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INTRODUCTION

Mercury is the only metal among the most abun�
dant ones that remains liquid at room temperature.
The study of the adsorption of mercury on activated
carbon was, as a rule, carried out experimentally.
There is a limited number of theoretical studies con�
cerning this theme. Steckel [1] investigated the inter�
action between elemental mercury and a single ben�
zene ring in order to explain the mechanism through
which elemental mercury is bound with carbon. Padak
et al. [2] investigated the effect of different surface
functional groups and halogens present on the surface
of activated carbon on the adsorption of elemental
mercury. It has been established that the addition of
halogen atoms intensifieds the adsorption of mercury.
In [3], Padak and Wilcox have demonstrated a ther�
modynamic approach to the examination of the
mechanism of binding of mercury and its capture in
the form of HgCl and HgCl2 on the surface of activated
carbon. The energies of different possible surface
complexes have been determined. In the presence of
chlorine, the mercury atoms strongly cohere to the
surface. In the case of dissociative adsorption, Hg can
undergo desorption, while HgCl remains on the sur�
face. The compound HgCl2 was not found on the sta�
ble carbon surface [4]. Understanding of the mecha�
nism of the adsorption of mercury on activated carbon
is important for the development of efficient technol�
ogies for capturing mercury.

Mercury is one of the most toxic heavy metals, and
its presence is due to a combination of natural pro�
cesses (volcanic activity, erosion of the mercury�con�
taining sediments) and anthropogenic activity
(extraction of minerals, pollution from the leather�
dressing production and metallization of objects).
Adsorption is considered to be one of the most effi�
cient and economical methods of removing mercury
from wastewater and air. Recently, graphene mem�
branes began to be used for capturing supersmall
amounts of substances [5]. The repeated application
of graphene in the filters requires its nondestructive
cleaning from the adsorbates. The removal of metals
from graphene can be produced by its irradiation by a
beam of rare�gas clusters [6–11]. The use of cluster
beams for the surface cleaning is more efficient than
the application of ion beams for this purpose. In this
case, the energy of a cluster grows in proportion to the
number of atoms in the cluster at the same velocity of
the projectile and, thus, it is possible to avoid large
optical aberrations in the focusing systems. Bombard�
ment using cluster projectiles proves to be much more
sparing in comparison with the ionic bombardment,
since a cluster projectile cannot penetrate the target so
deeply as an atomic analog can. In the prospect, the
application of cluster beams will make it possible to
create a number of fundamentally new technologies of
the surface cleaning and to develop a new generation
of ionic sources.
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This work is aimed at studying the possibility of
removing adsorbed mercury from graphene by means
of bombardment by xenon clusters.

MOLECULAR�DYNAMIC MODEL

The interatomic interactions in graphene are rep�
resented by the many�body Tersoff potential [12]. The
energy of pairwise interaction of atoms i and j taking
into account the influence of other atoms (multiparti�
cle effects) is written as

(1)

(2)

Here,  is the spacing between the atoms i and j and
the parameters A and B are the energy characteristics
of the repulsion and attraction. The many�body
parameter of the bond order  describes how the
binding energy (attractive part  of the bond) is
formed during a local atomic arrangement due to the
presence of other neighboring atoms. The function 

decreases from 1 to 0 in the region of 

The parameters  and  were selected so as to
include into the consideration only nearest neighbors.
The potential energy is a many�body function of the
positions of atoms i, j, and k and is determined by the
parameters

(3)
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(5)

where the parameters n, ni, and β set the binding force
depending on the environment. The effective coordi�
nation number  determines the average number of
nearest neighbors with taking into account not only
the distances between them, but also the bond angles

 The summing up in expression (4) is conducted
over all k first�order neighbors not equal to i and j.
These neighbors are selected for each i–j pair and are
defined at each time moment;  is the function of
the angle between  and  where  is the vector
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drawn from the point of the location of the atom i to
the point where the atom j is located. The parameter d
assigns the width of the sharp maximum in the 
angular dependence, the parameter c assigns the
height of this peak, and the function  has a min�
imum at h = cosθ. All parameters of the potential were
selected so that to match the theoretical and experi�
mental data (energy of cohesion, lattice parameters,
bulk moduli) for a real and hypothetical graphite and
diamond.

Because of the insufficiently precise determination
of the force characteristics that control the C–C
bonds, the Tersoff potential does not have a barrier to
the rotation about the single bond. The inadequacy of
the semiempirical Tersoff potential is revealed when
studying the dynamic properties of graphite; it mani�
fests itself in the rotation of the entire fragment to be
simulated and can be corrected by adding a torsion�
like term [13]. The parameters of this potential were
refined via fitting to the observed properties (standard
deviations for the vibration frequencies) of graphite
and diamond. The new analytical form of the potential
of local torsion is given in [14]. The use in this work of
weighting functions for the bond orders ensures a
smooth removal of the energy of torsion connected
with the dihedral angle upon any sequential break of
bonds [14]. The distance R(2) of the covalent binding in
the original Tersoff potential was limited to the value of
0.21 nm. The simulation of graphene with this poten�
tial led not only to an uncontrollable rotation, but also
to the cracking of the graphene sheet [15, 16]. There�
fore, we increased the value of rb to 0.23 nm and also
included an additional weak attraction at r > 0.23 nm
assigned by the Lennard�Jones (LD) potential with
the parameters used in [14].

The pair potential that was utilized for the descrip�
tion of Hg–Hg interactions was proposed in [17] in
the following form:

(6)

The authors of [17] corrected the original Schwerdt�
feger (SCH) potential [18] for mercury dimer by scal�
ing distances using the coefficient λ = 1.167. The

parameters  represented in [17] correspond to the
density of liquid Hg at T = 300 K.

The Hg–C and Xe–Xe interactions were assigned
by a Lennard�Jones potential with the parameters
established in [19, 20]. The interaction between
Xe atoms and the atoms of the target (Hg and C) was
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assigned by a purely repulsive Ziegler–Biersack–Litt�
mark (ZBL) potential as follows [21]:

(7)

where  and  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

(8)

where  is the Bohr radius. We disregard the weak
attraction between the atoms of Xe and Hg and also
between Xe and C, since the primary purpose of this
investigation is the examination of the transfer of
energy and momentum rather than of the chemical
bonding [22].

Hydrogenation was employed to strengthen the
graphene edges. The CH groups that were formed at
the edges of the sheet were simulated according to the
monatomic scheme [23]. The C–CH and CH–CH
interactions were represented via an LD potential
[23]. The connection of H atoms to the edges of a
graphene sheet does not change the interatomic dis�
tances and does not create a roughness of its surface.

A film of mercury on graphene was formed in a sep�
arate molecular�dynamic (MD) calculation in two
stages. At the first stage, the Hg atoms were placed
above the centers of nonadjacent cells of graphene in
such a way that the interatomic distance between Hg
and C atoms be equal to 2.30 Å, calculated according
to the density�functional method [24]. On top of this
loose film consisting of 49 mercury atoms, 51 addi�
tional Hg atoms were deposited randomly. Then, the
system, which consists of 100 atoms of Hg and
406 atoms of C, was brought to equilibrium in the MD
calculation with a duration of 1 million time steps
(Δt = 0.2 fs). For the numerical solution of the equa�
tions of motion, the Verlet algorithm was used [25].
The thus�obtained target was then bombarded with
icosahedral Xe13 clusters. Five starting points for the
positioning of the centers of Xe13 clusters were located
uniformly along a line parallel to the oy axis (the arm�
chair direction). This line was placed either along the
left�hand edge of the graphene sheet (upon the vertical
bombardment) or with an additional displacement to
the left from it (upon the inclined bombardment), and
was lifted to a height of 1.5 nm in the direction of the
oz axis. The interval equal to the length of the graphene
sheet in the direction of the ox axis (the zigzag direc�
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tion) was divided into five equal sections with a length
 At the beginning of every subsequent cycle

of cluster impacts, the line of the starting points of the
Xe13 clusters was horizontally moved forward by a dis�
tance Li. As a result, the surface of the film approxi�
mated by the plane was covered with 25 evenly distrib�
uted points at which the cluster impacts were aimed.
Each series included 5 cycles, or 25 impacts. At the
starting point, all atoms of the Xe13 cluster were given
the same velocity in the direction of bombardment.
The clusters were in turn sent toward the target. The
lifetime (determined by the sum of the time of flight
and time of interaction with the target) of each cluster
was limited to 8 ps. After this time, the Xe atoms of the
destroyed cluster were excluded from the consider�
ation and a new Xe13 cluster began moving from
another initial point. The cycle of bombardment by
five clusters took 40 ps, while the series of five cycles
took 0.2 ns and the entire time of bombardment
(five series) took 1 ns. The clusters used for bombard�
ments had kinetic energies of 5, 10, 15, 20, and 30 eV;
the angles of incidence were 0°, 45°, and 60°.

The impact of a cluster on the surface was accom�
panied by heating the system. The moderate removal
of the heat released from the system was performed
according to the Berendsen scheme with the coupling
time constant τc = 4 fs [26]. The forced reduction in
the temperature was conducted via the scaling of
velocities v at each time step as follows:

(9)

where λ is the scaling factor,  is the assigned temper�
ature (300 K), and T is the current temperature.

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

(10)

where  is the number of Hg atoms in the layer par�
allel to the plane of the grapheme, σHg is the effective
diameter of the Hg atom, Δh is the width of the layer,
Sxy is the area of the graphene surface, and Nz is the
number of tests.

The self�diffusion coefficient was defined through

the mean square of the displacement  of the

system consisting of N atoms of Hg as follows:

(11)

Here, Γ = 3 is the dimensionality of space;  means
averaging over p, where p is the number of time inter�
vals (with the initial time t0) for the determination of
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time dependences, each calculated in an interval τ =
200 ps.

To calculate stresses that appear in graphene, the
graphene sheet was divided into surface elements. The
stresses  that appear under the action of the
forces of direction α (= x, y, z) are calculated on each
element with the order number l that has the orienta�
tion u. In these calculations, products of the projec�
tions of the velocities of atoms and the projections of
the forces that act on the lth element from the other
atoms with the fulfillment of corresponding condi�
tions are used as follows [27, 28]:

(12)

Here, k is the number of atoms on the element l, Ω is

the volume per atom, m is the mass of an atom,  is
the α projection of the velocity of atom i, and  is the
area of the element l. The conditions for summation
over j in the last sum in expression (12) 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 lth element, and  is the current coordi�
nate of the atom i (u can take values x, y, z). In the case
when = , u represents the average level (height) of
atoms C in graphene.

The graphene sheet had dimensions of 3.4 × 2.8 nm
and contained 406 atoms. Each element l separated on
this sheet and elongated along the axis oy (perpendic�
ular to the zigzag direction of graphene) contained
14 C atoms and had an area of 0.68 nm2. Specifically,
this layout corresponds to the data shown in Fig. 4.
The total stresses that act in the plane of graphene were
determined by summing the corresponding elemen�
tary stresses as follows:

(13)

where  is the number of surface elements.

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

(14)

where Ng is the number of sites (atoms) on the surface
of the graphene sheet,  is the level of atom i,  is the
level of the graphene surface, and the levels  and 
are determined at the same time moment.

The total energy of a free one�sheeted graphene
obtained at T = 300 K is equal to –7.02 eV, which is in
agreement with the quantum�mechanical calculation
(–6.98 eV) [29]. The value of the isochoric heat capac�
ity of liquid mercury at this temperature (28.4 J/(mol K)
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calculated in the MD model agrees with the experi�
mental value of 26.9 J/(mol K).

RESULTS OF CALCULATIONS

At a temperature of 300 K, mercury is in the liquid
state (melting point  = 234 K). If the attraction
forces between the Hg atoms exceed the forces of
cohesion of the mercury film with graphene, the film
contracts into a droplet. In order to investigate the
opportunity to roll the film into the droplet, we carried
out an MD calculation of an Hg film on graphene at
T = 300 K using 10 million time steps in the absence of
cluster bombardment. A drop of mercury on the
graphene sheet close to a spherical shape was obtained
as a result of this calculation. In this case, a substantial
part of the lower surface of the drop that is in contact
with graphene was flat. Thus, the film of mercury that
was simulated based on the Schwerdtfeger interaction
potential has a tendency to roll into a drop. The cluster
bombardment using 125 impacts with an angle of inci�
dence of 0° did not lead to any significant removal of
mercury from graphene at all energies of  clusters
in the range of 5–30 eV. As a rule, more than half of the
Hg atoms after the completion of the bombardment
were bound with graphene, as before. The bombard�
ment at the angle of incidence equal to 45° was con�
siderably more successful. In this case, beginning with
the energy of beam equal to 15 eV, graphene was
almost completely cleaned of mercury. Only single
atoms could remain connected with the graphene
sheet; moreover, the majority of these atoms were
retained at the edges of the sheet. The remaining
atoms of Hg were scattered far beyond the limits of the
graphene sheet predominantly in two directions
(in the horizontal direction at a sharp angle to the axis
ox, and upward). As a rule, the Hg atoms were knocked
out from the film one by one and less frequently in the
form of dimers and trimers. However, at the energies
of the cluster beam EXe ≥ 15 eV there was always sep�
arated also a drop of mercury from graphene. An
increase in the angle of incidence of the  clusters
to 60° led to the removal of mercury from graphene
at the energy of the beam of 10 eV (Fig. 1). A subse�
quent increase in the energy of the cluster beam at
θ = 60° did not give a desired result: graphene was not
cleaned of mercury.

The vertical profiles of the mercury density reflect
the displacement of the atoms of metal predominantly
upward as a result of the cluster bombardment of the
target at the angle of incidence of clusters equal to
θ = 0° (Fig. 2). The maximum of the density profile is
consecutively displaced upward with increasing the
energy of the bombarding clusters. A delay in this
motion is observed only at  = 15 eV, where the posi�
tion of the density maximum deflected slightly to the
reverse side in comparison with the position for the
profile at  = 10 eV. However, already at  = 20 eV,
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the position of the maximum density substantially
increased in height and continued increasing at  =
30 eV. The density profiles at  20 eV increase
their vertical extents in both directions (upward and
downward).

With an increase in the angle of incidence of the
xenon clusters, there occurs an increase in the self�dif�
fusion coefficient of mercury atoms; especially, this is
noticeable on going from the angle θ = 45° to the angle
of 60°. The lowest value of the self�diffusion coeffi�
cient of Hg atoms is observed upon the vertical bom�
bardment with the energy of Xe13 clusters equal to 5 eV
(Fig. 3). At energies  10 eV and at an angle of
incidence θ = 0°, there is a very weak dependence of
the self�diffusion coefficient on the energy of the fall�
ing clusters. A similar weak dependence is manifested
in the entire range of cluster energies at the angle of
incidence θ = 45°. At the angle θ = 60°, the 
function has a deep minimum at 15 eV. The origin of
this minimum is most likely connected with the fact
that the bombardment with precisely such energy of
clusters provides the most rapid rolling of the mercury
film into a drop, from which the Hg atoms can be
kicked out only with difficulty. Except for this specific
feature, no significant changes in the behavior of the
coefficient of self�diffusion is observed upon the vari�
ations in the energy  with an angle of incidence θ =
60°. The weak change in the  function indicates
the effective removal of heat that is separated upon the
impacts using the Berendsen thermostat. In other
words, the energy is not accumulated in the system in
the course of the bombardment.

The  dependences of the stresses in the
plane of graphene caused by horizontal (Figs. 4a, 4b)
and vertical (Fig. 4c) forces exhibit a complex behav�
ior, which is different for different angles of incidence.
As a rule, the stresses  created by vertical forces are
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Fig. 1. Configuration of a system consisting of a mercury
film on a partially hydrogenated imperfect graphene sheet
after bombardment by a beam of Xe13 clusters at the angle
of incidence of 60° and the energy equal to 10 eV. The
coordinates of atoms are given in angstroms.
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noticeably higher than the stresses  and  that
appear due to the action of horizontal forces. At clus�
ter energies EXe that lead to the detachment of the
majority of Hg atoms from graphene, the stress  has
relatively low values. Recall that this occurs at energies

 15 eV at an angle of incidence of 45° and at
= 10 eV at the angle θ = 60°.

The roughness  of graphene increases continu�
ously in the course of cluster bombardment. The inset
in Fig. 5 gives a representation of the variation of the
function  in time in the case of bombardment with
an energy of Xe13 clusters equal to 15 eV at the angle of
incidence of 0°. The bombardment has a significant
effect on the roughness of graphene. The magnitude of

 increases by 20–40%, even as a result of the bom�
bardment with the energy of clusters equal to only
5 eV; the effect is strongest at an angle of incidence of
60°. The form of functions obtained at different values
of the energy of the Xe clusters is shown in Fig. 5. It
can be seen that the bombardment at an angle of
θ= 45° leads to the lowest values of Ra. Thus, after this
bombardment at an energy of the beam equal to 30 eV,
the value of Ra proves to be below the appropriate
characteristics that correspond to the angles of inci�
dence of 0° and 60° by 9.6% and 11.8%, respectively.

DISCUSSION OF RESULTS

It is of interest to compare the results of the study of
the removal of films of copper and lead by the bom�
bardment with clusters of rare gases with the present
investigation of the purification of graphene from
mercury. First of all, the different mechanisms of the
detachment of these heavy metals from graphene dur�
ing the irradiation of the target by a cluster beam
should be noted. In the case of the bombardment of
the copper film with Ar13 clusters, separate Cu atoms
are knocked out [6–11]. No regime of bombardment
led to the separation of fairly large fragments of the Cu
film from graphene. When the lead film is bombarded,
separate atoms are also knocked out, but the prevailing
mechanism of the removal of the metal form graphene
is the separation of islands of a Pb film from the sub�
strate [30]. Only when detached away from graphene,
the island experiences a transformation from a two�
dimensional to a three�dimensional structure; mer�
cury is separated from graphene in a different way. The
unique behavior of mercury is due to its liquid state
and the poor wetting of graphene; as a result, the Hg
film has a tendency to roll into a drop. For this reason,
both separate atoms and droplets of significant size are
separated from graphene in the course of bombard�
ment. Let us emphasize that it is precisely a drop that
is torn off, rather than an island with a two�dimen�
sional morphology. There are several other differences
in the processes of the removal of the film of heavy
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metals from graphene. Thus, the film of copper is not
completely removed from graphene, even at an energy
of the beam equal to 30 eV at angles of incidence of 0°
and 60° [6], and the most efficient method is removal
using cluster bombardment at an angle θ = 45°. In the
case of lead, the most efficient procedure can be con�
sidered to be irradiation by a cluster beam at the angles
of incidence of 0° and 60°. In this case, graphene was
completely cleaned of metal at energies of the beam
equal to 10 and 15 eV. The complete cleaning was also
achieved at an angle θ = 45°, but the energy of the
cluster beam required in this case was equal to 20 eV.
The greatest effect from the bombardment of the mer�

0.4

0.2

0

–0.2
302515105 20

EXe, eV

σ
zz

, 
G

P
a

1

2

3

0.1

0

–0.1
302515105 20
σ

zy
, 

G
P

a

1

2

3

0.1

0

–0.1
302515105 20

σ
zx

, 
G

P
a

1

2

3

(a)

(b)

(c)

Fig. 4. Components of the stress tensor in graphene
((a)  (b)  (c) ) obtained for the cases of the
bombardment of targets at the angles of incidence (1) 0°,
(2) 45°, and (3) 60° depending on the energies of the clus�
ter beam EXe.

,zxσ ,zyσ zzσ



244

THE PHYSICS OF METALS AND METALLOGRAPHY  Vol. 117  No. 3  2016

GALASHEV

cury�on�graphene target is obtained at an angle of
incidence equal to 45°. At this angle of incidence,
graphene is cleaned of Hg at all energies  15 eV.
A less stable cleaning effect was achieved at an angle of
incidence of 60°. In the case of an angle of incidence
equal to 0°, no significant removal of mercury from
graphene occurs in the range of energies of the beam
equal to 5⎯30 eV. Thus, the removal of different heavy
metals requires different conditions for bombardment
and occurs via different mechanisms.

To check the correctness of the results, we also con�
ducted calculations with another pair potential for
mercury and another potential that describes the mer�
cury–graphene interaction. The Hg–Hg interactions
were determined based on applying the potential pro�
posed by Silver and Goldman (SG potential) with the
parameters given in [31]. Here, we obtained results
close to those where the SCH potential served as the
potential function for mercury. In the calculations that
applied the SG potential, upon bombardment, the Hg
film was more rapidly transformed into the drop and
was separated from graphene. The complete removal of
mercury from graphene was only achieved at an angle of
incidence equal to 45° at  15 eV. When using a
Morse potential with the parameters given in [32] for
the representation of Hg–C interactions, mercury
upon the bombardment was separated from graphene
more difficult, and the complete cleaning at the angle
θ = 45° was achieved at the energies  20 eV.

XeE ≥

XeE ≥

XeE ≥

CONCLUSIONS

The behavior of a system of mercury�on�par�
tially�hydrogenated�graphene has been investigated
under irradiation by a beam of Xe13 clusters with
energies of 5–30 eV at the angles of incidence equal
to 0°, 45°, and 60°. Over a wide range of energies
(  15 eV), the almost complete removal of mer�
cury from graphene was only achieved at an angle of
incidence of 45°. The film of mercury, which has a
tendency to become rolled up into a drop, is sepa�
rated from graphene in the form of single atoms,
dimers, trimers, and spherical droplets. In the course
of the bombardment, mercury exhibits a weak cohe�
sion with graphene. With an increase in the energy of
the falling clusters from 5 to 30 eV, the  profile
evolves in a complex way, demonstrating the forma�
tion of a drop of mercury on graphene, as well as the
formation of a vapor of Hg monomers. The smallest
change in the components of the mobility of Hg
atoms upon the variation of the energy of the cluster
beam occurs at the angle of incidence equal to 45°. At
the energies of the cluster beam under consideration,
the stresses in the plane of graphene caused by the
vertical forces noticeably exceed the stresses created
by the horizontally directed forces, regardless of the
angle of incidence. The roughness of graphene
increases noticeably in the course of cluster bom�
bardment. The lowest roughness is demonstrated by
graphene subjected to irradiation with the beam of
clusters with an angle of incidence equal to 45°. The
hydrogenated edges of graphene do not suffer notice�
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Fig. 5. Roughness of graphene obtained as a result of the bombardments of the target at the angles of incidence (1) 0°, (2) 45°,
and (3) 60° at the energies of the cluster beam EXe. Inset shows the change in the roughness of graphene in the course of the bom�
bardment of the target by Xe13 clusters at the angle of incidence equal to 0° and at an energy of the cluster beam of 15 eV.
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able damages at all the energies investigated and at all
the angles of incidence of the bombarding clusters.
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