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INTRODUCTION

Since its discovery, graphene or monolayer graphite
attracts keen attention. Due to its two�dimensional
structure, graphene has several unusual physical and
chemical properties. For instance, at low energies, the
electrons and holes can be described in good approxi�
mation by the Dirac equation [1], and this seems to be
an excellent method for testing the quantum electro�
dynamics phenomena.

Graphene can be synthesized from graphene oxide
in large amounts and at low cost [2]. The advantage pro�
vided by the graphene low cost and high electric con�
ductivity stimulates the development of graphnene�
based supercapacitors. However, despite all the efforts
undertaken, it is still difficult to obtain supercapacitors
with the high specific capacitance. The main explana�
tion is that graphene sheets thus prepared tend to spon�
taneous aggregation. To a certain extent, this problem
can be solved by using nanoporous graphene synthe�
sized based on chemically activated graphene oxide
microwave�split in the presence of KOH [3]. Such elec�
trode material is characterized by the high values of
conductivity and specific surface area (~3100 m2 g–1).
Its use in industry has good prospects.

Functionalized graphene sheets were used in lith�
ium�air batteries to provide the high electrochemical
capacity (~15000 mA h/g) [4]. However, because the
preparation of graphene electrodes with 2D geometry is
very difficult, these electrodes were made of hierarchi�

cal porous graphene with the 3D geometry. During the
discharge, the strong large tunnels present in electrodes
provided the fast access of oxygen from environmental
air and the small pores in walls served as “ways out” for
oxygen, thus maintaining the three�phase state (solid–
liquid–gas). The deposits of reaction products (such as
Li2O2) on the carbon electrode eventually blocked the
oxygen access, limiting the capacity of the lithium�air
battery. The open 2D structure of the electrode in this
battery could be more efficient were the necessary gaps
between graphene sheets sustained during the electrode
charging–discharge processes.

In graphene, the Fermi level is localized between
two symmetrical conic zones that contact the Fermi
level in six spaced points called the Dirac points which
are localized on the edges of the hexagonal Brillouin
zone. In the vicinity of these points, the zero�excita�
tion energy operates. Graphene has the linear energy
spectrum of the Dirac type in the vicinity of each of
6 singular points. The linear dispersion near these
points means that the charge carriers in graphene can
be considered as zero�mass relativistic particles. This
gives rise to many unusual phenomena such as the Hall
quantum effect [1] or the Klein paradox [5]. However,
the Dirac equation describes not the motion of an
individual particle but the time evolution of the quan�
tum field in which antiparticles are also present.
According to calculations, the electron is completely
reflected from a barrier and the electron–positron
pairs are formed in the barrier [6]. In contrast to the
case of zero�mass Dirac fermions for which the barrier
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is totally transparent in case of normal incidence, the
probability of charge transfer from nonzero�mass car�
riers is below unity and depends on the Brilluoin zone
index [7]. The probability P of tunneling for normal
incidence is approximately proportional to 
[8], where k is the wave vector (oriented in the direc�
tion perpendicular to the barrier) and d is the barrier
width. The electron energy is proportional to k:

 where c is the light velocity. Hence, the
dependence  exponentially decreases with the
potential�barrier width and height Eb. As applied to
our model, the paradox lies in the fact that due to small
d of graphene, for all really observed k values, the value
of P is close to 1 for any ion in contact with graphene.
However, the physical transfer of a charge carrier does
not occur upon its collision with graphene and the car�
rier retains its electrical properties.

The present model reflects the diffusion of Li+ ions
in a planar anode of the lithium–air battery where oxy�
gen supplied from air serves in fact as the cathode. The
battery discharge produces . The percentage of
oxygen ions in air is not very high. The oxidation reac�
tion also does not produce free oxygen ions O–2. Hence,
the model assumes the absence of negative ions. The
cathodic processes are beyond our consideration.

The interaction of carbon materials with hydrogen
was considered earlier as applied to hydrogen storage
in solids [9]. The encouraging results were produced
by functionalizing graphite basal planes (graphene)
with hydrogen atoms. Hydrogen was adsorbed uni�
formly throughout the whole graphene surface, which
eventually produced a stable material [10]. At present,
it is known that lithium clusters represent a wonderful
material for hydrogen storage [11]. The nature of
hydrogen interaction with lithium clusters was studied

( )−exp 2kd

= ω =� � ,eE kc
( , )bP d E

2 2Li O

both theoretically and experimentally; in particular,
the possibility was demonstrated for hydrogenization
of lithium clusters [12]. Molecular dynamics (MD)
density�functional simulations [11] have shown that
the hydrogen atom passes from the graphene layer to
the lithium cluster at 300 K and atmospheric pressure
with the binding energy exceeding the corresponding
energy of the hydrogen atom in the graphene layer.

The purpose of the present study was to consider the
possibility of charging a planar graphene electrode in
the lithium–air battery representing two functionalized
graphene sheets with six different versions of pores.

COMPUTER MODEL

The basic cell of the model represents a rectangular
parallelepiped elongated along the oz axis with the
planes impermeable for Li+ ions. The boundary con�
ditions operating on the planes correspond to the
reflection of totally elastic balls from a wall. In its mid�
dle part, the parallelepiped is divided into parts by two
parallel membranes of defective graphene. The size of
graphene sheets was 3.2 × 2.8 nm. Each membrane
contained 6 or 9 pores of certain size which were dis�
tributed approximately uniformly over the graphene
sheet. Figure 1 shows the types of membranes used.
The pores in the upper membrane were shifted by a
value not exceeding the graphene lattice period in
order to prevent the direct vertical crossing of two
membranes at once by a Li+ ion. The upper and the
lower membranes could be of either identical or differ�
ent types. Table 1 shows numbers of basic cells with
different types of membranes. Thus, each of 6 basic
cells was divided into three chambers, i.e., lower, mid�
dle (between two graphene membranes), and upper
chambers with the equal height of 0.6 nm. An addi�
tional calculation has shown that this very gap provides

Table 1. Versions of membrane combinations in the basic cell (type and number of vacancies and the number of atoms C
in the upper and lower membranes)

Membranes 
parameters

Versions

1 2 3 4 5 6

Type and number 
of pores in the low�
er membrane

 Monovacancies
9

Bivacancies
9

Trivacancies
9

Bivacancies
9

Trivacancies
9

Hexavacancies
6

Type and number 
of pores in the up�
per membrane

Bivacancies
9

Trivacancies
9

Hexavacancies
6

Bivacancies
9

Trivacancies
9

Hexavacancies
6

Number of C at�
oms in the lower 
membrane

397 388 379 388 379 370

Number of C at�
oms in the upper 
membrane

388 379 370 388 379 370
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the best way for rectifying the trajectory of the Li+ ion
in a flat channel under the effect of a constant electric
field with intensity of 103 V/m. In the initial moment,
by means of a random numbers generator, the lower
part of the cell was filled with 10 Li+ ions each with the
electric charge of +1.0 e, where e is the elemental elec�
tric charge. The directed motion of ions (upward) was
provided by the positive electric charge of +10 e at the
lower base of the cell and the negative charge of –10 e
at its upper base. Each of these charges was created by
10 identical point charges. Such virtual capacitor
acted on the model cell during the first 4 million time
steps Δt = 2 × 10–16 s. To further randomize the ion
transport in the cell, we used the effect of migrating
electric charges (positive in the lower base of the cell
and negative in its upper base). Charge migration
along the bases of the model cell was achieved by
means of a random numbers generator which changed

the position of charges in each time step. After the
“Charging” period (4 million time steps), Li+ ions that
reached the upper base lost their charge. Then, for the
next 8 million time steps, we monitored the behavior
of the system in the absence of electric charges at the
ends of the cell and in the presence of a constant elec�
tric field with intensity of 103 V/m that transferred the
still remaining Li+ ions in the opposite direction.

The transport of Li+ ions through pores in mem�
branes was put under special control. The membrane
could be crossed by an ion only in a point (on the
membrane plane) within a circle of effective radius of
one or another pore. The ion could find a pore by the
presence of fractional electric charges on its perimeter.
The charges were ascribed to both CH groups and the
equal number of C atoms randomly chosen among the
boundary atoms of each pore. The number of CH
groups corresponded to the number of its nearest
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Fig. 1. Modified graphene sheets with (a) monovacancies, (b) bivacancies; (c) trivacancies, (d) hexavacancies, (solid circles)
C atoms, (open circles) C atoms with added H atoms.
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neighbors (of C atoms) to the pore center. Thus, we had
3 such bonds for monovacancies, 4 for bivacancies, 5 for
trivacancies, and 6 for hexavacancies. The CH group
was described according to the monoatomic scheme
[9]. This scheme was created when developing the
migrating force fields used in predicting the thermody�
namic properties of complex molecules [13]. The posi�
tive charges of CH groups and the negative charges of
C atoms free of hydrogen at the pore edges were of the
fluctuating nature preset by the random numbers gener�
ator. The maximum charge value for the CH group
(+0.35 e) created a Coulomb potential for the Li+ ion
motion which corresponded to the energy barrier to dif�
fusion of a Li atom on the graphene sheet over the ver�
tices of C atoms [14]. The calculations by the density
functional method suggest the alternating�sign nature
of fluctuations of the charge of atoms in the vicinity of
graphene�sheet pores [15]. In our model, the fluctuat�
ing charge of CH groups and C atoms varied in the
interval –0.35 ≤ qCH ≤ 0.35 e.

The Tersoff potential used for describing the inter�
atomic interactions in graphene is based on the bond
order concept. The potential energy between two neigh�
boring atoms i and j is described as [16]

(1)

(2)

where bij is the multiparticle parameter of the bond
order which describes how the bond formation energy
(the attractive part Vij) is formed at the local accom�
modation of atoms due to the presence of the other
neighboring atoms. The potential energy is the multi�
particle function of positions of atoms i, j, and k and
determined by parameters

(3)

(4)

(5)

where ξ is the effective coordination number,  is
the function of the angle between rij and rik which stabi�
lizes the tetrahedral structure. For the most part, we
took the parameters of the Tersoff potential for carbon
from [16] but increased the distance of covalent bond�
ing to 0.23 nm and included the additional weak attrac�
tion at r > 0.23 nm defined by the Lennard�Jones (LJ)
potential with parameters taken from [17]. To eliminate
the resulting angular momentum, in each graphene�
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sheet site, the rotation component of the force created
by atoms in the neighboring sites was eliminated. The
analytical form of the local rotation potential of interac�
tion was given in [17].

The Coulomb interaction was present between all
electric charges in the system, i.e., Li+ ions, wandering
point charges on cell ends, and fluctuating charges
located in the pore vicinity. Furthermore, Li atoms
and ions experienced the LJ interaction with the
potential parameters taken from [18]. The LJ potential
parameterized in [9, 19] was used in describing the
interactions between CH groups and also in Li(+)–C
pairs. The LJ interaction was also present between the
following pairs of atoms: C–CH, Li(+)–CH. The
parentheses in the superscript pointed to the possibil�
ity of charge disappearance. The parameters of the
potential for these interactions were found in accor�
dance with the Berthelot–Lorentz rule. Table 2 shows
the parameters of all potentials used and the value and
sign of charges present in the system.

The moderate removal of liberated heat from the
system was accomplished according to the Berendsen
scheme with the binding constant τ = 4 fs [20]. To
control the heating, in each time step, the velocities v
were scaled as follows:

(6)

where λ is the scaling factor, T0 is the preset tempera�
ture (300 K), T is the current temperature.

The self�diffusion coefficient was calculated based
on the mean square deviation of atomic movements

 [21]

(7)

where Γ = 3 is the space dimension. The angle brack�
ets 〈…〉 meant the averaging with respect to time, n is
the number of time intervals for determination of

 Here, the time average was determined by
averaging 20 curves each calculated in the interval of
40 ps (or 200000 Δt).

To calculate stresses, each graphene sheet was

divided into unit areas. The atomic stresses  in an
unit area with the number l for each of directions x, y, z
and with the running index J were determined by calcu�
lating kinetic energies of atoms in this area and the pro�

jections of forces  that acted on the l area from all
other atoms [22]

(8)

where N is the number of atoms in area l, Ω is the vol�

ume per atom, m is the atomic mass,  is the projec�
tion of the velocity of the ith atom, Sl is the surface of
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l area. With this definition, the compressive stresses
could have sign “+” or “–” depending on directions of

forces  This is the difference of a microscopic stress

 from a macroscopic stress 
In the problem to be solved, we are interested in the

additional stresses in graphene sheets caused by
migration of lithium ions through pores rather than in
the absolute values of stresses in graphene determined
by Eq. (8). In other words, the effect of ions on
graphene was found based on the distribution of the
differential characteristic 

(9)

where  represents the stress on the l area created
by forces in the J direction in the absence of Li+ ions.

The calculations at T = 300 K in terms of the cho�
sen model produced the total energy value for free sin�
gle�sheet graphene equal to –7.02 eV, which agrees
with the result of quantum mechanical calculations
(⎯6.98 eV) [23]. It is known that an uncharged lithium
atom is adsorbed in the vicinity of a vacancy on
graphene, being bound to the surface by the energy
even higher than that of lithium cohesion
(0.36 eV/atom). Calculated in terms of the density
functional theory, the binding energy of hydrogen
atom with defective graphene is 0.875 eV/atom [24].
In a separate MD calculation, the binding energy of a
Li atom with graphene containing bivacancies was
assessed as ~0.4 eV/atom. The alternating�sign fluctu�
ating charge near the pores in graphene allows the lith�
ium ions to overcome the energy barrier and avoid
retardation near the defects.

.iJf

σ ( )J l σ < 0.J

Δσ :( )J l

Δσ = σ − σ
free( ) ( ) ( ),J J Jl l l

σ
free( )J l

RESULTS OF CALCULATIONS

The best result of Li+ ion passage through mem�
branes was achieved in version 4 (Fig. 2). In the latter
case, 9 of 10 ions have reached the upper base of the
cell after 4 million time steps and only one ion was
hindered by the lower membrane to this moment. In
the worst version 2, after 4 million time steps, 6 Li+

ions found themselves immediately at the upper base
and one ion has just penetrated through a pore in the
second (upper) membrane, 2 ions have passed the first
membrane, and one ion was still in the lower chamber
of the cell. To the end of the “Charging” process, in
the other versions, 7 Li+ ions were present in the upper
chamber and the largest number of ions (two) still
stayed in the lower chamber of the membrane combi�
nation (version 1). The latter fact is explained by the
difficulty for Li+ to pass through monovacancies.

The observed trajectories of Li+ ion migration rep�
resented broken lines with turning points on the walls
of the basic cell or on graphene membranes. The sim�
ilar trajectories were observed for migration of parti�
cles in dilute gases in presence of obstacles to their
motion. Figure 3 shows typical trajectories of ions in
the cell with the membrane set of version 4. Figure 3a
reflects the travel of ions during the “Charging” pro�
cess of the graphene–lithium device and Fig. 3b
reproduces the trajectories of the resulting atoms after
switching�on of a constant electric field with intensity
of 103 V/m. Although the time interval corresponding
to trajectories in Fig. 3a is twice shorter than the
period corresponding to trajectories shown in Fig. 3b,
the paths passed by ions in the former case consider�
ably exceed the extent of their migration in the latter

Table 2. Parameters of Tersoff (for carbon) and Lennard�Jones potentials, 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 Number of charges

d 4.384 (qLi) +1(0) 10

h –0.57058 qlb +1 10

R(1), Å 1.8 qhb –1 10

R(2), Å 2.3 qCH 0…0.35 54–90

– – –0.35…0 54–90

Li
q +

Cporeq
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Fig. 2. Basic cell with membrane combination of version 4 in different moments. Numbers correspond to the number of time
steps. Coordinates of atoms are shown in Angströms.
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case. In the concluding stage of “Charging”, Li+ ions
wander near the upper base of the basic cell. At the
constant electric field, Li atoms and ions have
smoother trajectories localized in a rather limited
space. In the other versions of membrane combina�
tions, the trajectories of ions and atoms are much sim�
ilar to those shown in Fig. 3.

The coefficients of mobility of Li+ ions in both hor�
izontal (Dxy) and vertical (Dz) directions tend to
decrease after the first 1 million time steps in the
“Charging” process or n = 5 (Fig. 4). Note that inter�
val values of Dxy and Dz change at a still higher rate.
However, in the initial stage of “Charging” for differ�
ent graphene membrane combinations, the coefficient
Dxy can both increase and decrease (Fig. 4a). The
coefficient Dz, in contrast, increases in this stage of
“Charging” for all six versions. The steady decrease in
Dz is observed only in version 2 and a weak short�term
increase of this coefficient is observed for version 1 in
the initial period of calculations. Obviously, the initial
rise in coefficients Dxy and Dz is associated with the fact
that the ions have acquired a certain energy level due
to mutual repulsion and also with the increase in the
migration volume due to their ability to penetrate
through membranes. The subsequent steady decrease
in these coefficients is explained by the gradual
decrease in the volume accessible for migration,
because ions approach the upper base of the cell and
also by the low probability of their motion in the oppo�
site direction. The highest values of Dxy and the small�
est values of Dz are observed for the system with version
2 of membrane combination. Here, the highest mobil�
ity of Li+ ions in horizontal directions is combined
with their lowest mobility in the vertical direction. The
direct opposite to this case is version 4 where the min�
imum mobility of ions in horizontal directions is com�
pensated by the highest mobility in the direction per�
pendicular to the membrane plane. The mutual com�
pensation of values Dxy and Dz is observed also for the
other versions of membrane combinations.

The ratio of throughput capacities of membrane
combinations tested is confirmed also by the time

dependence of the average level  = 

(where zi is the ion coordinate, nion is the number of
ions) of elevation of Li+ in the system (Fig. 5). The
highest average elevation of ions in the cell is observed
for membranes in version 4 and the lowest elevation is
observed for versions 6, 2, and 1. In all the cases, the
point of the highest elevation of ions is reached in the
immediate proximity of the end of “Charging”, i.e.,
after 4 millions time steps. Upon reaching the upper
negatively charged plate of the external “capacitor”,
the positively charged lithium ions should be electri�
cally neutralized as a result of charge flow. This is why
the contact with the upper wall of the basic cell is
accompanied by the withdrawal of the charge from the

levz ∑
ion

ion

1 n

ii
z

n

ion. The end of “Charging” in this model means the
end of operation of the virtual external “capacitor”.
The “Charging” process proves to be feasible in the
presence of the external “capacitor” and infeasible
when a constant electric field with intensity of 103 and
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104 V/m is applied. Instead of moving up through
membranes, the ions stay in the lower chamber near
the walls. The “Discharge” process starts with switch�
ing�on of a constant electric field with intensity E =
103 V/m to induce the opposite motion of ions. It
deserves mention that the ions, after reaching the upper
base of the cell and losing their electric charge to
acquire the status of atoms, inherit together with this
status the trend towards cluster formation. In all cases
without exception, after 12 million time steps, Li atoms
in the upper chamber aggregated into clusters, which
prevented them from returning down through the upper
membrane (Fig. 3b). Moreover, the clusters formed
always were in contact with graphene. Switching�on of
a constant electric field to induce the opposite travel of
ions gives rise to a sufficiently fast (within 1.8 million
time steps) but weak decrease in the value zlev. In 2 mil�
lion steps from the beginning of “Discharge”, the
dependence  represents horizontal segments inlev( )z t

all the cases. This is associated with the formation of
clusters of Li atoms in the upper chamber of the cell
and adhesion of Li+ ions to the graphene surface.

The effect exerted on graphene by migrating Li+

ions was assessed based on the spatial distribution of

differential components of the stress tensor 
The division of graphene sheets into strips prolate
along the “chair” direction makes it possible to cal�
culate the distribution of stress tensor components
along the “zigzag” direction. Figure 6 shows the cal�
culated distributions for components  , and

. Curves 1, 2, and 3 pertain to systems with
membrane combinations of versions 1, 2, and 4. The
sign of these local stresses is determined by the direc�
tion of forces acting on the corresponding unit areas
and carries no information on the nature of produced
deformation, unlike the case of macrostresses. The
character of the effect of Li+ ions on Li+�permeable
membranes of modified graphene is clearly mani�
fested in the distribution of stresses produced during
“Charging”. On the whole, a clear relationship can
be traced between the stresses created in membrane
planes and the throughput of membranes with
respect to ions: the easier the ions penetrate the
membranes, i.e., the higher the permeability of mod�
ified graphene, the lower the stresses left by ions after
their penetration. Here, the pore size does not play
any decisive role. Thus, version 2 of membrane com�
bination has in total the larger pores as compared
with version 1. However, due to elimination of the
possibility of straight�through penetration of both
membranes (due to their shift) by a rectilinearly
moving ion, the stresses created in membranes of ver�
sion 2 are higher as compared with version 1. Fur�
thermore, this concerns the stress tensor components
created by both horizontal and vertical forces. Note
also that for version 1, the significant stresses are dis�
tributed over the larger surface of membranes as
compared with version 2. Among the simulated basic
cells, the lowest stresses in membranes created by
passing ions are observed for version 4. In the latter
case, the stress  associated with the action of ver�
tical forces is much higher than the stresses  and

 caused by horizontal forces. For this version,
the purely local nature of stress distribution in mem�
branes is manifested.

DISCUSSION

The above calculations demonstrated that for the low�
est characteristics of membrane crossing (versions 1, 2,
and 6), the scatter in the velocities of Li+ ions when
they pass the partitions may reach 73%, whereas for
the best crossing characteristics (version 4), the scatter
does not exceed 25%. Studying the angle θ at which
the trajectories of migrating ions intersect the mem�
branes has shown that the angle θ averaged over the
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Fig. 6. “Charging”�period�averaged stresses generated in
the plane of graphene membranes during the passage of
Li+ ions.
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number of ions does not differ too much between the
successful and failed versions of penetration through
membranes. Thus, for version 4, this angle is 56.2°,
whereas for version 1, 2, and 6, the θ angle is equal to
55.2°, 63.4°, and 53.1°, respectively. At the same time,
the difference in the dispersion of angle θ distribution
over ions turned out to be very significant for the cases
of good and bad penetration through membranes. For
version 4, the dispersion of his angle is 4.5°, whereas
for versions 1, 2, and 6 the dispersion is 29.8°, 14.9°,
and 14.3°, respectively.

Version 4, the most efficient as regards penetration
of Li+ ions corresponds to two graphene sheets each
containing 9 bivacancies. Apparently, the high perme�
ability of this version is explained by the fact that it has
the optimal combination of geometrical and electrical
properties of pores. The ratio  where nH is the
number of hydrogen atoms pertaining to one pore and
nvC is the number of C atoms removed during the pore
formation can serve as a criterion of the efficient per�
meability of pores. The ratio  is 3.0, 2.0, 1.67,
and 1.0 for mono�, bi�, tri, and hexavacancies, respec�
tively. The high ratio  of monovacancies fails to
provide efficient migration, because it is difficult for
ions to pass through very small pores. However,
already in the second position of this series (=2),

 correctly reflects the degree of efficient pene�
tration through membranes.

Understanding the role of lattice defects and func�
tional groups on a graphene membrane is very impor�
tant for operation of the Li–air battery. Because Li2O2
has predominant growth points and the size of resulting
particles is limited by defects, the possibility appears of
tuning the energy/power ratio for certain energy appli�
cations by controlling the defects and functional
groups on the graphene surface. Such structural con�
trol may be very useful for rechargeable Li–air cells. It
was shown [4] that in the vicinity of defects, the coars�
ening of Li2O2 clusters is disadvantageous as regards
energy. This is why, at the deposition of Li2O2, isolated
nanosized islets are formed, which ensures smooth
transport of oxygen during the discharge process. Lim�
iting the size of reaction products makes it possible to
improve the rechargeability of Li–air batteries because
prevents the gradual increase in the total resistance of
the electrode and provides the better access to the cat�
alyst during the charging process.

CONCLUSIONS

The migration of lithium ions through graphene
membranes containing different kinds of pores was
studied. The migration of Li+ ions occurred under the
effect of fluctuating electric charges of the correspond�
ing sign which were present at end faces of the basic cell
in the “Charging” period of the modeled electrode.
Each of two graphene sheets used had 9 or 6 pores of
certain type. The pores represented monovacancies,

H vC ,n n

H vCn n

H vCn n

H vCn n

bivacancies, trivacancies, and hexavacancies. The
graphene sheets were partly hydrogenated. Atoms H
were added to the edge C atoms the closest to the pore
center. The CH group was described in terms of a com�
bined atomic scheme and had a positive fluctuating
electric charge. The gap between graphene membranes
was sufficient for migration of Li+ ions under the effect
of a constant electric field. Among six membrane pairs
under study, the most efficient was the pair of two iden�
tical graphene sheets containing bivacancies. Moreover,
the close�to�equilibrium distribution of bivacancies in
each sheet was shifted by ~ 0.2 nm in order to prevent
ions from the straight�through crossing of two mem�
branes at once. The loss of electric charge by Li+ ions
resulted in the formation of a lithium cluster insensitive
to the electrostatic directing force. Moreover, in a con�
stant electric field, Li+ ions “adhered” to membranes
due to their high adhesion to graphene. These factors
complicated the “Discharge” process in the device
under consideration. The ions developed very short
back trajectories. In the “Discharge” period, for the
efficiently permeable membrane pair, Li+ ions exhib�
ited the lowest mobility in horizontal directions and the
highest mobility in the vertical direction. For ineffi�
ciently working membrane pairs, the inverse situation
was true. The average level of vertical travels of ions in
the system can be also used in assessing the efficiency of
membrane pairs. The time dependence of the latter
level makes it possible to determine the extent and dura�
tion of the “charging” stage. The Li+ ions passing
through membranes generate predominantly local
stresses in graphene sheets. The developed stresses
decreased with the increase in membrane permeability.
As a rule, the stresses generated by vertically oriented
forces were comparable with those created by horizon�
tally oriented forces.
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