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Abstract—The removal of a lead film from graphene by irradiating a target with a beam of xenon clusters at
an incidence angle of 60° was studied by the molecular dynamics method. The complete purification of
graphene was achieved at beam energies of 10 and 15 eV. Visual observation and the calculated density profiles
and mobility components of the lead atoms indicate the predominantly collective nature of the separation of
Pb from graphene in the course of bombardment. When a beam of clusters with an energy of 15 eV acts on the
target, the detached film of lead takes a torch shape and has strong internal stresses. The graphene sheet
acquires maximum roughness at a beam energy of 10 eV as a result of a large number of the direct hits of xenon
clusters on its surface.
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INTRODUCTION

The trace amounts of metals always occur in the
natural biosphere. The presence of some of them even
in a low concentration requires rapid oxidation because
metals in higher concentrations and products in low
oxidation states can be toxic and dangerous. Unfortu-
nately, difference between permissible and dangerous
concentration levels is small [1, 2]. PbS belongs to the
most frequently occurring trace compounds in nature.
It is used in electrical batteries, small arms, and X-ray
units and as a pigment in domestic metallic mixtures.
The detection of industrial lead in the environment is
of considerable importance. Until now, lead has been
determined by various methods such as spectropho-
tometry [3, 4], liquid–liquid extraction [5, 6], turbidi-
metry [7, 8], and electrochemical measurements [9].
Some of these methods are inaccurate because of the
low limits of detection and harmful solvents. In recent
years, solid-phase extraction has been used for the
determination of Pb traces. The trace amounts of Pb in
aqueous media are detected with the aid of a surfactant
covered with modified f-OH graphene.

The negligibly small amounts of heavy metals can
be removed from air and water using filters with
graphene membranes. However, in this case, the fil-
ters should be subsequently cleaned for the removal of
a metal deposit. Lead has a low energy of adhesion
with perfect graphene (0.2 eV) [10]; however, the
binding energy of Pb atoms with graphene at a diva-
cancy boundary is very considerable (3.4 eV) [11]. A

heavy metal film can be removed from graphene by the
bombardment of the latter with noble gas clusters [12–
15]. The simulation of a cluster bombardment process
showed that the energy transferred upon the impact
should be entirely released in a critical region near the
surface in order to obtain a maximum effect [16–18].
It was experimentally demonstrated that, on the inci-
dence of a beam of Xe atoms onto the surface of graph-
ite at an incidence angle of 55°, the energy transferred
to the phonon modes of the surface is approximately
20% smaller than that in the case of a vertically
directed beam [19]. In this case, the Xe atoms are scat-
tered on the smooth surface of graphite even at ener-
gies of several tens of eV. In order to decrease the prob-
ability of damaging graphene upon the bombardment
of a lead–graphene film, we selected an incidence
angle of 60°. The energies of the cluster beams used
were much lower than the energies of beams in the
experiments oriented to the sputtering of a bombarded
substance.

The aim of this work was to study in detail the process
of the removal of a lead film from partially hydrogenated
imperfect graphene without destroying this latter.

MOLECULAR DYNAMICS MODEL
The interatomic interactions in graphene were rep-

resented by the modified Tersoff many-body potential
[20]. This potential is based on the concept of binding
order. The potential energy between the two neighbor-
ing atoms i and j is written as
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(1)

Here, the subscripts i, j, and k refer to carbon atoms; rij is
the i–j bond length; and  is the angle between the i–j
and j–k bonds. The parameters of Eq. (1) other than the
quantity R(2) were taken from Ref. [21].

A change to the simulation of two-dimensional sys-
tems (for example, to the simulation of graphene) with
covalent bonds requires the modification of this
potential [22]. In the present model, the maximum
scope  of covalent interaction was increased from
0.21 to 0.23 nm. Beyond the scope of covalent interac-
tion, very weak Lennard-Jones attractive interaction
with the parameters taken from Ref. [21] had an effect.
For averting the rotation of a graphene sheet, retarda-
tion with the force  where the tor-
sional potential  was determined by Stuart
et al. [21], at each atomic site of graphene was used.

For the simulation of atomic interactions in the
film of lead, we used the Sutten–Chen many-body
potential [23]. The Sutten–Chen potential energy is
written as

where

ε is a parameter with the dimensionality of energy; c is
a dimensionless parameter; a is a parameter with the
dimensionality of length, which is usually chosen
equal to the lattice constant; and q and s are positive
integers,  The exponential form of contributions
makes it possible to successfully combine short-range
interactions, which are represented by an N-particle
term, with the van der Waals “tail,” which is responsi-
ble for long-range interaction.

The lead–carbon and xenon–xenon interactions
were given by the Lennard-Jones potential [24–26].
The interaction between Xe atoms and target atoms
(Pb and C) was determined by the purely repulsive
ZBL potential (see [27])

where  and  are the atomic numbers of the ith and
jth atoms, respectively; e is the elementary electric
charge; r is the interatomic distance; and the parame-
ter a is determined by the expression

Here, a0 is the Bohr radius. We disregard weak attrac-
tion between the Xe and Pb atoms and also between
the Xe and C atoms because the primary aim of this
study is to study the transfer of energy and angular
momentum rather than chemical binding [28].

Defects substantially enhance the adhesion of met-
als to graphene. The most frequent defects in graphene
are divacancies. The sheet of graphene used for the
deposition of lead had four divacancies rather uni-
formly distributed over its surface. Hydrogenation was
used for the strengthening of divacancy edges and
boundaries. The CH groups formed at the edges and
sites nearest to the divacancy center were simulated in
accordance with the monatomic diagram [29]. The
C–CH and CH–CH interactions were represented by
the Lennard-Jones potential [29]. The partial func-
tionalization of graphene in the form of the addition of
hydrogen atoms to its edges stabilizes the structure
without leading to an increase in interatomic distances
and without creating roughness over the entire surface.

The formation of a film of lead on graphene in a
single molecular dynamics (MD) calculation occurred
into two stages. At the first stage, Pb atoms were
placed above the centers of nonadjacent graphene cells
so that the distance between Pb and C atoms was equal
to a of distance 2.33 Å calculated according to the den-
sity functional theory [11]. Additional 51 atoms of Pb
were randomly deposited onto this friable film of lead
that consisted of 49 atoms of Pb. Then, the system of
100 atoms of Pb and 406 atoms of C was equilibrated
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in an MD calculation with a duration of 1 million time
steps (Δt = 0.2 fs). The numerical solution of the equa-
tions of motion was carried out by the fourth-order
Runge–Kutta method. The target thus obtained was
subsequently bombarded with Xe13 icosahedral clus-
ters. As a result of two-dimensional uniform exten-
sion, the f lat sheet of graphene is torn up with the for-
mation of zigzag and armchair edges, which are deter-
mined by the structure of the atomic lattice of the
material. We selected the directions parallel to these
edges as the x and y axes, respectively. Five starting
points for positioning the centers of Xe13 clusters were
evenly spread on a line parallel to the y axis (the arm-
chair direction). This line was shifted to the left (along
the x axis) from the left edge of graphene at a distance
of 1.5 nm and raised to a height (in the direction of the
z axis) in order to reach the angle φ = 30° between the
x axis, which passes near the upper film surface, and
the impact direction line. The interval equal to the
length of the graphene sheet in the direction of the x
axis (the zigzag direction) was divided into five equal
sections with the length  =  At the beginning of
each following cycle of cluster impacts, the line of the
starting points of Xe13 clusters moved horizontally for-
ward to the distance Li. As a result, the film surface
approximated by a plane was covered with 25 evenly
distributed points, to which cluster impacts were
aimed. Each series included 5 cycles or 25 impacts. At
the starting points, all of the atoms of an Xe13 cluster
acquired the same velocity, which determined the
direction of impact. The clusters were directed toward
the target in turn. The lifetime (determined as the sum
of the transit time and the time of interaction with the
target) of each cluster was 8 ps. After this time, the Xe
atoms of a destroyed cluster were excluded from consid-
eration, and the new Xe13 cluster began motion from
another starting point. A cycle of five cluster bombard-
ments required 40 ps, whereas a series (of five cycles)
required 0.2 ns (we will subsequently designate the
impact number in the series as n), ant the entire bom-
bardment (of five series) took 1 ns. Bombardment at five
different cluster energy values of 5, 10, 15, 20, and 30 eV
was performed at the incidence angle θ = 60°.

The impacts of clusters with the surface were
accompanied by the heating of the system. The mod-
erate removal of the released heat from the system was
performed in accordance with the Berendsen model
with the binding constant τ = 4 fs [30]. In order to con-
trol heating, the velocities v at each time step were
scaled according to the expression

where v' and v are the new and current velocities,
respectively; λ is the scaling factor; T0 is the assigned
temperature (300 K); and T is the current temperature.
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The density profile of metallic film was determined as

where  is the number of Pb atoms in a layer parallel
to the graphene plane;  is the effective atomic
diameter of Pb;  is the width of the layer;  is the
surface area of graphene; and Ns is the number of tests.

The partial coefficient of atomic diffusion is calcu-
lated as [31]

where  is the dimensionality of space, 
denotes averaging over p, where p is the number of
time intervals for the determination of  We
performed the averaging of five time dependences,
each of which was calculated in the interval τ = 200 ps.

Stress in the position of the ith atom of metallic
film is determined as [23]

where the volume Ωi of an individual atom can be
associated with the volume of the Voronoi polyhedron
related to the ith atom.

For the calculation of stresses that appear in
graphene, the graphene sheet was divided into the sur-
face elements. The stresses  which appear under
the action of forces in the direction α = x, y, z, were
calculated on each surface element with the number l,
which has the orientation u. In these calculations, the
products of the projections of the velocities of atoms
and the projections of the forces  which act on the
element l from other atoms, were used when the fol-
lowing conditions were satisfied [32]:

 (2)
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l; Ω is the volume per atom; m is the mass of an atom,
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face element l; ui is the moving coordinate of the ith
atom; in the superscript of the sum, u designates the
coordinate of the point of contact of the straight line
that passes through the centers of the ith and jth atoms
with the surface element l. The compressive stresses on
this determination can have the sign + or – in accor-
dance with the directions of the forces  This is the
difference of the microscopic stress  from the
macroscopic stress  The total stresses, which
act in the plane of graphene, were determined by the
summing up of the corresponding elementary stresses:

where Nl is the number of surface elements on the dis-
cretization of the sheet of graphene in a selected direc-
tion.

The surface roughness (or the arithmetic mean of a
profile deviation) was calculated as

where N is the number of sites (atoms) on the surface
of graphene, zi is the displacement of the ith atom in
the direction of the z axis; and  is the average value of
the coordinate z for grapheme; the values of zi and 
were determined at the same point in time.

The total energy of free one-sheet graphene
obtained at T = 300 K was –7.02 eV, which is consis-
tent with the result of a quantum-mechanical calcula-
tion (–6.98 eV) [33]. The melting temperature (Tm) of
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a Pb201 cluster with a free surface, which was deter-
mined in a special calculation, was 417 K, which is
consistent with MD calculations (Tm = 412 K) [34],
which were also performed with the Sutten–Chen
potential. In both cases, Tm was determined based on a
potential energy jump.

RESULTS OF THE CALCULATION

As a result of bombardment with 5-eV  clus-
ters, the film of Pb remained on the graphene. In this
case, a small part of metal atoms was knocked out from
the film, and the film itself was bent to keep contact
with graphene only in its middle part; that is, the film
edges became raised.

Bombardment with a beam energy of 10 eV led to
the complete separation of a Pb film from graphene.
Only an insignificant part of the Pb atoms was
knocked out from the film, and the major portion
went away in the form of a dense cluster.

In general, a similar behavior was also observed on
the bombardment with a beam energy of 15 eV (Fig. 1).
However, in this case, the major portion of the film
was immediately detached away from graphene to a
small distance. Because it was conically shaped
expanded upwards, it was again forced against
graphene at the cone apex under the impacts of Xe13
clusters.

We found that a further increase in the cluster beam
energy did not facilitate the removal of a Pb film from
graphene. Thus, as a result of bombardment with an
energy of 20 eV, the film was not separated from
graphene with a loss of a portion of individual
knocked-on atoms. Two atoms were stuck in divacan-
cies, and they helped to retain the film on graphene by
attracting the other Pb atoms. The film had close con-
tact with graphene at the center. The film edges were
elevated.

The released 30-eV Xe13 clusters crushed the film of
lead and pushed several Pb atoms through divacancies.
A small lead cluster was arranged at the front edge of
graphene without loss in binding with the base layer.
Because of hydrogenation, the graphene edges
remained intact even after bombardment with an
energy of 30 eV.

Figure 2 demonstrates the vertical profiles of den-
sity. Bombardment with a cluster energy of 5 eV left a
sufficiently monolithic film on graphene. Moreover,
in the course of bombardment, the Pb atoms located
in the lattice dimples of the honeycomb type formed
by C atoms, retained their positions, as evidenced by a
sharp peak at 0.237 nm. A small number of single
atoms descended into divacancies or moved away from
the film, as confirmed by the presence of separate low
peaks.

Approximately the same pattern of the arrange-
ment of Pb atoms was observed at a 10-eV energy of

13Xe

Fig. 1. Configuration of the lead film–partially hydroge-
nated graphene system after bombardments at an inci-
dence angle of 60° with a 15-eV  cluster energy.
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Xe13 clusters. The film thickness increased due to
swelling under the impacts of the clusters, and the
number of separated Pb atoms increased. At the end of
the bombardment, the film separated from graphene and
rapidly moved away to a distance greater than 1 nm. The
new film position is not reflected in the profile 

The rapid rise of the entire film at the distance r >
0.3 nm over graphene occurred at the energy of bom-
barding clusters of 15 eV. The density profile as a whole
was shifted to the right.

At the cluster beam energies  > 15 eV, the film
was either unseparated from graphene (20 eV) or bro-
ken into separate pieces (30 eV). At an energy of 20 eV,
a noticeable number of the Pb atoms were pushed
through divacancies, and single scattered Pb atoms
were also present. The penetration of lead atoms to the
reverse side of graphene was insignificant at energies
of 30 eV. In this case, the knocked out film pieces rap-
idly moved away to distances greater than 1 nm, and
they are not ref lected in the profile 

The horizontal component  of the mobility of
Pb atoms tends to decrease as the energy of bombard-
ing clusters is increased up to 20 eV (Fig. 3). However,
the value of  sharply increases at a cluster energy of
30 eV. This fact is indicative of a change in the nature
of deformation in the film of lead under the action of
a cluster beam. The vertical component Dz of the
mobility of Pb atoms does not exhibit such a pro-
nounced lift at a beam energy of 30 eV, but it manifests
a sharp burst at an energy of 10 eV. This burst is caused
by the detachment and rapid removal of the major
portion of the film from graphene. In general, the ver-
tical component of the mobility of Pb atoms is lower
by almost an order of magnitude than the horizontal
mobility.

The curves of  and  for the C
atoms in graphene (Fig. 4) are mainly consistent in
shape with analogous curves for the Pb atoms (Fig. 3).
The presence of a local minimum at  = 15 eV in
place of a local maximum in the curve of  for
graphene is the exception. Furthermore, at low ener-
gies (  ≤ 10 eV), the values of  are even higher
than those at the energy  = 30 eV, where the Pb
atoms injected into dimples produce local pressing and
decrease the mobility of the C atoms in horizontal direc-
tions. A burst in the function  at  = 10 eV for
graphene is impressive such as that in an analogous
function for lead. This is most likely indicative of the
fact that the impacts of Xe13 clusters, which caused the
detachment and rapid withdrawal of the film, arrived
directly at the graphene surface, and the Xe13 atoms
scattered upward and in the opposite direction pushed
the loosely lying Pb film and removed it from
graphene. An insignificant increase in the value of Dz

for the C atoms at the energy  = 30 eV is related to
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Fig. 2. Lead film density profiles obtained in the course of
the cluster bombardments of a target with different ener-
gies. The Level h = 0 corresponds to the vertical mark of
the presence of C atoms in graphene. 
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the presence of rigid C–C bonds and the absence of
graphene integrity damage.

The study of the evolution of the stresses  ,
and  in the cases of the removal of a Pb film from
graphene (  = 10 and 15 eV) showed that their
smooth relaxation occurred only during the first series
of impacts. Already in the course of the third series of
impacts, strong changes in the stresses created by hor-
izontal forces (  and ) were observed, especially
at the final stage. In this case, the stress created by ver-
tical forces (σzz) increased much more successively. In
the course of the fifth series of bombardment, the
stresses  and  became even more significant.
Over the course of this series, the stresses  strength-
ened almost continuously. In general, the stresses 

,zxσ zyσ
zzσ

XeE

zxσ zyσ

zxσ zyσ
zzσ

,zxσ

, and  in graphene along the x axis obtained after
the fifth series of impacts were no higher than the
stresses resulting from the first series of bombardment.
In other words, in the course of the entire bombard-
ment, an increase in the local stresses in graphene was
not observed. Note that the value of the stresses σzz
created by vertical forces was much greater (by a factor
of to ~2) than the stresses  and  which appeared
due to the application of horizontal forces.

In view of a specific shape taken by the film of lead
after bombardment with an energy of 15 eV, the final
stresses  and  in the film were considerably dif-
ferent from analogous stresses obtained after bom-
bardments with other energies of the  clusters
(Fig. 5). At the same time, the function  has a
smooth shape; that is, the value of  at  = 15 eV
is not strongly different from the values of this stress
obtained at other  All of the three stresses have
values of the same order of magnitude (in the majority
of cases, the absolute value of  is somewhat greater)
with the exception of the value of  at  = 15 eV.

The dependence of the resulting stresses  ,
and  in graphene on the energy  only partially
correlates with the behavior of analogous characteris-
tics in a Pb film (Fig. 6). The behavior of only the
quantity  is similar in many respects to that of the
corresponding stress in the metallic film. Here, a dip
of the curve of  into the region of negative values
was also observed at  = 15 eV. However, the value of

 did not reach positive values at  = 20 eV, as was
the case in the film of lead. The function  was
characterized by a smoother behavior, whereas the
function  for the film of Pb exhibited this
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property. The function  for graphene exhib-
ited a maximum at  = 15 eV. The largest negative
stress (σzy) caused by horizontal forces in the direction of
the y axis appeared at  = 5 eV, and stress of the same
sign from vertical forces  appeared at  = 15 eV.

As a rule, the roughness of graphene Ra increased
with the energy  on the bombardment of a target at
the angle of incidence θ = 60° (Fig. 7). The maximum
roughness reached at  = 10 eV was caused by the
early detachment of a Pb film from graphene, as a
result of which graphene directly took a great number
of the impacts of Xe13 clusters. Figure 7 compares the
function  at θ = 60° with analogous functions
obtained at incidence angles of 0° and 90°, i.e., with
the vertical and horizontal directions of bombard-
ment. Difference in the roughness of graphene sub-
jected to uniform (in terms of  cluster energy and
intensity) bombardment with different angles of inci-
dence can be greater than 40% (at  = 10 eV). The
smooth function  was obtained upon low-level
bombardment; in this case, a roughness maximum was
reached at  = 15 eV.

CONCLUSIONS

In this work, we studied five versions of the bom-
bardment of a Pb film on graphene with  clusters
with energies from 5 to 30 eV. The best cleaning effect
was achieved at  = 10 eV. The Pb film can also be
removed (on point contact) at a cluster energy of 15 eV.
The use of higher beam energies is ineffective because
of the pushing of Pb atoms into divacancies and the
impression of the metal atoms into dimples on

Xe( )zy Eσ
XeE

XeE
( )zzσ XeE

XeE

XeE

Xe( )aR E

13Xe

XeE
Xe( )aR E

XeE

13Xe

XeE

graphene. The hydrogenated edges of graphene do not
acquire noticeable damage even after the bombard-
ment with 30-eV  clusters. For example, unlike
copper, the prevailing mechanism in the process of
lead removal is the detachment of the major portion of
a film from graphene rather than the knocking out of
separate Pb atoms. This is evident from an analysis of
the density profiles of the system and the energy
dependence of the mobility components of Pb atoms.
The bombardment of graphene after the removal of a
film leads to a considerable increase in the vertical
component of the mobility of the C atoms. Stresses in
the lead film that remained on graphene increased in
the course of bombardment, whereas analogous
stresses in graphene were not accumulated with time.
The highest stresses occurred in the detached film of
lead, which increased its vertical size and took a torch
shape, as a result of the action of both vertical and hor-
izontal forces. In this case, an increase in the internal
stress was also extended to graphene. The graphene
subjected to direct bombardment with 10-eV 
clusters acquired the greatest roughness as a result of
the rapid removal of the Pb film.
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