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INTRODUCTION

Mercury absorption from smoke fumes has been
studied with the use of X�ray absorption fine structure
(XAFS) spectroscopy [1, 2]. XAFS spectra suggested
that there is chemisorption of Hg on activated carbon.
These data gave grounds to think that adsorption took
place via halides, sulfides, and oxygen anions present
on an activated�carbon surface. Moreover, chlorinated
and bromated activated carbon was revealed with the
use of X�ray absorption spectroscopy and X�ray pho�
toelectron spectroscopy after exposure of carbon sam�
ples in smoke fumes containing Hg in an amount of
204 µg/m3 [3]. Mercury was not found on the surface
of activated carbon; however, Hg–Br and Hg–Cl
complexes were present. This fact underlay the
assumption that sites containing Cl and Br were
formed on a carbon surface prior to the capture of Hg.

The mechanism of mercury binding by activated�
carbon�based sorbents was studied in [4]. It was shown
that, at low Hg concentrations, it was difficult to dis�
tinguish between the mechanisms of oxidation
and adsorption. The difference between them gradu�
ally grew with Hg concentration and enhancement of
Hg–Hg interaction. However, because of the close
values of the bond energies in HgO, Hg2Br2, and
HgBr2, these surface�bound compounds were, as a
rule, indistinguishable by photoelectron spectroscopy.

Liquid mercury does not wet graphite. Indeed, on
highly ordered pyrolitic graphite, fresh mercury drop�
lets have a contact angle of 152.5° [5]. As do any other
liquid metals with surface tensions γ higher than 0.18

N/m, mercury does not wet carbon nanotubes [6].
The surface tension of mercury is 0.46 N/m. Never�
theless, wetting and filling of internal cavities of car�
bon nanotubes with mercury take place due to elec�
trowetting [7]. The effect of electrostatic interactions
on the sorption of hydrocarbons by water droplets
(  = 0.0729 N/m) was shown in [8]. The mercury
contact angle linearly increases with the curvature of
carbon nanotube walls. Therefore, the internal surface
of a nanotube has a higher phobicity with respect to
mercury than the planar surface of graphene has [9].
Graphene wetting with mercury has not been studied.

Recently, graphene membranes have begun to be
used in filters for separation of trace amounts of unde�
sirable impurities [10, 11]. Repeated use of graphene
in filters requires its nondestructive purification from
adsorbed substances. Graphene may be purified from
metals by irradiating with cluster beams of noble gases
[12–15] or heating [16–19]. However, heating is rea�
sonable to be used, when a metal has rather low boiling
temperature Tb. Mercury seems to be a possible candi�
date for the use of this procedure. As a rule, ideal
graphene is not destroyed upon heating to the boiling
temperature of many metals, such as Al, Ni, or Cu,
although its edges are damaged [16–18]. Graphene
edges may be reinforced by hydrogenation. Graphene
treated in this way withstands cluster bombardment
even at a beam energy of 30 eV [20]. It is unclear how
graphene with a high concentration of Stone–Wales
defects will behave, because these defects are formed
before its melting [21].
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The goal of this work is to study the morphology
and rapid�heating�induced variations in the physical
properties of a mercury film on graphene with hydro�
genated edges and a high concentration of Stone–
Wales defects.

COMPUTER MODEL

Interatomic interactions in graphene were repre�
sented by the modified Tersoff many�particle potential
[22]. This potential is based on the concept of bond
order. Potential energy between two adjacent atoms i
and j is described as follows:

where bij is the many�particle bond order parameter
that describes the generation of the energy of bond for�
mation (attractive component Vij) at a local atomic
arrangement due to the presence of other neighboring
atoms. Potential energy is a many�particle function of
the positions of atoms i, j, and k; it is determined by the
following parameters:

where ξ is the effective coordination number and
 is a function of the angle between rij and rik, this

is function stabilizing the tetrahedral structure.

We enlarged the distance of the covalent bonding to
0.23 nm and introduced additional weak attraction at
r > 0.23 nm, with this attraction being specified by the
Lenard�Jones (LJ) potential with parameters taken
from [23]. The resulting rotational moment was elim�
inated in each site of a graphene sheet by excluding the
rotational component of the force generated by the
atoms of adjacent sites. The analytical form of the
local rotational interaction potential had been given in
[23].
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In this work, the Hg–Hg interactions were deter�
mined with the use of the potential proposed by Silver
and Goldman (the SG potential) [24]:

 

where

The parameters of the SG potential were presented in
[24].

In addition, the calculations were repeated with the
use of the Schwerdfeger (Sch) potential, which also
adequately reproduces the main properties of mercury,
such as melting temperature and density of liquid Hg.
The Sch potential is based on ab initio calculations
and has the following form [25]:

where USch is the original Schwerdfeger potential for
mercury dimer, λ = 1.167 is used for fitting to the den�

sity of liquid Hg at T = 300 K, and parameters  have
been given in [25].

The mercury–carbon and xenon–xenon interac�
tions were specified by the LJ potential [25–27].

Defects substantially enhance metal adhesion to
graphene. The Stone–Wales defects are among the
most common defects in graphene (joined rings com�
posed of five and seven carbon atoms). The graphene
sheet used for mercury deposition had six such defects
almost uniformly distributed over its area. Graphene
edges were reinforced by hydrogenation. The CH
groups formed on sheet edges were simulated using the
single�atom scheme [28]. The C–CH and CH–CH
interactions were described by the LJ potential [28].
The partial functionalization of graphene by the
attachment of hydrogen atoms to its edges stabilizes
the structure without an increase the interatomic dis�
tances and the creation of a roughness all over its sur�
face.

A mercury film was formed on graphene by a sepa�
rate molecular�dynamic (MD) calculation in two
stages. At the first stage, Hg atoms were placed over the
centers of nonadjacent cells of graphene in a manner
such that the distance between Hg and C atoms was
equal to 2.30 Å, as calculated in accordance with the
density functional theory [4]. Additional 51 Hg atoms
were deposited in a random manner onto this loose
mercury film composed of 49 Hg atoms. The system
consisting of 100 Hg atoms and 406 C atoms was then
equilibrated over 106 time steps of MD calculation
(Δt = 0.2 fs). The motion equations were numerically
solved using the Verlet algorithm [29]. In addition, the
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system thus obtained was stepwise heated, with the
temperature being increased by 100 K relative to a pre�
vious state and the final configuration of a previous
calculation being used as an initial one for a new state.
The calculation at each temperature lasted 106 time
steps.

The temperature in the system was maintained
according to the Berendsen scheme with binding con�
stant τ = 4 fs [30]. At each time step, velocities  were
scaled as follows:

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

The self�diffusion coefficient was determined via
the mean�square displacement of Hg atoms in the fol�
lowing way:

.

Here, Γ = 3 is the space dimensionality. The angle
brackets denote the averaging over q, where q is the
number of time intervals required to determine

 Five time dependences were averaged, with

each of them being calculated within interval τ =
40 ps.

The density profile of a metal film was calculated as
follows:

 

where n(z) is the number of Hg atoms in a layer parallel
to the graphene plane, σHg is the effective diameter of
a Hg atom, Δh is the layer width, Sxy is the film surface
area, and Ns is the number of the tests.

In order to calculate contact angle θ between a
droplet (film) surface and graphene, the largest hori�
zontal cross�sectional area of a droplet was divided
into three regions: (1) a circle with a constant area,
which determines the region of the contact with
graphene, (2) a ring comprising the projections of
neighbors closest to region (1), and (3) an analogous
ring used to reveal the external atoms of the droplet.
Mercury atoms closest to the graphene surface were
located in regions 2 and 3. Parameters of the proce�
dure used for determining angles θ were selected
empirically. The averaging over the sizes of the rings
and heights (or the number of selected Hg atoms), at
which Hg atoms were located in regions 2 and 3
yielded the average values of the horizontal and verti�
cal coordinates used to find tanθ. The determination
of angle θ required averaging over time as well.

To calculate the stresses developing in graphene,
the graphene sheet was divided into surface elements.
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direction x, y, and z with current subscript J were
determined by calculating the kinetic energies of
atoms located in this element and projections of forces

 applied to an l element from the sides of all other
atoms as

where k is the number of atoms in element l, Ω is

the volume per atom, m is the mass of an atom,  is
the J�projection of the velocity of atom i, and Sl is the
area of element l.

Compressing stresses thus determined may have
both signs “+” and “–” in accordance with the direc�

tions of forces  This is the difference between
microscopic  and macroscopic  < 0 stresses.
The total stresses acting in the graphene plane were
determined by adding corresponding elementary
stresses as follows:

where Nl is the number of the surface elements that
result from dividing the graphene sheet in a selected
direction.

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

where N is the number of sites (atoms) on the
graphene surface, zi is the level of an ith atom, and  is
the level of the graphene surface, with the  and  val�
ues being determined at the same time moment.

The total energy obtained at T = 300 K for free sin�
gle�sheet graphene was –7.02 eV, which agreed
with the result of the quantum�chemical calculation
(–6.98 eV) [31]. The isochore specific heat
(28.4 J/(mol K)) calculated for liquid mercury in
terms of the MD model at this temperature agrees with
the experimental value (26.9 J/(mol K)).

CALCULATION RESULTS

Taking into account the value of the time step, the
calculation time, and the addend for the increase in
the temperature, it is easy to show that the average rate
of the system heating is ~1011 K/s. Under these condi�
tions of incomplete structural relaxation of the system,
it may be superheated. In the case of metals, the super�
heating is aggravated by the effect of the electron sub�
system, which stabilizes the condensed state. Varia�
tions accompanying the heating of a mercury film on
graphene are illustrated in Fig. 1. The liquid metal film
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begins to partly separate out of graphene already at
T = 300 K. This is reflected in the rise of the film edges
over graphene and film thickening. The atoms of the
central region of the bent Hg film are more strongly
bonded to the substrate and have average minimum

distance (created by 12–18 Hg atoms)  =
0.28 nm. At 600 K, the Hg film is completely trans�
formed into a droplet contacting with graphene. In

this case, average distance  increases to 0.34 nm.
A further increase in the temperature leads to a higher
rise of the majority of the droplet mass over the

graphene surface. For example, at 1100 K,  =
0.47 nm.

As the Hg film contracts into the droplet, horizon�
tal component Dxy of the mobility coefficient of mer�
cury atoms decreases, while vertical component Dz
passes through a minimum at 600 K (Fig. 2). The
smooth decrease in Dxy characterizes the rolling of the
film into a dense droplet. The behavior of component
Dz indicates that the process of droplet formation ends
at T = 600 K, and, upon a further increase in the tem�
perature, the vertical mobility is somewhat enhanced
because of a slight increase in the distance between the
droplet and the graphene surface.

The extent of the transformation of the vibrational
spectra of Hg atoms with the temperature increasing
from 300 to 1100 K is illustrated in Fig. 3. At T =
300 K, the spectrum of the horizontal vibrations is
characterized by strong bursts diminishing with fre�
quency. At 1100 K, the asymptotic of this spectrum
remains unchanged, but the intensity of the decreasing
peaks drops by six or seven times. The intensity of the
vertical vibration spectrum gradually decreases down

C Hg
minr
−

C Hg
minr
−

C Hg
minr
−

to disappearance at frequencies ω ≥ 9.1 × 1012 s–1 irre�
spective of the temperature of mercury. However, as
the temperature increases, the small�scale vibrations
imposed onto the spectrum pattern are smoothed out.
The vertical vibration spectrum is wider than the spec�
trum of horizontal vibrations of Hg atoms.

Vertical (scanned along the oz axis) density profiles
ρ(z) of mercury at 300 and 600 K are presented in
Fig. 4. The narrow ρ(z) profile measured at T = 300 K
has two sharp peaks, which suggest a predominantly
two�layer arrangement of Hg atoms on graphene.
However, at T = 600 K, the density profile widens and
shifts upward. The low intensity of the ρ(z) spectrum
at the edges and the higher density of the intense peaks
in the middle of the spectrum characterize the appear�
ance of a spherelike formation, i.e., a droplet with a
layered structure, which is evident from the large num�
ber of narrow peaks in the ρ(z) spectrum. The very
close arrangement of a number of these peaks indi�
cates the irregularity of the formed structure.

The g(r) radial distribution functions (Fig. 5) plot�
ted for the Hg atom nearest to the center of mass of liq�
uid mercury also indicate the formation of a more
compact structure at T = 1100 K than that at an initial
temperature of 300 K. The g(r) function reflects the
spherically averaged structure of liquid mercury,
including that in the horizontal plane, while the ρ(z)
function does not do so. A reduction in the number of
peaks in the g(r) function at T = 1100 K suggests the
formation of an irregular compact structure, in which
the distances to the first� and second�order neighbors
are estimated to be r1 = 0.29 nm and r2 = 0.48–
0.57 nm, respectively. The experimental values of
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these parameters for liquid mercury at 300 K are r1 =
0.31 nm and r2 = 0.59 nm [32].

Variations in the wettability that accompany mer�
cury film rolling into a droplet are evident from the
temperature dependence of calculated contact angle θ
(Fig. 6). An initial increase in the θ(T) function (up to
T = 500 K) is due to the predominance of the influ�
ence of film heating over the effect relevant to varia�
tions in its morphology. It is known that, as the tem�
perature increases, the blunt contact angle of a droplet
becomes closer to the flat angle. In spite of a notice�
able rise of the droplet over graphene, which begins
from 600 K, its separation from the substrate may only
be related to a temperature of 800 K. The calculation
at 600 K ends when seven Hg atoms are still located at
distances r from graphene shorter than distance rmin =
0.3727 nm corresponding to the minimum of the LJ
potential describing the Hg–C interactions. At 700 K
two such cases are observed, while, at T = 800 and
900 K, none take place. However, one and two Hg
atoms with  arise at T = 1000 and 1100 K,
respectively. Average angle  = 127.1°, which corre�

minr r<

θ

sponds to temperatures of 900–1100 K, may be con�
sidered to be the contact angle of a 100�atom cluster of
Hg on graphene. This angle is noticeably smaller than
the contact angle for a macroscopic droplet of mer�
cury on pyrolytic graphite (dashed line in Fig. 6) [5].
This agrees with the common ideas of a reduction in
angle θ with a decrease in the droplet radius. The inset
of Fig. 6 shows the time dependence of θ at 600 K. It
can be seen that angle θ has begun to noticeably
decrease by the end of the calculation at this tempera�
ture.

A peak at 120°, which indicates the presence of the
main elements of the two�dimensional structure, i.e.,
hexagonal honeycombs, dominates in the angular dis�
tribution of the nearest neighbors in graphene at T =
300 K (Fig. 7). Additional peaks arise in this distribu�
tion due to the high density of the Stone–Wales
defects (penta� and heptagonal cells). In spite of the
fact that 1100 K is not a high temperature for graphene
(its melting temperature is Tm = 4900 K), its structure
has already suffered from obvious changes. The peak
at 120° C has become significantly wider. Moreover,
the intensities of peaks at 30°, 90°, and 148° have sub�
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stantially increased. These changes indicate the
growth of the defects in the graphene structure at T =
1100 K. Stresses σzx and σzy, which characterize the
action of the internal horizontal forces in the graphene
plane have close values, which weakly vary with an
increase in the temperature (Fig. 8). A noticeable dif�
ference between these stresses, which is observed at
T = 300 K, disappears while approaching a tempera�
ture of 500 K. The values of stress σzz, which charac�
terizes the action of the vertically directed forces, have
the same order of magnitude as stresses σzx and σzy

have. The  function comprises two regions of the
most rapid variations, i.e., a decrease upon heating to
400 K and an increase upon heating after 1000 K. The
lowest values of σzz are observed in a temperature range
of 600–800 K, in which the majority of the droplet
mass rises over graphene.

Roughness Ra of graphene saturated with the
Stone–Wales defects rapidly increases with tempera�
ture (Fig. 9). As a result of vertical bombardment by
Xe13 clusters with an energy of 30 eV, graphene con�
taining vacancies and coated with a mercury film
acquires a roughness, which is close to Ra at 400 K
without the bombardment [20]. The strong bond
between carbon atoms in graphene is better preserved
at a high temperature (T ≥ 1000 K), when the simula�
tion is performed in terms of the Sch potential than
within the framework of the SG potential.

( )zz Tσ

DISCUSSION

Variations in the state of a liquid under a real regime
may lead to its superheating, i.e., the existence of the
liquid above the boiling temperature upon evapora�
tion. A liquid is superheated as a result of either a rapid
heating at a constant pressure or a rapid loss of sealing
at a constant temperature. In any case, the liquid
enters the region of a nonequilibrium or metastable
state, in which its temperature becomes higher than
the saturation temperature at normal pressure. The
degree of superheating for nonmetal liquids may be as
high as several hundred degrees and depends mainly
on the rate of heating or reduction in pressure. In the
limiting case of complete absence of vapor, very high
degrees of superheating may be reached. The super�
heating is eliminated via an instantaneous change in
the phase state, such as explosive boiling up. A high
superheating of a liquid is limited by homogeneous
nucleation. The ultimate superheating that has been
reached for water is (329–333) K [33, 34]. Therewith,
a critical nucleus contained nearly 20 molecules [35].

Phase transitions in metal�based systems are dis�
tinguished by some specific features. In this case, the
electronic and molecular structures of liquid and
vaporous phases occurring at equilibrium are greatly
different. For example, liquid mercury and cesium at
temperatures close to their ordinary melting points are
considered to be normal liquid metals having proper�
ties typical of a condensed state. Slight changes in the
main properties, such as electrical conductivity or
magnetic susceptibility as a result of melting show that
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the electronic structure of the liquid is similar to that
of a crystalline solid. This behavior is commonly
explained by the fact that the short�range atomic cor�
relations in a small volume are analogous for a liquid
and a crystal. In addition, the ion charges in metals are
strongly screened by conduction electrons; therefore,
the long�range order of ion potentials is of no impor�
tance for either a liquid or a solid. The unusual behav�
ior of a metal�based system is evident from the metal–
nonmetal transition, which takes place upon the evap�
oration of a dense liquid, i.e., when it passes into a rar�
efied vapor, or in the case of liquid expansion upon
heating. The low surface free energy of the majority of
nonmetal solids excludes their wettability with inert
(nonreactive) liquid metals. However, for mercury
located on glass, quartz, or sapphire, a prewetting
transition is distinctly observed. The existence of the
metal–nonmetal transition noticeably affects the
thermodynamic, structural, interfacial, and dynamic
properties of metals. The conductivity–density
dependence for bivalent mercury may be divided into
three regions.

Mercury is a polyvalent metal, which is available
for studying in the liquid state at low temperatures.
The critical point of its vapor is characterized by the
following parameters: Tc = 1751 K, pc = 167.3 MPa,
and ρc = 5.8 g/cm3. Mercury has the lowest critical
temperature of those known for all liquid metals. This
fact is of importance from the point of view of precise
measurement of physical properties at high tempera�
tures and pressures.

The experimental data on droplet evaporation on a
hot surface indicate the existence of a discontinuity in
the dependence of temperature difference

 (i denotes the interface) on vapor

pressure  [36, 37]. At a liquid–vapor interface, the
temperature is always higher on the side of the vapor.
This is explained by the fact that high�energy mole�
cules are primarily evaporated, while molecules with
lower energies remain in the droplet. A reduction in
the flux of molecules to the vapor phase is mainly
observed at high temperatures—for water, at

 [38]. The value of the temperature dis�
continuity for water may be higher than 1400 K [38].
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Fig. 6. Temperature dependences of contact angles for (1) mercury on graphene and (2) macroscopic mercury droplet on pyro�
lytic graphite [5]. The inset shows the temperature dependence of contact angle for a mercury droplet on graphene at T = 600 K.
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Mercury atoms are 11 times heavier than water mole�
cules. Mercury is characterized by another type of
interaction. It may be thought that a mercury droplet
remains stable at high temperatures because of a
reduction in the flux of Hg atoms to the vapor phase;
however, the characteristic features of this process dif�
fer from the behavior of water.

The high stability of a model mercury droplet may
also be explained as follows. The interaction potential
between two mercury atoms is, as a rule, considered to
be a potential between highly polarizable closed shells,
which permit very low migration of electron density
from one partner to another; i.e., this potential is, to
some extent, similar to a potential function that
describes the interaction between atoms of noble
gases. We have proven the formation of a mercury
droplet on graphene upon rapid heating using a calcu�
lation similar to that reported here, but performed in
terms of the Sch potential.

In [39], it was noted that the model approximations
that use pair interaction potentials to describe the liq�
uid–gas transition for mercury are rough [39]. Exper�
imental gas–liquid coexistence curves may be pre�
cisely reproduced, provided that the two�atom curves
obtained for potential energy from the former princi�
ples are supplemented with the many�particle poten�
tial, which describes the associative interaction of an
atom with neighboring atoms that altogether form a
virtual cluster. The liquid–gas transition for mercury is
distinguished by the fact that the local electronic states

change from metal to nonmetal ones because of weak�
ened many�particle interactions and decreased aver�
age coordination numbers.

According to the calculation in terms of the SG
potential, Hg film rolls into a droplet upon heating. By
the end of the calculation at 600 K, an almost spherical
droplet is formed on graphene, with the droplet

10

5

0
4

2

0 18012060

ϕ, deg

1

2

Frequency, %

Fig. 7. Angular distributions for nearest neighbors in
graphene at a high concentration of Stone–Wales defects
and different temperatures: (1) 300 and (2) 1100 K.
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Xe13 clusters with an energy of 30 eV.
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remaining near the graphene surface even at 1100 K.
When the Sch potential function is used, the distance
between the droplet and graphene rapidly increases up
to a temperature of 1000 K. No significant separation
of Hg atoms from the droplet takes place in this case.
Most likely, the SG and Sch potentials give an overes�
timated indirect effect of the electron component on
the Hg–Hg interaction, which leads to the high stabil�
ity of liquid mercury with respect to its vapor.

CONCLUSIONS

Molecular dynamics has been employed to study
the stepwise heating of a mercury film on imperfect
graphene. A graphene sheet with a high concentration
of Stone–Wales defects and hydrogenated edges has
been examined. An increase in temperature has been
shown to cause gradual rolling of the film into a drop�
let and a slow movement of the droplet away from
graphene. The horizontal component of the mobility
coefficient of Hg atoms smoothly decreases in the
course of this process, while the vertical component
nonmonotonically increases after a reduction reached
by a temperature of 600 K. As a whole, the spectra of
the horizontal and vertical vibrations of Hg atoms sim�
ilarly vary with a rise in the temperature; i.e., the
small�scale fluctuations of temperature in the spectra
are smoothed. The vertical profile of mercury density
shifts upward and widens to a size that corresponds to
the diameter of the formed liquid metal droplet. The
formation of the mercury droplet is accompanied by a
reduction in the domain of the radial distribution
function and a decrease in the number and intensity of
pronounced peaks of the g(r) dependence. An increase
in the temperature accelerates the formation of the
droplet and decreases the contact angle. In the angular
distribution of nearest neighbors, the intensity of the
main peak at 120°, which reflects the hexagonal cells,
decreases, while intense peaks corresponding to angles
of 30°, 90°, and 148° arise. The stresses in the
graphene plane that are caused by the horizontal and
vertical forces have close magnitudes in the considered
temperature range. Graphene roughness rapidly grows
with temperature, reaching a maximum value at 1000
K. Hydrogenated graphene edges are not damaged sig�
nificantly upon heating to high temperatures.

Thus, upon rapid heating, a mercury film on
graphene is transformed into a droplet with substantial
changes in atomic packing and physical properties.
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