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1 INTRODUCTION

The contamination of natural waters and the lower
atmosphere by heavy metal ions creates a serious eco�
logical problem. Mercury is one of the most toxic
heavy metals, because it is not biodegradable. Its pres�
ence is caused by a combination of natural processes
(volcanic activity, the erosion of mercury�containing
deposits) and anthropogenic activity (mineral produc�
tion, and contamination by the tanning industry and
the metallization of objects). Adsorption is assumed to
be one of the most effective and efficient methods for
removing mercury from waste water and the air.

The deposition of mercury onto active carbon sur�
faces was studied experimentally when solving the
problem of the extraction of harmful components
from smoke [1–4]. As a result of studying Hg capture
using the X�ray absorption fine structure (XAFS)
technique, it was concluded that Hg atoms interact
with sorbents on account of oxidation in the gaseous
phase [2].

Graphene membranes have recently been used in
filters for the detection of extremely small amounts of
undesirable impurities [5, 6]. The multiple use of
graphene in filters requires its nondestructive cleaning
from adsorbed substances. Graphene can be cleaned
from metals under bombardment with cluster beams
of noble gases [7–12]. Using cluster beams to clean
surfaces is more efficient than the application of ion
beams for this purpose. In this case, the increase in the
cluster energy is a factor of the number of atoms in the

1 The article is published in the original.

cluster for the same projectile velocity, and thus it is
possible to avoid large optical aberrations in focusing
systems. Bombardment using cluster projectiles turns
out to be more sparing than ion bombardment,
because cluster projectiles cannot penetrate into tar�
gets as deeply as atomic analogues. In the future, using
cluster beams will make it possible to create funda�
mentally new technologies for cleaning surfaces and
develop a new generation of ion sources. At the same
time, a physical model of sputtering under cluster
bombardment at a level making it possible to quantita�
tively estimate the observed effects has not been devel�
oped yet.

Ar and Xe ion beams are widely used to purpose�
fully modify the physical properties of surfaces. Verti�
cal bombardment with Ar10 clusters with a kinetic
energy of Ek < 30 eV carried out in the molecular
dynamics (MD) model [13] did not lead to breaks in a
graphene sheet in a series of 100 tests. Graphene was
broken at Ek = 40 eV. Xenon is heavier than argon by a
factor of 3.3 and is more suitable for knocking out
atoms of heavy elements such as mercury. Ar atoms
with much larger velocities (at the same beam energy)
would lead to more serious damage to the graphene
edges.

The authors of [14] showed that, under vertical
bombardment with Xe13 clusters, graphene can be
completely cleaned from the Pb film at cluster�beam
energies ranging from 10 to 15 eV. The special feature
of such cleaning was the fact that not only Pb atoms,
but also the entire island of the Pb film were ejected
from the substrate. This flat formation having been
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separated from graphene acquired a form close to
spherical because of surface tension forces. In spite of
the closeness of the atomic weights of Hg and Pb and
of the almost identical initial target configuration
(“the metal film on graphene”), we did not observe a
mechanism of Hg flaking from graphene analogous to
the case of Pb.

The aim of this paper is to study the efficiency of
the bombardment of mercury on graphene by Xe clus�
ters at an incident angle of 0° in the cluster�beam
energy range of 5–30 eV. The energies of the used clus�
ter beams are significantly smaller than those in exper�
iments, the main problem of which is the sputtering of
bombarded materials. Bombardment is a tool for
removing mercury from the surface of a graphene
sheet without damaging it.

FORMATION OF A MERCURY FILM
ON GRAPHENE

The graphene sheet had dimensions of 3.4 × 2.8 nm
and contained 406 atoms. A Hg film on the graphene
was formed in a separate MD calculation consisting of
two stages. In the first stage, Hg atoms were placed
above the centers of nonadjacent graphene cells so that
the distance between the Hg and C atoms was 2.30 Å
calculated in accordance with density functional the�
ory [15]. Another 51 atoms of mercury were deposited
randomly onto this loose Hg film consisting of
49 atoms. Then the system consisting of 100 Hg atoms
and 406 C atoms was equilibrated in the MD calcula�
tion with a duration of 1 million time steps (Δt = 0.2 fs).
The target obtained in such a way was then bombarded
with icosahedral Xe13 clusters. Five starting points for
location of the Xe13 cluster centers were uniformly
placed along one line parallel to the oy axis (the “arm�
chair” direction). This line was located along the left
graphene edge and was raised at a height of 1.5 nm (in
the oz axis direction). An interval equal to the
graphene sheet length in the ox axis direction (the
“zigzag” direction) was divided into five equal seg�
ments with lengths of  At the beginning of
each subsequent cycle of cluster impacts, the line of
the Xe13 cluster starting points was advanced horizon�
tally by a distance of Li. As a result, the film surface
approximated by the plane was covered by 25 uni�
formly distributed points at which the cluster impacts
were aimed. Each series included five cycles or
25 impacts. At the starting point, all Xe13 cluster atoms
acquired the same velocity directed vertically down�
ward. Each cluster in turn was sent toward the target.
The lifetime of each cluster (determined by the sum of
the flight time and the time of interaction with the tar�
get) was restricted to 8 s. After this period of time, Xe
atoms of the destroyed cluster were excluded from
consideration, and a new Xe13 cluster began to move
from another starting point. The duration of the cycle
of five cluster bombardments was 40 ps, that of the
series (five cycles) was 0.2 ns, and that of total bom�

5.i xL L=

bardment (five series) was 1 ns. The successive propa�
gation of the initial clusters through mesh nodes guar�
antees uniform surface treatment for a statistically
small number of tests. The bombardment efficiency
was mainly determined by the energy and the cluster
incident angle and depended to a significantly smaller
extent on alternation of their points of incidence in the
case of the uniform distribution of impact points.
Bombardment was performed at cluster kinetic ener�
gies of 5, 10, 15, 20, and 30 eV.

MOLECULAR DYNAMICS MODEL

Interatomic interactions in graphene were repre�
sented by the Tersoff multiparticle potential [16]. This
potential is based on the concept of binding order. The
potential energy between two neighboring atoms i and
j is written as

 (1)

 (2)

where bij is the multiparticle parameter of the binding
order describing the creation of the binding formation
energy (the attractive part of Vij) for the local atomic
arrangement because of the presence of other neigh�
boring atoms. The potential energy is a multiparticle
function of the positions of atoms i, j, and k and is
determined by the parameters

 (3)

 (4)

 (5)

where ξ is the effective coordination number and
 is the function of the angle between ri j and rik,

which stabilizes the tetrahedral structure.

We increased the covalent binding distance to
0.23 nm and included weak attraction for r > 0.23 nm
given by the Lennard�Jones potential with the param�
eters given in [17]. The rotational component of the
force produced by atoms of adjoining nodes was excluded
for each node of the graphene sheet to eliminate the
resulting rotational moment. The analytical form of the
local torsional interaction potential was given in [17].
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The Schwerdtfeger pair potential (the Sch�poten�
tial) reproduces the main properties of mercury, such
as the melting point and the density of liquid Hg,
rather well. The Sch�potential is based on ab initio cal�
culations and has the form [18]

 (6)

where USch is the original Schwerdtfeger potential for
the Hg dimer [17], λ = 1.167 is used for fitting to the

liquid Hg density at T = 300 K, and the parameters 
were given in [18].

The Hg–C and Xe–Xe interactions were given by
the Lennard�Jones (LJ) potential [18–20]. The inter�
action between Xe atoms and target atoms (Hg and C)
was defined by the purely repulsive ZBL potential [21]

 (7)

where Zi and Zj are the atomic numbers of the ith and
jth atoms, e is the elementary electric charge, r is the
distance between the atoms, and the parameter a is
determined by the expression

 (8)

Here, a0 is the Bohr radius. We disregarded the weak
attraction between Xe and Hg atoms and between Xe
and C atoms, because the primary aim of this study is
the energy and angular momentum transfer rather
than the chemical binding [22].

Defects significantly enhance the adhesion of
metal to graphene. Stone–Wales defects are ones of
the most widespread defects in graphene. Each
Stone–Wales defect is a combination of two contigu�
ous, five, and seven�membered rings. The graphene
sheet used to deposit Hg had six such defects approxi�
mately uniformly distributed over its surface. Hydro�
genation was used to strengthen the graphene edges.
CH groups formed at the sheet edges were simulated in
accordance with the monatomic scheme [23]. The C–
CH and CH–CH interactions were represented in
terms of the LJ potential [23]. The partial functional�
ization of graphene in the form of the attachment of H
atoms to its edges stabilized the structure without lead�
ing to an increase in the interatomic distances and
without producing roughness on the entire surface.

The space charge of ion�cluster beams produces,
inside the beams, repulsive forces defocusing them,
interfering with the transport, focusing, and the con�
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trol of beams with high perveance w (
where I is the beam current and U is the accelerating
voltage). It is possible to use cluster beams with high
perveances in practice only if their space charges are
neutralized. Neutralization is implemented by intro�
ducing free electrons into the positively charged beam
so that the positive space charge of ions will be neutral�
ized by the negative space charge of free electrons. We
note that the effect of cluster bombardment is highly
independent of the cluster electric charge. In the case
of bombardment with charged clusters, the charge is
neutralized on the surface due to electron exchange.
The velocity of an electron is larger than that of the
nucleus by at least three orders of magnitude. There�
fore, the ion dynamics is like that of a neutral Ar atom.
Under target bombardment, the charge cannot be
accumulated because of its neutralization during ion
impact on the target.

The equations of motion were solved numerically
using the Verlet algorithm. Cluster impacts on the sur�
face were accompanied by system heating. The
released heat was moderately removed from the system
in accordance with the Berendsen scheme with the
binding constant τ = 4 fs [24]. To control the heating,
at each time step, the velocities v were scaled in accor�
dance with

 (9)

where λ is the scaling factor, T0 is the set temperature
(300 K), and T is the current temperature.

The self�diffusion coefficient was defined in terms
of the mean�square displacement of Hg atoms as [25]

 (10)

where Γ = 3 is the spatial dimension. We let 〈…〉 denote
averaging over q, where q is the number of time inter�

vals for determination of  We carry out the

averaging of five time dependences, each of which was
calculated in a range of τ = 200 ps.

The profile of the metal film density was calculated as

 (11)

where n(z) is the number of Hg atoms in the layer par�
allel to the graphene plane, σHg is the effective diame�
ter of the Hg atom, Δh is the layer width, Sxy is the
graphene surface area, and Ns is the number of tests.

To calculate stresses produced in the Hg film and
graphene, the rectangle corresponding to them was
divided into elementary areas. The stresses σuJ(l) on
the elementary area whose orientation is denoted by
the subscript u and the number l for each of the direc�
tions x, y, and z, with the current subscript J were
determined by calculating the kinetic energies of
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atoms in this area and projections of the forces  act�
ing on the lth area from all other atoms [26]:

 (12)

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

volume per atom, m is the atom mass,  is the Jth
velocity projection of the ith atom, Sl is the area of the
lth area, and Nl is the number of elementary areas. The
compressive stresses in the case of such definition can
have plus or minus signs in accordance with the force

directions  The difference between the microscopic
σuJ(l) and the macroscopic stresses  < 0 consists in this.

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

 (13)

where N is the number of nodes (atoms) on the
graphene surface, zi is the level of the atom i,  is the
graphene surface level, and zi and  are determined at
the same instant of time.

The total energy of free single�sheet graphene
obtained at T = 300 K was 7.02 eV, which agrees with the
quantum�mechanical calculation (–6.98 eV) [27]. The
isochoric specific heat of liquid mercury at this tempera�
ture calculated using the MD model was 28.4 J/mol K and
agreed with the experimental value of 26.9 J/mol K.
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RESULTS OF THE CALCULATION

The target temperature Ti was always higher than
the set one (300 K) by 100–120 K because of slow heat
removal from the Hg film and graphene under bom�
bardment. However, the temperature Ti (≤420 K) was
significantly lower than the Hg evaporation tempera�
ture (629.6 K).

Depending on the energy of the incident Xe13 clus�
ters, 2–12% of their energy was spent on target heat�
ing, i.e., up to 98% of the obtained energy was spent on
metal removal and was scattered. The main problem in
the case of such a cleaning method lies in the ejection
of the largest number of metal atoms from graphene at
the minimum number of cluster impacts.

The complete cleaning of graphene from mercury
was not observed after 125 impacts of Xe13 clusters
with energies from the range under consideration.
14% of Hg atoms were removed under bombardment
with clusters with energies of 5 and 10 eV, and 20, 35,
and 70% of metal atoms, under bombardment with
clusters with energies of 15, 20, and 30 eV. The config�
uration of the “mercury�on�graphene” system
obtained after 125 impacts of 30�eV clusters is shown
in Fig. 1. The majority of Hg atoms escape from the
graphene surface. A small loose Hg droplet with atoms
ejected from it is located near the surface. The droplet
touches the graphene only via a contact consisting of
several atoms. As a result of the impacts, Hg atoms are
scattered in different directions; in this case, a fraction
of them are removed to great distances (these atoms
are not shown here). The Xe13 clusters retain their
structural integrity before an impact on the target sur�
face, and, as a rule, are destroyed only partially after
impact. The ejected Xe atoms escape in different
directions. An elongated Hg droplet with a large size
was located on graphene after 125 impacts in the case
of bombarding cluster energies of 5 and 10 eV. In addi�
tion to the droplet, individual atoms, including those
fixed at Stone–Wales defects, were present on the
graphene sheet after 15�eV cluster bombardment. As a
result of 20�eV bombardment, the Hg droplet was raised
slightly above the graphene sheet; in this case, several Hg
atoms were present on the graphene as before.

The components of the Hg atom mobility coeffi�
cient averaged over the bombardment time are shown
in Fig. 2. For all energies of bombarding clusters, the
horizontal Hg�atom mobility reflected by Dxy is higher
than the vertical one, which is represented by Dz. The
lowest values of Dxy and Dz are observed at a bom�
barding cluster energy of 5 eV. The highest values of
the horizontal Hg�atom mobility are realized at Xe13
cluster energies of 10 and 20 eV, and the largest verti�
cal mobility is manifested at cluster energies of 15
and 30 eV.

The frequency spectra fxy and fz produced by the
vertical and horizontal oscillations of Hg atoms have
different forms (Fig. 3). The relaxation�type mode
(ω ≈ 0) dominates in the spectra of both types. The
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Fig. 1. Configuration of the system consisting of mercury
on a partially hydrogenated graphene after 125 impacts of
30�eV Xe13 clusters. The atom coordinates are given in
angströms.
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forms of the spectra fxy(ω) are almost independent of
the incident Xe13 cluster energy. At the same time, the
spectra fz(ω) obtained under bombardment with clus�
ters with different energies have different intensities.
In this case, larger intensities correspond to smaller
cluster energies.

The radial distribution functions g(r) constructed
for a Hg atom located at the smallest distance to the
metal center of mass (because the spherically symmet�
ric function was calculated) changed significantly with
increasing bombarding�cluster energies (Fig. 4). The
first peak of g(r) unresolved at a cluster energy of 5 eV
becomes resolved when the bombarding�projectile
energy increases up to 10 eV. In this case, the first�peak
intensity increases considerably. All close peaks to g(r)
turn out to be unresolved at a cluster energy of 15 eV.
Here, the first�peak intensity is even smaller than in
the case of EXe = 5 eV, and the newly formed second
peak is higher than the first one. The low intensities of
all peaks of function g(r) at EXe = 20 eV are evidence of
the removal of a large portion of Hg atoms beyond the
area of the graphene sheet. This case is improved
slightly at a cluster energy of 30 eV. In this case, the
first peak, together with the subpeak (on the right),
increases its intensity because of the formation of a
more dense nucleus, which is near the center of mass,
in the loose droplet structure.

The vertical Hg density profiles reflect the metal�
atom displacement predominantly upward as a result
of cluster bombardment of the target (Fig. 5). The pro�
file density maximum shifts upward successively with
increasing bombarding�cluster energy. A delay in this
motion was observed only at EXe = 15 eV, where the
position of the maximum density deviated slightly in
the opposite direction as compared with the corre�
sponding location of the profile at EXe = 10 eV. How�
ever, even at EXe = 20 eV, the position of the maximum
density becomes significantly higher and continues to

increase at EXe = 30 eV. The density profiles for EXe ≥
20 eV increase their vertical spread in both directions
(upward and downward).

The variations in the principal components (σxx,
σyy, and σzz) of the stress tensor for the Hg film located
on graphene under the action of 5�eV cluster impacts
is shown in Fig. 6. In the case of structured media, the
pressure tensor is not necessarily symmetric, because
the extrinsic angular momentum can transform into
the intrinsic one, and vice versa. Here, only the total
angular momentum must be conserved. In the first
approximation, the liquid�metal film on a solid sur�
face can be regarded as a viscous liquid. Successive
Xe13 cluster impacts force this liquid to move. In this
case, the stress tensor is defined as [28]

 (14)

where  is the viscous stress tensor. The closeness of
the functions σxx(t) and σyy(t) (Fig. 6) indicates very

small values of  and  At the same time, the
function σzz(t) differs significantly from the functions
σxx(t) and σyy(t). This is related to the fact that
graphene hinders motion in the vertical downward
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direction. The effective  turns out to be very large
(compared with p). Large oscillations of the function
σzz(t) are also related to the presence of graphene
reflecting Hg atoms upward after each collision with
Xe atoms. It can be seen that the relaxation of stresses
σxx and σyy occurs faster than the decrease in the stress σzz.

The graphene roughness Ra increases steadily dur�
ing total bombardment, reaching its maximum at the
final stage. The function Ra(t) in the case of a cluster
energy of EXe = 15 eV is shown in Fig. 7. In this case,
the relative addition ΔRa/Ra for the roughness
obtained because of bombardment was 29%. The value
of Ra depends weakly on the bombarding�cluster
energy; however, the incident angle noticeably affects
the graphene roughness.

The dependence of the stresses σzx, σzy, and σzz in
graphene on the bombarding cluster energy is shown
in Fig. 8. When calculating σ

αβ
 in this case, the ele�

mentary areas were elongated along the oy axis (the

'zzσ

“armchair” direction). In the energy range under con�
sideration, the component σzx has the lowest values,
while σzz is characterized by the largest spread of stress
values. Correlation in the behavior of the functions
σzx(EXe) and σzy(EXe) is observed for EXe ≥ 10 eV. Cor�
relation between the dependence σzz(EXe) and the
functions σzx(EXe) and σzy(EXe) was not observed.

RESULTS AND DISCUSSION

Mercury, like lead, is a heavy metal; its atomic
weight is smaller than that of Pb by only 3.2%. The Pb
melting temperature (Tm = 600 K) is higher than that
of Hg (Tm = 243 K) by a factor of 2.5. Liquid Hg does
not wet all ordinary surfaces and forms a droplet
because of high surface tension.

The total cleaning of graphene from mercury was
not reached after 125 impacts for any cluster�beam
energy (in the range of 5–30 eV). The Hg atoms
remaining on the graphene surface formed a droplet.
Mercury located on the graphene surface and sub�
jected to cluster bombardment behaved as a viscous
liquid. In this case, motion in the direction perpendic�
ular to the graphene�sheet plane was the most difficult
for the Hg atoms. The component of the viscous stress

tensor  had a high value compared with the internal

pressure. The components  and  characterizing
the friction in liquid Hg in the mutually perpendicular
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directions lying in the graphene�sheet plane had close
values, which were much smaller than p. The attach�
ment of Hg atoms to the graphene edges enhanced the
graphene�sheet strength significantly. The graphene
edges were damaged considerably under the bombard�
ment of nonhydrogenated graphene with Ar13 clusters
with energies of up to 30 eV [8, 9]. However, under
bombardment with Xe13 clusters with energies of 5 to
30 eV, the graphene sheet hydrogenated along its
perimeter and having Stone–Wales defects was not
damaged significantly. The bombardment of a “Hg–
graphene” target at an incident angle of 0° turned out
to be ineffective for complete removal of the metal, as
well as analogous cleaning of graphene from Cu at the
same incidence angle [7]. However, the considered
method can be used to obtain supersmall Hg droplets
of precisely defined sizes.

All the calculations were carried out on the basis of
our developed computer programs. The MD calcula�
tions were carried out using a computer with a four�
core Intel Core i7�3820 processor with a clock fre�
quency of 3.6 GHz. When loading one task on each
core, the average calculation duration was 160 h.

CONCLUSIONS

We have simulated the vertical bombardment (at an
incident angle of 0°) of a “mercury on graphene” tar�
get with Xe13 clusters with energies of 5–30 eV. Mer�
cury was deposited onto graphene with Stone–Wales
defects and hydrogenated edges. After 125 cluster
impacts, a portion of the Hg remained on the
graphene even under 30�eV cluster bombardment.
The Hg film placed on graphene initially had the ten�
dency to form a droplet under bombardment.

The horizontal and vertical components of the Hg�
atom mobility coefficient varied with increasing bom�
barding cluster energy in a wave�like manner. The
phonon spectra of vertical Hg�atom oscillations varied
their intensities with the bombarding�cluster energies.
At the same time, the corresponding spectra of hori�
zontal Hg�atom oscillations turned out to be almost
insensitive to Xe13�cluster energies. As the energies of
the incident clusters increased from 5 to 30 eV, the
function g(r) and the profile h(z) experienced complex
evolutions, indicating the formation of a Hg droplet
on graphene on the one hand and Hg monomer vapor
formation on the other. The diagonal stress tensor
components for Hg had close high values if they were
a result of the action of forces in the horizontal direc�
tions and had significantly lower values if they were
produced by vertically directed forces. Among the
stresses acting in the graphene plane, the component
produced by the vertically directed forces demon�
strated the largest dependence on the bombarding�
cluster energies.

The cluster�bombardment method can be used
effectively to clean graphene from mercury in the case
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ponents (1) σxx, (2) σyy, and (3) σzz for the Hg film on
graphene subjected to 5�eV Xe13 cluster bombardment.
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of corresponding correction of the cluster incident
angles. In our opinion, the effective incident angles
must be included in the range of 45° ≤ θ ≤ 60°. In these
cases, Hg atoms must be ejected predominantly
beyond the area of the graphene sheet rather than
upwards, thus decreasing the degree of screening for
subsequent cluster impacts on the target. As a rule,
heavy metal atoms knocked out by Xe13 clusters with
energies of EXe ≥ 10 eV propagate over distances that
significantly exceed those between the nearest neighbors
in the film (sometimes by 10 times or more). The attrac�
tion forces at such distances are extremely small and
these metal atoms cannot return to the substrate. In fur�
ther studies, we will try to determine the required param�
eters of the cluster bombardment of targets in order to
clean graphene from mercury more effectively.
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