Moreover, these findings can also have implications in
nanotechnology, including a guidance of the construction
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of nanofluidic systems and even more complicated de-

vices, which may have a great significance in various sci-

entific and engineering applications.
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