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Mercury thin film electrodes (MTFEs) are widely
used for the anodic voltammetric determination of
trace elements soluble in mercury [1]. The film is
applied onto an inert substrate, typically a glassy car�
bon electrode. Mercury thin film electrodes can be
prepared in a solution of pure mercury(II), after which
the electrode is transferred to the test solution, or
MTFEs can be fabricated in situ by simply adding
mercury(II) ions to a medium to be analyzed. The
mercury deposition rate is a function of the pH of the
electrolyte, the deposition potential, the stirring
speed, and the concentration of mercury ions. An
optical study of MTFE has revealed the formation of
both small and large droplets instead of having a uni�
form film [2].

Graphene, which is a two�dimensional (2D) hon�
eycomb lattice of carbon atoms [3], is a promising
material for electronics owing to rapid electron trans�
port [4], a high specific surface area [5], and unusual
properties [6]. Graphene was used to improve the limit
of detection of metals [7, 8]. Graphene nanosheets
were used in high�sensitivity sensors for the determi�
nation of lead and cadmium ions [9, 10]. The fact of
charge transfer between graphene and metal ions,
which makes the modified electrode much more sen�
sitive, was established [11]. Graphene, transferred
onto the surface of a glassy carbon electrode after mix�
ing with a binder, can be successfully used to detect
traces of heavy metals in water samples [10, 12]. Fur�
thermore, the glassy carbon electrode prepared with
the use of modified chemically reduced graphene
oxide without a binder can be applied to determine

Zn2+, Cd2+, and Pb2+ ions in water [13]. Repeated
operation of the electrode requires its cleaning for
removal of the deposited metals.

The wettability of graphene with mercury has not
been studied yet. In this work, we examine a hypothet�
ical mercury film on imperfect, partially hydrogenated
graphene. However, the existence of such a film on
graphene is quite realistic under certain conditions.
Mercury typically does not wet the surface of most
nonmetallic solids. At the same time, there is an evi�
dent transition from nonwetting to wetting by mercury
on glass, quartz, or sapphire. Graphene sandwiched
between a metal film and the substrate has a minimal
effect on the interaction between them. Consequently,
the mercury may spread over the graphene lying on
glass, quartz, or sapphire. Multilayer graphene pre�
pared by reduction of graphene oxide contains oxy�
genated functional groups on the basal planes and
edges. Firm attachment of mercury at the functional�
group sites can also lead to the formation of a mercury
film on graphene. The electric field�induced wetting
of graphene with mercury is also possible. By elec�
trowetting, the carbon nanotube internal cavity is
filled with mercury [14].

For targeted modification of the physical proper�
ties of the surface, argon and xenon ion beams are
widely used. Xenon is heavier than argon almost by a
factor of 3.3 and better suits for knocking out atoms of
a heavy element, such as mercury. Faster Ar atoms (at
the same beam energy) would lead to greater damage
to the edges of graphene.
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The objective of this study was to explore the possi�
bility of graphene cleaning of mercury by bombard�
ment with xenon clusters.

COMPUTER SIMULATION PROCEDURE

Interatomic interactions in graphene were expressed
by a modified Tersoff many�body potential [15, 16].
The distance of covalent bonding was increased to
0.23 nm, and additional weak attraction at r > 0.23 nm
defined by the Lennard�Jones (LJ) potential with the
parameters as given in [17] was included. To eliminate
the resulting torque at each lattice site of the graphene
sheet, the rotational component of the force created by
the atoms of adjacent sites was excluded. An analytical
form of the local torsional interaction potential is given
in [17].

Atomic interactions in the mercury film were sim�
ulated using the Schwerdtfeger pair potential [18]:

(1)

where USch is the original Schwerdtfeger potential for
the mercury dimer [16], λ = 1.167 is used for adjusting
to the density of liquid Hg at T = 300 K, and parame�
ters  are as given in [18].

The mercury–carbon and xenon–xenon interac�
tions were defined by the LJ potential [18–20]. The
interaction between Xe atoms and the target atoms
(Hg and C) was defined by the pure repulsive ZBL
potential [21]:

(2)

where Zi and Zj are the atomic numbers of the i th and
j th atoms, e is the elementary charge, r is the distance
between the atoms, and a is defined by the expression:

(3)

Here, a0 is the Bohr radius. We neglect the weak
attraction between Xe and Hg atoms on one hand and
Xe and C atoms on the other hand, since the primary
focus of this study is energy and momentum transfer,
not chemical bonding [22].

Defects significantly enhance the adhesion of metals
to graphene. Stone–Wales defects are common in
graphene, each being represented by two contiguous
five� and seven�membered rings. The graphene sheet
used for the deposition of mercury had six defects of this
kind with an approximately even distribution over its
area. Hydrogenation was used to strengthen the
graphene edges. The CH groups formed at the edges of
the sheet were modeled by the single�atom scheme [23].
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The C–CH and CH–CH interactions were expressed
via the LD potential [23]. Partial functionalization of
graphene in the form of attachment of hydrogen atoms
to the edges stabilizes the structure, neither causing an
increase in the interatomic distances nor creating
roughness over the surface as a whole.

The mercury film on graphene was formed in a sep�
arate molecular dynamics (MD) calculation in two
steps. In the first step, Hg atoms were placed over the
centers of noncontiguous graphene cells so that the dis�
tance between Hg and C atoms would be equal to the
distance 2.30 Å calculated by density functional theory
[24]. On the loose mercury film consisting of 49 Hg
atoms, other 51 Hg atoms were randomly deposited.
Then, the system composed of 100 Hg atoms and 406 C
atoms was equilibrated at 300 K in the MD calculation
with a duration of 1 million time steps (Δt = 0.2 fs). The
numerical solution of the equations of motion was per�
formed by the fourth�order Runge–Kutta method. The
target obtained in this way was then bombarded with
icosahedral Xe13 clusters. Bombardment was performed
in five series of 25 impacts each, as described in [25]. In
computer simulation, the effectiveness of bombard�
ment is reliably traced when the number of emitted ions
is five to six times that of surface atoms to be moved [26].
In this numerical experiment, the number of projectile
Xe atoms exceeds the number of Hg atoms by more
than a factor of 16.

Bombardment at five different cluster energies of 5,
10, 15, 20, and 30 eV was performed using incident
angles of θ = 0°, 45°, and 60°. The complete graphene
cleaning of mercury was reached at an angle of θ = 45°
and a cluster beam energy of EXe ≥ 15 eV. The bom�
bardments at the other angles of incidence were signif�
icantly less effective and are not considered here. The
heat released in the system (in both the metal film and
graphene) by bombarding was partially dissipated by
ejected Hg and Xe atoms and withdrawn using the
Berendsen thermostat [27] included in the model.

The total self�diffusion coefficient of the atoms was
calculated as

(4)

where Γ = 3 is the dimensionality of space. By 〈…〉,
averaging over n is denoted, where n is the number of

time intervals τ for determination of 

The tensor components for stress existing in
graphene were calculated through the kinetic energy
of atoms at the elementary areas and the projection of
forces acting on these areas [25].

The surface roughness (or arithmetic average
roughness height) is defined by [28]

(5)

[ ]
21 ( ) ,

2
xy z

n
D D D t= + = Δ

Γτ
r

[ ]
2( ) .tΔr

1

1 ,
N

a i

i

R z z
N

=

= −∑



HIGH ENERGY CHEMISTRY  Vol. 49  No. 5  2015

MERCURY REMOVAL FROM GRAPHENE BY BOMBARDMENT 349

where N is the number of sites (atoms) on
the graphene surface; zi is the level of the ith atom; and

 is the level of the graphene surface, with the values of
zi and  being determined in the same point of time.

The obtained value for the total energy of free sin�
gle�sheet graphene at 300 K is –7.02 eV, which agrees
with the results of quantum�mechanical calculation
(–6.98 eV) [29]. The MD calculated value of the iso�
choric heat capacity of liquid mercury at this temper�
ature is 28.4 J/(mol K) in agreement with the experi�
mental value of 26.9 J/(mol K).

RESULTS AND DISCUSSION

To understand the behavior of the mercury film on
graphene in the absence of bombardment, we calcu�
lated the system at 300 K using 10 million time steps.
During this calculation, the Hg film transformed into
a nearly spherical droplet with the flat base contacting
the graphene. Convolving into the droplet was due to
the strong attraction between the Hg atoms, as given
by the Schwerdtfeger potential, compared with the
attractive C–Hg interaction. During the bombard�
ment of the target, mercury film also tended to form a
droplet. After the bombardment with 5�eV Xe13 clus�
ters, only a few Hg atoms significantly departed from
the target and the dense “cloud” of mercury atoms and
a small spherical droplet touching the substrate were
formed over the graphene. The bombardment at an
energy of 10 eV allowed a little more than half of the
Hg atoms to be knocked off. An upward�stretched
curved chain of Hg atoms appeared, as well as a small
dense spheroid cluster with the “plume” of Hg atoms
rising above it. The configuration shown in Fig. 1 cor�
responds to a cluster energy of 15 eV. It can be seen
that during the bombardment, Hg atoms are removed
from graphene mainly in two directions, sideways and
upwards. Graphene has been almost completely
cleaned of mercury, only single Hg atoms are held by
the hydrogenated graphene edges. The further
increase in the energy of Xe13 clusters leads to an even
higher degree of removal, and both dense vapor and a
droplet of mercury are formed over the graphene.

Figure 2 shows the interaction energies  and
 obtained as a result of bombardment with differ�

ent energies of Xe13 clusters. It can be seen that func�
tion  is oscillatory, decreasing at EXe = 30 eV.
The decrease is presumably due to the formation of a
denser mercury droplet separated from graphene by
the bombardment. At the same time,  is a
smooth function. The values of this function are close
to zero; i.e., in general, very weak bonding between
mercury and graphene is established using the impact
of Xe13 clusters. A little stronger bond is manifested at
an incident energy of xenon clusters of 15 eV when
individual Hg atoms are retained by the hydrogenated
graphene edges.
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The horizontal Dxy and vertical Dz components of
the diffusion coefficient of Hg atoms very weakly
depend on the energy of the bombarding clusters
(Fig. 3). This pattern of  and  plots is
slightly different from that of similar functions charac�
terizing the movement of Pb atoms during bombard�
ment with Xe13 clusters at the same angle of incidence
(45°). An essential difference for mercury is a higher
value of component Dxy for all values of energy EXe (Dxy

is more than fourfold greater than Dz). In the case of
bombardment of the Pb film on graphene, the values
of Dxy were moderately higher (up to 45%) than the
corresponding Dz values. One of the causes of the dis�
crepancy in the Dxy to Dz ratio between the mercury
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Fig. 1. Configuration of the “Hg film on graphene” target
subjected to bombardment with 15�eV Xe13 clusters after
125 cluster impacts.
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Fig. 2. Plots of (1) Hg–Hg and (2) C–Hg interaction ener�
gies obtained by performing five bombardment series with
different energies of xenon clusters.
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and lead bombardments is a difference in the cooper�
ative mechanisms of separation of heavy metals from
graphene. There is the cluster or droplet mechanism of
metal separation from the substrate surface along with
the knocking out of single atoms in the case of mer�
cury, whereas the “islet” mechanism of knocking out a
collective of atoms is observed in the bombardment of
the lead film. In other words, the flat “islet” of the Pb
film is separated from the graphene and, being already
in the free state, transforms into a spherical entity. The
formation of the mercury droplet directly on the
graphene surface is possible at higher values of the hor�
izontal component of the mobility of metal atoms than
in the case of lead film, which cannot convolve into a
cluster. Another reason for the high values of Dxy for
mercury relative to this mobility component for lead is
that mercury occurs in the liquid state at temperatures

reached during bombardment and lead is in the solid
state.

Cluster bombardment affects the state of graphene.
Figure 4 shows the dependence of stresses σzx, σzy, and
σzz induced in the graphene plane upon the energy of
clusters incident on the mercury–graphene target. The
stresses (σzx, and σzy caused by the forces acting in the
graphene plane are lower that the stresses produced by
forces acting in the direction normal to the plane of the
graphene sheet (σzz). The energy of 15 eV of Xe13 clus�
ters, at which all of the three components of the stress
tensor are positive, can be considered a threshold for the
onset of complete graphene cleaning of mercury. The
complex behavior of functions  is due to the
presence on graphene of the Hg film, which can con�
volve into a droplet and vaporize as individual atoms,
clusters, and droplets during bombardment.

Graphene roughness Ra is significantly (by 40–
50%) increased by bombardment (Fig. 5). The value of
Ra after the bombardment at a Xe13 cluster incident
angle of 45° is always lower than that at an angle of θ =
0° or 60°. The graphene roughness acquires a maximal
value at the “projectile” energy of Xe13 = 15 eV when
the cluster bombardment is carried out at an angle of
θ = 45° and EXe = 30 eV at the other angles of inci�
dence. The bombardment at an angle of θ = 0° does
not lead to acceptable graphene cleaning of mercury at
any of the Xe13 cluster energies in the examined range
(5–30 eV). In the case of cluster bombardment at an
incidence angle of 60°, the complete removal of mer�
cury from graphene was not achieved unless the cluster
beam energy was 10 eV. Thus, graphene purification
for the removal of mercury should be preferably per�
formed by bombardment with Xe13 clusters at an angle
of incidence of 45°, since the graphene acquires a
minimum roughness in this case and mercury is

Xe( )E
αβ

σ

4

3

2

1

2510 155 20 30

1

2D
xy

, 
D

z,
 1

0–
12

 m
2 /s

0

EXe, eV

Fig. 3. Components (1) Dxy and (2) Dz of the self�diffusion
coefficient of Hg atoms in the film, resulting from bom�
bardment of the target with Xe13 cluster of different ener�
gies EXe.
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Fig. 4. Stress components (1) σzx, (2) σzy, and (3) σzz in
the graphene plane, resulting from bombardment of the
target with Xe13 clusters of different energies EXe.
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Fig. 5. Graphene roughness produced by target bombard�
ment with Xe13 clusters at angles of incidence of (1) 0°,
(2) 45°, and (3) 60°.
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removed within a wider range of cluster beam energy
(15–30 eV).

CONCLUSIONS

The bombardment of a mercury film on graphene
with xenon clusters at an incidence angle of 0°–60°
and an energy of 5–30 eV has been simulated.
Graphene was freed from the mercury after 125 cluster
impacts at  θ = 45°, starting with a beam energy of
15 eV. The tendency of the mercury film toward rolling
into a droplet has been revealed. Mercury is removed
from the graphene both as single atoms and in the form
of a droplet, wherein the latter may be disintegrated
during the bombardment. The mercury–graphene
interaction energy is insignificant and very weakly
depends on the energy of projectile xenon clusters. The
horizontal component of the self�diffusion coefficient
of mercury atoms is much greater than the vertical
component, a difference that is due to the tendency of
liquid mercury toward convolving into droplet. The
stresses in the graphene plane induced by the forces
normal to the plane are substantially higher than the
stresses due to horizontal forces at any of the cluster
beam energy examined. The roughness of graphene is
markedly increased by cluster bombardment even at an
incident beam energy as low as 5 eV; function 
exhibits an oscillatory behavior. Regardless of the inci�
dent beam energy considered, the mercury�coated
graphene acquires the smallest roughness at an inci�
dence angle of 45°. The hydrogenated graphene edges
do not experience significant damage even after bom�
bardment with a beam energy of 30 eV.
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