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Abstract—The purification of graphene from a lead film by irradiating the target with a beam of Xe ;5 clusters
with an energy of 20 eV at different angles of incidence has been studied. Using the method of statistical
geometry, it has been shown that, before the bombardment, the double-layer lead film adsorbed on graphene
had an irregular structure. Graphene contained divacancies, the edges of which, as well as the edges of the
graphene sheet, were hydrogenated. The complete removal of lead from graphene was achieved at the angle
of incidence of Xe; clusters equal to 45°. A major part of the film was separated from graphene in the form of an
island, which, after separation, was transformed into a three-dimensional structure. The stresses present in the
graphene sheet changed in the course of bombardment, but the stressed state retained after the bombardment was
terminated. The type of the distribution of stresses in graphene indicates the absence of enhancement of the
stressed state in the course of bombardment. The bombardment at angles of incidence of clusters less than 75° sub-
stantially enhances the roughness of graphene. The bombardments in the entire range of the angles of cluster inci-
dence (0°—90°) have resulted in no significant damages in the hydrogenated edges of the graphene sheet.
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INTRODUCTION

Lead is one of the most toxic metals. In natural bio-
sphere, there are always trace amounts of various met-
als. The presence of some of them, even in a low con-
centration, requires fast oxidation because higher con-
centrations and products of lower degrees of oxidation
can be dangerous. Unfortunately, the difference
between the degrees of permissible and dangerous
concentrations is usually small [1, 2]. One of the most
abundant compounds that occur in nature in trace
amounts is PbS. It is used as a cathode material in lith-
ium batteries, in X-ray devices, as a pigment in domes-
tic metallic mixtures, etc. The detection of industrial
lead in the environment is a problem of great impor-
tance. Up to now, lead has been detected by such
methods as spectrophotometry [3, 4], liquid—liquid
extraction [5, 6], achievement of a cloud point [7, 8],
and electrochemical measurements [9]. In recent
years, the method of solid-state extraction is employed
for analyzing traces of Pb. The trace amounts of Pb in
aqueous media are determined using a surface-active
substance covered by modified graphene-F-OH.

The removal of ultra-small amounts of heavy met-
als from air and water can be performed by applying
filters with graphene membranes. However, in this
case, the problem arises of purifying the filter from
metallic sediment. Lead has a low adhesion energy
with perfect graphene (0.2 eV) [10]; however, the
binding energy of Pb atoms with graphene at the

boundary of a divacancy is quite appreciable (3.4 ¢V)
[11]. It appears possible to remove a film of heavy
metal by the bombardment with clusters of a noble gas
[12—15]. The simulation of the process of the cluster
bombardment has shown that to achieve a maximum
effect, it is necessary that the entire energy transferred
upon impact was released in a critical region near the
surface [16—18]. It has been shown experimentally
that upon the irradiation of the graphene surface by a
beam of Xe atoms at the angle of incidence equal to
55°, the phonon modes of the surface receive approx-
imately 20% less carried energy than in the case of a
vertically directed beam [19]. In addition, Xe scatters
from a smooth surface of graphite even if its energy
makes up several tens of eV. To diminish the probabil-
ity of damaging graphene upon the bombardment of
the lead—graphene film, the graphene sheet was sub-
jected to hydrogenation. The energies of the employed
cluster beams are substantially less than the beam
energies used in the experiments, the main task of
which is the sputtering of substances.

The aim of this work is to conduct a detailed study of
the process of a nondestructive removal of lead from the
surface of partially hydrogenated imperfect graphene.

MOLECULAR-DYNAMIC MODEL

The interatomic interactions in graphene were rep-
resented by the many-body Tersoff potential [20]
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modified so as to ensure a correct description of two-
dimensional systems such as graphene. Since the orig-
inal Tersoff potential does not have a barrier to the
rotation about the single bond, the torsion potential
[21] has been added to it, which allows one to elimi-
nate the rotation of the graphene sheet. Note also that
the simulation of graphene using the original Tersoff
potential led to the cracking of the graphene sheet
[22, 23]. Therefore, we increased the radius of cova-
lent interaction from 0.21 to 0.23 nm and also
included an additional weak attraction at »> 0.23 nm
assigned by a Lennard-Jones (LD) potential with the
parameters used in [21].

For simulation of atomistic interactions in the lead
film, the many-body Sutten—Chen (SC) potential
[24] was used. The SC potential energy is written as

U’ :SEZZV("U)—CZ\/E} (1)
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Here, ¢ is a parameter with the dimensionality of
energy; c is a nondimensional parameter; a is a param-
eter with the dimensionality of length, which is usually
taken to be equal to the equilibrium lattice parameter;
and g and s are positive integers with g > s.

The power-law form of the potential terms allows
one to successfully combine the short-range interac-
tions presented by the N-body term with a van der
Waals tail that describes the long-range interactions.

The lead—carbon and xenon—xenon interactions
were specified by a Lennard-Jones potential [25—27].
The interaction between Xe atoms and the atoms of
the target (Pb and C) was assigned by the purely repul-
sive Ziegler—Biersack—Littmark (ZBL) potential [28]

2
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where Z; and Z, are the atomic numbers of the atoms
i and j, e is the elementary electric charge, r is the
interatomic distance, and the parameter a is deter-
mined by the expression

a=0.8854a, (2] + Z)7) . o
Here, a, is the Bohr radius. The shape of the ZBL
potential is fitted by changing the coefficients at the
exponents and at the powers of the exponents. There-
fore, at equal values of r, the character of interaction of
the components is defined by their atomic numbers.
We neglect the weak attraction between the atoms of
Xe and Pb and also between Xe and C, since the main
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purpose of the present investigation is the examination
of the transfer of energy and momentum, rather than
of chemical bonding [29].

Defects that are present in graphene substantially
increase the adhesion of metals at graphene. The most
common defects in graphene are divacancies. The
graphene sheet used for the lead deposition had four
divacancies almost uniformly distributed over its sur-
face. Hydrogenation was employed to strengthen the
graphene edges and divacancy boundaries. The CH
groups that were formed at the edges and at the sites
closest to a divacancy center were simulated according
to the monatomic scheme [30]. The C—CH and
CH—-CH interactions were represented via an LD
potential [30]. The partial functionalization of
graphene (via the connection of H atoms to its edges)
stabilizes the structure without changing the inter-
atomic spacings or creating roughness over the entire
surface.

A film of lead on graphene was formed according to
the procedure described in [13]. The numerical calcu-
lation of the equations of motion was performed by the
Runge—Kutta method of the fourth order with a time
step Af = 0.2 fs. The bombardment at the angles of
incidence equal to 0°, 45°, 60°, 75°, and 90° was per-
formed with the kinetic energy of clusters equal to
20 eV by the method used in [13].

The impacts of clusters on the surface were accom-
panied by heating of the system. A moderate removal
of the released heat from the system was performed
using the Berendsen thermostat algorithm [31].

The density profile of the metallic film was calcu-
lated as follows:

3

n(Z)Cpy, , (3)
AhS,, N
where n(z) is the number of Pb atoms in the layer par-
allel to the plane of the graphene; o, is the effective
diameter of the Pb atom; A/ is the width of the layer;
S, is the area of the graphene surface; and N is the
number of tests.

The stress at the site of an atom i/ of the metallic film
is defined as [24]

p(z) =

k

> -a(afr,)"
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where the volume €); corresponding to an individual
atom can be associated with the volume of the Voronoi
polyhedron corresponding to atom .

To calculate stresses that appear in graphene, the
graphene sheet was divided into surface elements. The
stresses o,,(/) that appear under the action of the
forces of direction o (o = x, y, z) are calculated on
each element with the order number /, which has the
orientation u. In these calculations, the products of

Gaﬁ(i) =
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Fig. 1. Face-number distributions of (a) Voronoi polyhedra (VPa) and (b) simplified VPa for a lead film nonirradiated by a cluster

beam on a modified graphene.

the projections of the velocities of atoms and of the

projections of the forces f;‘ acting on the /th element
from the other atoms with the fulfillment of corre-
sponding conditions [32] are used as follows:

ko (ui<u,u;>u)

""“(’)=<I:Zé(”"’i"3)>+si,<lz Z (f;‘)>. Y

Here, k is the number of atoms on the element /, Q2 is

the volume per atom, m is the mass of an atom, v, is
the a projection of the velocity of atom 7, and §; is the
area of the element /. The conditions for summation
overj in the last sum in expression (7) are given in the
lower and upper indices of the sum, the force that
appears upon the interaction of atoms i and j goes
through the /th element, and u; is the current coordi-
nate of the atom i. The upper index u in the last sum
assigns the coordinate of the point at which the line
connecting the centers of atoms / and j intersects the
Ith element.

The graphene sheet had dimensions of 3.4 x 2.8 nm
and contained 406 C atoms. Each element / separated
on this sheet and elongated along the axis oy (perpen-
dicular to the zigzag direction of graphene) contained
14 C atoms and had an area of 0.68 nm?. Specifically,
this layout corresponds to the data shown in Fig. 6.

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

N
1
R, N§A1|ZI <l (®)

where N is the number of sites (atoms) on the surface
of graphene, z; is the level (height) of atom i, 7 is the
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level of the graphene surface, and the values z; and T
are determined at the same time moment.

The total energy of a free one-sheet graphene
obtained at 7'= 300 K is equal to —7.02 eV, which is in
agreement with the quantum-mechanical calculation
(—6.98 eV) [33]. The melting temperature 7,, of a
cluster Pb,,; with a free surface determined in a sepa-
rate calculation is 417 K, which is in agreement with
the MD calculations (7, = 412 K) [34] also performed
using the Sutten—Chen potential. In both cases, T,
has been determined based on the jump in the poten-
tial energy.

CALCULATION RESULTS

The deposition of Pb atoms on graphene per-
formed in 1 million time steps resulted in a metal film
with a very dense structure, which covered the entire
graphene surface completely and almost uniformly.
For a detailed analysis of the structure of this film, the
method of statistical geometry was employed. Voronoi
polyhedra (VPa) have been constructed for 30 atoms of
Pb situated in the film in contact with graphene. The
construction of these VPa is possible when in the least-
populated half-space there is at least one atom. The
VPa were defined by atom coordinates written in every
10000 time steps. In total, 3000 polyhedra were con-
structed. The most probable number (n,,,) of the near-
est neighbors (including C atoms) in the film is equal
to 11 (Fig. 1a), and the average number is # = 12.55.
The distribution of the simplified VPa obtained after

the exclusion of edges with the length / < 0.5/ (/ is
the average length) has a maximum at n,,,, = 9, whereas
n = 8.14 (Fig. 1b).
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Fig. 2. Edge-number distribution of the faces of polyhedra for a lead film on modified graphene not subjected to the bombard-
ment: (a) faces of VPa; (b) faces of simplified VPa; and (c) excluded small faces.

The most probable number of edges in a face (m,,,)
in the case of VPa constructed for the Pb film is equal
to 5 (Fig. 2a). The average number of edges in a face of
the VPa is m = 5.09. The obtained numbers m,,, and
m reflect a rotational symmetry of order 5. Therefore,
the initial deposited Pb film had an irregular structure.
In the case of simplified VPa, m,,, = 4 and m = 4.58
(Fig. 2b). The analysis of the excluded small faces
demonstrates that more than 40% of the faces are tri-
angles, 25% are tetragons, and approximately 9% are
pentagons (Fig. 2¢). In the course of the bombard-
ment with clusters of a heavy inert gas, especially at an
angle of incidence 6 = 0°, the film is densified and
acquires a regular imperfect structure.

The result of 125 impacts by Xe,; clusters can be
seen in Fig. 3, where the target configuration after the
bombardment at the angles of incidence equal to 45°
and 75° are shown. At an angle of 45°, the Pb film has
separated completely from the graphene and acquired
the shape of a cone, on top of which several atoms of
Pb are adsorbed. The graphene sheet fringed by hydro-
gen atoms remained almost undamaged even in the
region of divacancies. Quite a different picture is
observed at the incidence angle of 75°. In this case, the
Pb film is only partially removed from graphene;
the majority of lead atoms remain connected to the
graphene substrate. Just as in the case of the angle
0 =45°, the graphene preserves its integrity.

THE PHYSICS OF METALS AND METALLOGRAPHY Vol. 117

At the angle of incidence equal to 90°, the lead film
did not become separated from graphene after
125 impacts of Xe,; clusters. The vertical density pro-

files p(z) of the film that were obtained before the bom-
bardment and after the irradiation of the film by the
cluster beam at 8 = 90° are shown in Fig. 4. Two
intense peaks of the p(z) function for the film that was
not subjected to bombardment indicate the presence
of two Pb layers that cover the graphene. After bom-
bardment, the loosening and lifting of the film above
the graphene occurred; the profile became stretched
to 4 =~ 0.8 nm. However, the film did not lose contact
with graphene, which is proved by the peak of weak
intensity that remained in the vicinity of 2~ 0.21 nm.

The change in the stresses in the lead film in the
case of vertical impacts (0 = 0°) of Xe,; clusters is
demonstrated in Fig. 5. It can be seen that the stresses
in the film plane increase nonmonotonically during
the bombardment and achieve the maximum positive
values in the case of 6., and o, and the highest nega-
tive values for 6, in the case of the last (fifth) series of
impacts. The stresses that arise during the third series
of impacts are minimum, since by the beginning of this
period, a cohered stable structure has already formed
without strong local stresses. During this series of
impacts, stresses start to form in the structure charac-
terized by VPawith 7 = 13.01 and m = 4.89 and, in the
case of simplified VPa, the structure with # = 8.37 and
m =4.58.
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(b)

Fig. 3. Configuration of a system of a lead film on a par-
tially hydrogenated imperfect graphene after bombard-
ment with Xe;3 clusters with an energy equal to 20 eV at
the angles of incidence (a) 45° and (b) 75°. The coordi-
nates of atoms are given in angstroms.

The distribution of stresses 6., 6, and ¢, in
graphene both in the zigzag and armchair directions is
represented by an alternating-sign aperiodic depen-
dence. As a rule, the amplitudes of stresses in the
5th series of the bombardment are not greater than the
amplitude of oscillation of stresses obtained in the first
series. This means that they are not strengthened in
the course of bombardment. Although most of the
time, in the course of bombardment, the graphene

sheet was protected from the impacts of Xe,; clusters

by the metal film, the stresses ¢, in the graphene are
significantly higher than the other two types of stresses
(o, and o). This means that the effect of cluster
impacts is transferred to graphene through the lead film.
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Fig. 4. Vertical profiles of the density of a lead film along
the oz axis perpendicular to the graphene plane: (/) before
the bombardment; and (2) after the bombardment by clus-
ters with the energy of 20 eV at the angle of incidence equal
to 90°. Origin of coordinates coincides with the position of
the nearest left-corner apex of the graphene sheet.

The change in the roughness R, of graphene upon
the bombardment at different angles of incidence of

Xe,; clusters is shown in Fig. 7. It can be seen that, in
the second part of the bombardment processes, at
angles of cluster incidence of 45° and 60°, the magni-

tude of R, is significantly higher than in the case of ver-
tical cluster impacts, i.e., at an incidence angle of 0°.
The increase in the angle of incidence to 75° leads to a
strong decrease in the magnitude of R,. In this case, at
the end of bombardment, the Pb film is not removed

from graphene, and the impacts of Xe,; clusters at
angles close to glancing are easily reflected by the sur-

face of the target. Here, the magnitude of R, stays
almost unchanged in the course of bombardment.

DISCUSSION

It is of interest to compare the results of the present
investigation with the results of [13], where the MD
method was used to study the purification of graphene
from a copper film by the bombardment with Ar;
clusters at a beam energy of 20 eV. The copper film on
graphene in [13] was constructed by the method simi-
lar to that employed in this work. The difference
between the two works is in the film material and in the
nature of the inert gas, whose clusters were used as
projectiles. Lead atoms are heavier than copper atoms
by a factor of 3.26. In correspondence with the differ-
ence in the atomic weights of Pb and Cu, a heavier
inert gas, xenon (M y, / M ,, = 3.28) was chosen for the
bombardment of the lead film on the graphene sub-
strate. The complete purification of graphene from
copper atoms was achieved only at the angle of inci-
dence equal to 45°. The vertical irradiation (0 = 0°) by

Ar, clusters was among most ineffective. In addition,
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angle of incidence 6 = 0° for (/) series 1, (2) series 3, and
(3) series 5 of impacts.

in this case, at low beam energies (5 eV), the densifica-
tion of the Cu film [12] occurred instead of purifica-
tion. However, the effect of purification of graphene
from copper was achieved also at the angle of inci-
dence equal to 90°, i.e., at a glancing angle, at the
beam energies of 20 and 30 eV. The removal of copper
from graphene occurred mainly via the sequential
knocking out of separate atoms. The only common
result of computer experiments on the removal of
these heavy metals (Cu and Pb) from graphene is the
complete purification of the graphene sheet after the
bombardment at an angle of incidence equal to 45°.
The differences proved to be much stronger. First, in
the case of graphene purification from lead, the bom-
bardment at angles of both 6 = 0° and 6 = 60° proved
to be efficient; i.e., both resulted in the complete sep-
aration of the film from graphene at the beam energy
already as low as 10 eV. However, at these angles of
incidence and a beam energy of 20 eV, the Pb film is
not separated from graphene, since there arise condi-
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Fig. 6. Distributions of main stresses ((a) o, (b) o, and
(c) o) along the zigzag direction in graphene at the angle
of incidence of Xe 3 clusters 0 = 60° after (/) the series 1 of
cluster impacts and (2) after the series 5.
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Fig. 7. Roughness of graphene vs. the number of impacts of
Xey3 clusters for the 5th series at different angles of inci-
dence: (1) 0°, (2) 45°, (3) 60°, and (4) 75°.
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tions for nonelastic impacts of atoms in the film,
which lead to plastic deformation. Second, at an angle
of incidence of 90°, the purification of graphene from
Pb atoms was not successful, even at the beam energies
of 20 and 30 eV. These differences from the results of
computer experiments on the removal of the copper
film are explained by a substantially different mecha-
nism of graphene purification from the Pb film. The
analysis of the configurations obtained clearly indi-
cates that the prevailing mechanism of separation of
the Pb film from graphene is of a predominantly col-
lective character. The connection of graphene with Pb
atoms is weaker than with Cu atoms. At the same time,
the interaction between Pb atoms is long-range and
rather strong. Only very precise impacts of Xe atoms
knock out separate Pb atoms from the film. Under
cluster impacts, a rather large island of the film gradu-
ally is separated from graphene. This occurs due to
impacts of the reflected Xe atoms, as well as of the
knocked-out Pb atoms. A significant flat part of the
film separated from graphene to several interatomic
distances does not interact further with graphene and
starts taking a spherical shape, i.e., the shape of a clus-
ter having the minimum surface area. The impacts of
Xe atoms on the island also favor the faster transition
from a two- to three-dimensional system. Because of
the island mechanism of the separation of the Pb film
from graphene, the purification of the graphene sheet
at an angle of cluster incidence equal to 90° proves to
be unsuccessful. On one hand, the mechanism of sep-
aration of the island from graphene does not work in
this case, since no reflected Xe atoms that lift the
island vertically exist here. On the other hand, even
Xe,; clusters with the energy of 30 eV are not able to
move a heavy island connected to C atoms along the
graphene plane. The presence of H atoms on graphene
only plays an insignificant role in the separation of
lead from graphene. Therefore, the hydrogenation of
the graphene edges appeared to be effective at protect-
ing graphene edges from damages caused by impacts
of the high-velocity Xe atoms.

CONCLUSIONS

A series of molecular-dynamic calculations that
simulate the bombardment of a thin lead film on mod-
ified graphene at different angles of incidence of a

beam of Xe,; clusters with an energy of 20 eV has been
performed. The investigation of the structure of the
deposited metal film on graphene by the method of
statistical geometry has demonstrated an irregular
character of distribution of Pb atoms in the central
part of the film with a prevailing rotational symmetry
of the fifth order. In the case of an inclined irradiation
of the target by the Xe,; clusters with an energy of
20 eV, the complete purification of graphene from lead
was accomplished at an angle of incidence equal
to 45°. The process of the separation of lead from
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graphene has a mainly collective character due to the
weak connection of metal atoms with the substrate and
a comparatively stronger long-range interaction
between the atoms in the film. In the course of the ver-
tical incidence of the cluster beam, the first two series
of the cluster impacts densify the film, leading to a
more regular packing of atoms in it and to a relief of
the internal stresses. The further series of impacts pro-
mote an increase in internal stresses. The stresses in
graphene only weakly depend on the angle of inci-
dence of the cluster beam and are not strengthened in
the course of bombardment. The final magnitudes of
the roughness of graphene caused by the cluster bom-
bardment vary within 10% with the change in the
angle of incidence from 0° to 60°. The roughness
decreases substantially at the angle of incidence of 75°.
The graphene with hydrogenated edges and bound-
aries of divacancies does not suffer significant damages
at all investigated angles of incidence at the cluster
energy of 20 eV. The inclined (6 = 45°) bombardment
by xenon clusters with the kinetic energies of 20 eV can
be employed to clean graphene membranes of
adsorbed lead.
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