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INTRODUCTION

Currently, questions of mass transfer in a porous
medium are of great importance for the intensively
developing energy�saving systems of the next genera�
tion. The molecular�dynamic (MD) simulation per�
formed on three�dimensional unit cells with periodic
boundary conditions for a combined system, which is
an anode–electrolyte–cathode material, yielded dif�
fusion coefficients of lithium ions in the solid carbon
phase in the range from 10–10 to 10–9 cm2/s [1]. The
presence of bent channels in the modeled amorphous
carbon phase slows down the lithium ion diffusion and
increases the capacity of a lithium battery (in compar�
ison with that of a graphite�based battery). 

Graphite materials, which are traditionally used as
electrodes in lithium�ion batteries, provide a small
capacity due to the limited number of storage sites of Li
ions in the sp2 hexagonal structure [2]. The theoretical
specific graphite capacity (which can be obtained by
forming interstitial compounds ) is 372 mA h g–1

[3]. Graphite is a widespread anode material for Li
batteries because of its high Coulomb efficiency and
cycle stability [3]. Therefore, the anode used in most
lithium�ion accumulators is based on graphite, the
interlayer space of which contains up to one Li+ ion for
every six carbon atoms [4]. The energy density of a
lithium�ion accumulator cannot meet the demands of
portable electronic devices due to the power limit
determined by graphite. If graphite could be replaced
by graphene, the expected carbon�material capacity
increases to 500–1100 mA h g–1. It was established in
[5] by the quantum molecular dynamics method that
the electron–hole plasma of the carbon electrode
affects the system capacity significantly. 

6LiC

The specific characteristics of graphene are inher�
ited in its peculiar structure, in which a Li atom or ion
is located in the surface and edge regions [6]. During
intercalation, Li transfers its 2s electron to carbon
atoms, where it would be between carbon sheets. The
high capacity of two�dimensional carbon material pro�
vides the possibility for incorporating lithium into
“depressions” on the material plane [7], adsorbing lith�
ium on each side of the carbon sheet [8], binding lith�
ium by the so�called “covalent” bond [7], and binding
lithium at hydrogenated edges of graphene fragments
[9, 10]. Lithium ions can be adsorbed on both sides of
graphene sheets that are stacked like a house of cards,
which leads to two lithium layers for each graphene
sheet with a theoretical power of 744 mA h g–1 due to
the formation of  [7, 11, 12]. The charge/dis�
charge cycles (with a capacity of 540 mA h g–1 in the
first cycle) in graphene nanosheets filled with Li were
described in [13, 14]. The capacity of graphene doped
with Li+ in order to store hydrogen was also considered
[15–18]. There have been attempts to change the
structure of the Li�adsorbing layers with the aim of
adsorbing more Li atoms [6]. The interaction between
Li+ and the graphite surface was studied theoretically
using small carbon clusters for lithium adsorption. In
the case where the covalent bond is formed in the dis�
ordered carbon by a benzene ring, the predicted
capacity was as high as 1116 mA h g–1 [3]. Calculations
of the binding energy between Li+ and the C32H18 clus�
ter, performed using the density functional theory,
showed that the Li+ ion is mainly bound with the clus�
ter edges [19]. Li+�containing edges of the C96 cluster
are more stable than its major part [20]. The minimum
spacing between the graphene sheets, which provide
movement of a Li+ ion and, accordingly, an increase in
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the alkaline�battery capacity, was estimated in [21].
This spacing was obtained based on a static model with
the Lennard�Jones (LJ) Li–C interaction to be 5 Å. 

The purpose of this study is to analyze the possibil�
ity of using defect graphene as anode elements for lith�
ium�ion batteries based on propagation of lithium ions
through paired graphene sheets by means of monova�
cancies, divacancies, trivacancies, and hexavacancies. 

1. COMPUTER MODEL

In the first part of this study, we determine the

interplanar spacing h at which the  ion incorpo�
rated between two graphene sheets can be displaced in
the dynamic model. The molecular�dynamic calcula�
tions were performed with the values h = 5.0, 5.5, 6.0,
and 6.5 Å. The first value coincides with the corre�
sponding parameter obtained in the static model [21].
To compare the results of the mechanical effect of the
ion moving in a dc electric field on the graphene sheets
forming the planar channel, the ion was initially

placed into the channel at a distance  = 2.473 Å

(  is the LJ potential parameter) from the front
boundary of the slit (the plane oriented perpendicular
to the ox direction). When the Li+ ion is initially at the
same distance before the front boundary of the slit
(i.e., beyond the channel), it cannot enter this channel
under the field with a strength of 103 V/m, tracing
loops in front of its inlet. 

In the second part of this study, we report the results
of simulating the charge cycle of an alkaline battery,
which contains two parallel sheets of defect graphene.
In this case, the defects are monovacancies, divacan�
cies, and trivacancies (nine of each per sheet), as well
as hexavacancies (six per sheet composed of 406 C
atoms). The defects in each graphene sheet are
described by an approximately uniform regular distri�
bution. However, for adjacent graphene sheets, defects
are continuously shifted, thus hindering direct propa�
gation of Li+ ions through the adjacent sheets.

At the initial instant, the lower part of the cell was

filled with ten  ions by a random�number generator;
each ion had an electric charge of +1.0e, where e is the
elementary charge. The directed ion motion (upwards)
was provided by a positive electric charge of +10e of the
lower cell base and a negative charge of –10e of the
upper base. Each of these charges was formed by ten
identical point charges. This virtual capacitor affected
the model cell for the first four million time steps Δt =
2 × 10–16 s. This process will be referred to as “charg�
ing.” To enhance chaotization of ion movement
throughout the cell, we applied the effect of random�
walking electric charges (positive at the lower cell base
and negative at the upper base). The random charge
walk over the model�cell bases was achieved by a ran�
dom�number generator changing the charge positions
at each time step. After four million time steps, the Li+

Li+

LJ
Li C−σ

LJ
Li C−σ

Li+

ions that reached the upper cell base lost their electric
charges. Afterwards, the dc electric field of 103 V/m
moved Li+ ions in the reverse direction in the absence
of electric charges at the cell end faces in eight million
time steps (“discharging”).

The detailed description of the interactions in
graphene is based on the widespread Tersoff potential
[22], which, however, like the more modern REBO
potential, cannot adequately demostrate chemical
reactions in various media [23]. The Tersoff potential
is based on the concept of bond order. The potential
energy between two neighboring atoms i and j can be
written as

where bij is the multiparticle bond�order parameter
describing how the bond�formation energy is gener�
ated (attractive part of Vij) in the local atomic arrange�
ment due to the presence of other neighboring atoms.
The potential energy is a multiparticle function of the
positions of atoms i, j, and k and is determined by the
parameters

Here, ξ is the effective coordination number and
 is the function of the angle between rij and rik,

which stabilizes the tetrahedral structure. The Tersoff
potential parameters for carbon were mainly taken
from [22]; however, the covalent binding distance was
increased to 0.23 nm, and an additional weak attrac�
tion was introduced at r > 0.23 nm, which is set by the
LJ potential with the parameters of [24]. To eliminate
the resulting torque, the rotational component of the
force formed by atoms in adjacent sites was excluded
at each site of the graphene sheet. The analytical form
of the local torsional interaction potential was given in
[24]. The Li+–C interaction was simulated using the
conventional LJ potential with the parameters of [21]. 

The concentration sites of C atoms with dangling
bonds (i.e., atoms around a vacancy and atoms at the
graphene�sheet edges) were subjected to hydrogen
physiosorption. In this case, C atoms forming vacan�
cies are of particular interest. The stable position of the
H atom under physiosorption is known to be above a C
atom at a distance of rCH = 1.13 Å [25]. C atoms, which
neighbor H atoms, also exhibit an increase in the
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interatomic spacing rCC from 1.415 Å (before hydra�
tion) to 1.485 Å (after hydration). The CH groups
formed around a vacancy will be considered within the
united scheme. This scheme was studied well in the
molecular simulation when developing transferred
force fields used for predicting the thermodynamic
properties of complex molecules [26, 27]. The interac�
tion between CH groups was performed through the
LJ potential with the parameters of [28]. The interac�
tion between Li+ ions and CH groups (as well as
between Li+ ions) was determined by the LJ and Cou�
lomb contributions. There is also the LJ interaction
between Li+ ions and C atoms, the parameters of
which were determined in [21]. The Berthelot–
Lorenz rule was used to determine the LJ parameters
of C–CH and Li+–CH interactions.

Propagation of Li+ ions through pores in the mem�
branes was specially controlled. An ion was allowed to
cross the membrane only at the point (on its plane)
that falls in the circle of the effective radius of a partic�
ular pore. The presence of fractional electric charges
at the pore perimeters facilitated the reaching of pores
by ions. The charges were assigned to both CH bonds
and the same number of randomly chosen free atoms
at the pore boundaries. The number of CH bonds cor�
responded to that of the nearest neighbors (among
C atoms) to the pore center. For example, the number
of these bonds was three for monovacancies, four for
divacancies, five for trivacancies, and six for hexava�
cancies. The CH group was described according to the
united atom scheme [28]. The positive charges of CH
groups and negative charges of hydrogen�free C atoms

at the pore edges had a fluctuating nature and were set
by the random�number generator. The maximum
charge for the CH group (+0.35e) formed a Coulomb
potential for the Li+ ion motion, which corresponded
to the value of the energy barrier for Li atom diffusion
on the graphene sheet by vertices of C atoms [29]. The
calculations performed by the method of the density
functional theory indicate alternating fluctuation in
the charge value of atoms located in the vicinity of
graphene�sheet pores [30]. The fluctuating charges

 (CH groups) and  (C atoms) in our model
varied in the range –0.35e ≤  ≤ 0.35e. The param�
eters of all potentials used and the values and numbers
of charges present in the system are listed in Table 1.

The temperature in the model was maintained con�
stant by applying a Berendsen thermostat with the
bonding constant τ = 4 fs [31]. The maintained temper�
ature did not correspond to the specified one (300 K)

because of the slow kinetic�energy exchange. The 
ion motion in the planar channel was simulated with
mobile C atoms in the graphene sheets. The simula�
tion of lithium�ion propagation through the graphene
membranes was performed with immobile C atoms.
This approximation could not affect significantly the
final result due to the high rigidness of C–C bonds
and, at the same time, made it possible to reduce sig�
nificantly the calculation time, which was ~78 h. Since
the diffusion of Li+ ions is too slow, their percolation
through the porous medium was not directly investi�
gated in the molecular�dynamics simulation of the
system with the “anode–electrolyte–cathode” struc�
ture [1]. 

CHq C poreq

CHq

Li+

Table 1. Parameters of the Tersoff (for carbon) and Lennard�Jones potentials and the value and number of charges in the system

Parameters Carbon Interactions σ, Å ε, eV

A, eV 1.3936 × 103 C–C 3.400 0.00284

B, eV 3.4674 × 102 Li–Li 1.506 0.71597

λ(1), Å –1 3.4879 Li–C 2.473 0.00433

λ(2), Å –1 2.2119 Li–CH 2.638 0.05327

β 1.5724 × 10–7 C–CH 3.535 0.04554

n 7.2751 × 10–1 CH–CH 3.7700 0.00396

c 3.8049 × 104 Charges Charge value, e Charge number

d 4.384 ( ) +1(0) 10

h –0.57058 +1 10

R(1), Å 1.8 –1 10

R(2), Å 2.3 0º+0.35 54–90

– – –0.35–0 54–90

Li
q + Liq

lbq

hbq

CHq

Cporeq
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The self�diffusion coefficient is calculated through

the mean�square atomic displacement  [25] 

where  is the space dimension. The time averag�
ing is denoted as 〈…〉, and n is the number of time

intervals for determining  Here, the time

mean was determined by averaging 20 curves, each of
which was calculated in a 40�ps interval (or
200000Δt). Transition to the limit  is impossible
for MD models; however, this transition is not neces�
sary because random walks are limited by the system
size L and the probability that the random�walk dis�

tance exceeds L is on the order of the  value
( is the mean particle velocity in the system) [32]. In
the case of “charging,”  ps; therefore, the
hypothetical probability of this event is ≈0.001. The D
value is generally averaged over time intervals includ�
ing many collisions (up to several hundred).

To calculate stresses arising from the Li+ ion
motion in graphene, the graphene sheet was divided into
elementary areas. These stresses were calculated taking
into account only the contributions due to Li+–C inter�

actions. The atomic stresses  in the elementary
area with the number l for each direction x, y, and z
with the current index J are determined by calculating
the kinetic energies of atoms in this area and the pro�

jections of forces  exerted on the lth area from all
other atoms:

[ ]
2( )tΔr

[ ]
21lim ( ) ,

2
xy z

nt
D D D t

t→∞

= + = Δ
Γ

r

3Γ =

[ ]
2( ) .tΔr

t → ∞

( )L tv

v

800t =

( )i
J lσ

i
Jf

where k is the number of atoms in the lth area, Ω is the

volume per atom, m is the atomic mass,  is the J
velocity projection of the ith atom, and Sl is the lth
area. The compressive stresses thus determined can
have a sign of either “+” or “–”, according to the

directions of forces  This is the difference in the

microscopic stress  and the macroscopic stress

The total energy of a free single sheet of graphene
was obtained at T = 300 K to be –7.02 eV, which is in
agreement with the quantum�mechanical calculation
(–6.98 eV) [33]. It is known that a neutral lithium
atom is adsorbed in the vicinity of a vacancy on
graphene binding with the surface with even higher
energy as compared with the lithium cohesion energy
(0.36 eV/atom). The binding energy of atomic hydro�
gen with defect graphene was calculated within the
theory of the density functional to be 0.875 eV/atom
[34]. The estimated binding energy of the Li atom with
graphene containing divacancies was obtained in an
individual MD calculation to be ~0.4 eV/atom. An
alternating fluctuating charge near pores on graphene
allows lithium ions to overcome this energy barrier and
not be retarded near defects.

2. CALCULATION RESULTS

The trajectories of a Li+ ion, preliminarily placed
into the channel formed between the graphene planes
and propagating under a dc electric field of 103 V/m,
are shown in Fig. 1. The initial trajectory point is arbi�
trarily indicated by a circle. At the minimum gap
(5.0 Å), the ion moves along the field for a very short
distance. Its trajectory has the form of a quasi�sinusoid
with a small oscillation amplitude. The oscillation
amplitude is restricted by the graphene sheets forming
the planar channel. At the gap of 5.5 Å, the Li+ ion
placed into the channel passes a rather large distance
(~15 Å) with small transverse aperiodic oscillations;
nevertheless, it is trapped in the gap being significantly
slowed down by the graphene planes. A larger increase
in the gap (to 6.0 Å) allows for ion propagation
through the entire channel. Aperiodic oscillations, the
frequency of which increases while approaching the
channel output, are imposed on the ion translational
motion. The amplitude of these oscillations is much
larger than that in the previous case. Finally, the ion
leaves the channel. A further expansion of the gap (to
6.5 Å) changes significantly the propagation trajectory
of the Li+ ion along the channel. Undergoing aperi�
odic oscillations, the ion moves along the channel only
to a certain point, where its trajectory makes a sharp
turn, and the subsequent oscillating ion motion occurs
in the direction that only slightly deviates from the
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Fig. 1. Trajectories of lithium ion motion in a planar
graphene channel with a gap: (1) 5.0, (2) 5.5, (3) 6.0, and
(4) 6.5 Å.
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graphene�sheet diagonal. For efficient control of the
ion motion along the channel applying a dc electric
field of 103 V/m, it is most expedient to choose the gap
between graphene sheets to be 6.0 Å. 

The MD simulation of heating metal (Al, Ni) films
on two�layer graphene revealed an increase (related to
the increase in temperature) in the mobility of C
atoms during vertical displacements in one graphene
sheet due to a decrease in the corresponding mobility
in the other sheet [35, 36]. Thus, the presence of metal
binds the dynamics of atoms in parallel graphene
sheets. Therefore, one might expect that the presence
of a Li+ ion in the planar channel would also affect sig�
nificantly the dynamic and mechanical properties of
graphene sheets forming this channel. 

The horizontal  and vertical  mobilities of
C atoms in the lower (1) and upper (2) graphene sheets
are shown in Fig. 2 for different h values. At the gap
h = 5.5 Å, the smallest  value can be observed in the
upper sheet, which is compensated by the largest
(among the presented) Dz value. Against the back�
ground of significant variations in the  and  values
for the upper sheet, the change in these characteristics
for the lower sheet appears insignificant. It is notewor�
thy that the  and  values for the gap of 6.0 Å are
comparable with similar characteristics at h = 5.0 Å; in
half of the cases, these values are even smaller,
although displacements of the Li+ ion along the chan�
nel differ sharply for these gaps. 

The partition of the graphene sheets into areas con�
taining atomic rows in the “armchair” direction
makes it possible to consider the distribution of stress
tensor components in the “zigzag” direction in
graphene. When a Li+ ion propagates along the chan�
nel, the most significant stress tensor component in
the graphene�sheet plane is  determined by verti�
cally directed forces. For two�layer graphene in a vac�
uum, the function  has an oscillation amplitude
no larger than ±50 GPa [35, 36]. When a Li+ ion moves
between the graphene sheets, the oscillation ampli�
tude of the function  may be several times larger
than this value (Fig. 3). An especially strong fluctua�
tion in the  value is observed at the gap of 5.5 Å in
the vicinity of the value x = 1.1 nm (curve 2). The
strongest fluctuations for other h values are charac�
terized by fairly close values, which are much smaller
as compared with the case of h = 5.5 Å. The highest
total stress σzz in graphene (–1.03 GPa) was obtained
at h = 5.5 Å; this value falls in the relaxation range of
the corresponding stress (⎯3…+1.8 GPa) formed
upon deflection of a graphene ribbon [37]. Thus, with
regard to propagation of the largest distance by a Li+ ion
with a minimum influence on the physical properties of
graphene sheets, a gap of 6.0 Å appears most acceptable. 

Specifically this gap between the graphene sheets
was chosen for simulating Li+ ion motion through
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Fig. 2. Coefficients of the (a) horizontal and (b) vertical
mobility of graphene atoms in the (1) lower and (2) upper
sheets forming the planar channel. The lithium ion begins
to move inside the channel. 
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Fig. 3. Distribution of the stress σzz(x), averaged over both
graphene sheets, along the ox axis (“zigzag” direction)
coinciding with the direction of the electric field strength
for different gaps: (1) 5.0, (2) 5.5, (3) 6.0, and (4) 6.5 Å.
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porous membranes. The basic�cell diagram is shown
in Fig. 4. One of the graphene membranes used is
shown schematically, with C atoms not highlighted, at
the top. The pores in the upper membrane are shifted
by a distance no larger than the graphene lattice period
to avoid direct vertical propagation of the Li+ ion
through two membranes at once. The lower and upper

membranes could be of either identical or different
type. The numbers of basic cells, differing in the type
of membranes used, and the steady�state temperatures
in the model are given in Table 2. Thus, each of six
basic cells was divided into three chambers with iden�
tical heights (0.6 nm): lower, intermediate (enclosed
between graphene membranes), and upper. 

The MD method retains the Newtonian dynamics

only for times shorter than  where  determines the
time interval in which the solution to the system of
Newtonian equations for equilibrium systems is close

to the exact one [38]. The estimation of  from the
behavior of the velocity autocorrelation function [38]
yields the value 10–15 ps, which is much smaller than
the total “charge” time (800 ps). Therefore, the

behavior of  ions during the observation time is
affected to a great extent by stochastic correlations.
The stochastization is enhanced in the presence of
fluctuating charges both on the basis of the basic cell
and in the vicinity of membrane pores. This makes the
method used closer to the Monte Carlo method and
allows one to obtain the pattern of ion diffusion
through the porous medium. The system analyzed in
this study is not isolated, and the total energy is not
conserved in it. 

The best result of Li+ ion propagation through the
membranes was achieved in version 4. In this case,
nine of ten ions reached the upper cell base after four
million time steps; one ion was stopped by the lower
membrane within the same time. In the worst case,
version 2, after four million time steps, six Li+ ions are
found directly near the upper cell base, one ion has just
penetrated through a pore of the second (upper) mem�
brane, two ions have passed the first membrane, and
one more ion still remains in the lower cell chamber

(Fig. 5). In the other cases, there are seven  ions in
the upper chamber by the end of the “charge” process,
and the largest number of ions (two) remain in the
lower chamber in version 1 of the membrane set. The

,d
mt d
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d
mt

Li+

Li+

(a)

(b)

H H

HH
H H
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Divacancy
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Fig. 4. Schematics of the (a) membrane and (b) basic cell:
(H) CH groups represented by the united atom scheme; C
atoms are omitted; ellipses indicate divacancies; signs “+”
and “–” are positive and negative charges; and the arrows
show Li+ ion drift. 

Table 2. Versions of a membrane set in the basic cell (types and number of vacancies and number of C atoms in the lower
and upper membranes) and stationary temperatures

Versions 1 2 3 4 5 6

Type and number of pores 
in the lower membrane

monovacancies
9

divacancies
9

trivacancies
9

divacancies
9

trivacancies
9

hexavacancies
6

Type and number of pores 
in the upper membrane

divacancies
9

trivacancies
9

hexavacancies
6

divacancies
9

trivacancies
9

hexavacancies
6

Number of C atoms 
in the lower membrane

397 388 379 388 379 370

Number of C atoms 
in the upper membrane

388 379 370 388 379 370

T, K 311.5 312.5 312.8 311.6 313.9 298.8
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latter fact can be explained by the difficulties in prop�
agation of Li+ ions through monovacancies.

The mobility coefficients of Li+ ions in both the
horizontal (Dxy) and vertical (Dz) directions have a
tendency to decrease after the first million time steps
of the “charge” process or n = 5 (Fig. 6). Note that the
interval values of  and Dz change at an even higher
rate. However, at the initial stage of “charging,” the
coefficient  can either increase or decrease for dif�
ferent combination versions of graphene membranes
(Fig. 6a), whereas the coefficient Dz at this stage of
“charging” increases in four of six cases. Only version 2
exhibits a stable decrease in the Dz value, and a weak
short�term increase in this coefficient is observed in
the initial calculation stage for version 1. Obviously,
the initial rise in the coefficients  and  is related
to the fact that ions acquire certain energy because of
mutual repulsion and to expansion of the migration
volume due to their ability of passing through mem�
branes. The subsequent stable decrease in these coeffi�

xyD

xyD

xyD zD

cients is caused by a gradual reduction of the available�
for�migration volume due to the approach of ions to
the upper cell base and the low probability of their
motion in the reverse direction. The largest  values
and the smallest  values were revealed for the system
with the membrane set of version 2. Here, the highest

mobility of  ions in the horizontal directions is
combined with the lowest mobility in the vertical
direction. The antipode of this version is version 4,
where the minimum ion mobility in the horizontal
directions is compensated by the highest mobility in
the direction oriented perpendicular to the membrane
plane. The mutual compensation of  and  values
is also observed for the other versions of membrane
combination. 

The relationship between the throughputs of the
membrane sets used is also confirmed by the time

dependence of the mean level  (where zi

is the ion coordinate and ni is the number of ions) of

the lift of  ions in the system (Fig. 7). Here, the
highest mean lift of ions in the cell was detected for the
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Fig. 5. Basic cell with the membrane set of version 2 at the
instants corresponding to 4 and 12 million time steps (the
atomic coordinates are in angstroms).
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membranes of version 4, while the lowest one was
observed for versions 6, 2, and 1. In all cases, the high�
est point of the ion lift is in the vicinity of the end of the
“charge” time (i.e., four million time steps). Having
reached the upper, negatively charged plate of the
external “capacitor,” positively charged lithium ions
should be electrically neutralized due to the charge
flow. Therefore, the contact with the upper wall of the
basic cell was accompanied by removal of the electric
charge from the ion. The “charging” end in the model
indicated the cessation of the virtual external “capac�
itor.” The “charging” is feasible when the external
“capacitor” is used and unfeasible when the dc electric
field with strengths of 103 and 104 V/m is applied. In
this case, ions remained in the lower chamber near its
walls rather than moving upwards through the mem�
branes. The “discharge” process began with switching
on the dc electric field E = 103 V/m inducing the
reverse ion motion. It is noteworthy that, after the ions
that reached the upper cell base lost the electric charge
and acquired the status of atoms, at the same time they
inherited the tendency of cluster formation. In all
cases without exception, Li atoms in the upper cham�
ber were agglomerated into clusters after 12 million
time steps (Fig. 5), which made it impossible for them
to pass through the upper membrane in the reverse
direction (downwards). The formed clusters always
had contact with graphene. During the “discharging,”
a rather rapid (within 1.8 million time steps) and small
decrease in the zlev value was observed. Two million
steps after the end of the “charging,” the dependence

 is shown by horizontal portions in all the cases
under consideration. This is due to cluster formation

by Li atoms in the upper cell chamber and the  ion
adhesion to the graphene surface.

lev( )z t

Li+

CONCLUSIONS

The behavior of a lithium ion in a planar channel
formed by graphene sheets under a dc longitudinal
electric field was investigated. The elements of the
basic�cell model were tested in individual calcula�
tions. Their energy characteristics and mechanical
properties correspond to the experimental and MD
data of other studies and to the calculation results
according to the density functional theory. Characteris�
tic changes in graphene that accompany ion movement
were established. The membrane pair that is most effi�
cient for ion propagation among the six investigated
versions was formed by two identical graphene sheets
with divacancies. The close�to�uniform arrangement of
divacancies in each sheet had a shift of ~0.14 nm to pre�
vent ion propagation through two membranes at once.
The loss of electric charge by Li+ ions leads to the for�
mation of a lithium cluster which is insensitive to the
electrostatic directing force. In addition, in the dc
electric field Li+ ions “adhere” to the membranes due
to the high adhesive ability of graphene. These factors
hinder the “discharging” process of the device consid�
ered. Ions have very short trajectories of the reverse
motion. During the “charging” period, Li+ ions have
the lowest mobility in the horizontal directions and the
highest mobility in the vertical direction in the case of
an efficient transmission membrane pair. For ineffi�
cient membrane pairs, the situation is the opposite.
The mean level of vertical ion displacements in the
system can also yield an objective estimate of the effi�
ciency of the membrane pairs used. Its time depen�
dence makes it possible to determine the degree and
duration of “charging.”

The studied devices can find an application not only
for developing graphene anodes for lithium batteries but
also in biological experiments. For example, they can be
used to determine the length of a DNA molecule and
identify sequences of molecular pairs in it. 
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