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Abstract—The structural, kinetic, and adhesion properties of nickel and mercury films on two- and one-layer
graphene are studied by molecular dynamics simulation upon heating to 3300 and 1100 K, respectively. Two-
sided coating of graphene with nickel retards the flow of metal atoms over the surface at T > 1800 K. In the pres-
ence of mercury on graphene, Stone–Wales defects and the hydrated edges of the graphene sheet withstand an
increase in the temperature up to 800 K. As the temperature increases, the Hg film coagulates into a drop.
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INTRODUCTION
Single-layer graphene is a semimetal, has no band

gap, and cannot be used an electronic device element.
Two-layer graphene is a semiconductor; i.e., it has a
band gap. Its properties depend on the rotation of
graphene sheets with respect to each other, which can
be performed by changing an electric field applied
across the layers.

The most promising field of application of
graphene is the creation of composite materials with
metals, such as aluminum, copper, and nickel [1–4].
Here, nickel occupies a prominent place due to the
possibility of its synthesis using graphene, mainly
multilayer graphene. Nickel belongs to the materials
that strongly interact with graphene. The chemical
interaction between graphene and nickel takes place
due to the hybridization of the d electrons of the metal
and the π orbitals of graphene. As a result, the physical
properties of graphene change significantly. The band
gap in the electronic structure becomes open and the
π band shifts to ~2 eV below the Fermi level. Ferro-
magnetic nickel imparts a magnetic moment to
graphene. The changes in the electronic spectrum
influence the dispersion of phonons, and a graphene
monolayer on nickel does not produce a Raman spec-
trum.

Nickel can be used as a catalytic substrate with a
high carbon solubility [5]. The formation of graphene
on this substrate occurs in the following two stages:
(i) dissolution of carbon in the metal and (ii) precipi-

tation of graphene on the surface. Single-layer
graphene can be synthesized on a smooth surface, and
multilayer graphene or graphite can be grown on a ter-
raced surface.

The authors of [6] proposed to use graphene-based
composite membranes to assemble mercury. The
structure and the physical properties of the liquid mer-
cury/graphene interface have not yet been studied,
and the prospects of application of graphene as a filter
dictate the necessity of its investigation. Liquid mer-
cury cannot wet graphite: mercury drops formed on
highly ordered pyrolitic graphite has a contact angle of
152.5° [7]. Carbon nanotubes also cannot be wet with
mercury, as with any liquid metal having surface ten-
sion γ higher than 0.18 N/m [8]. The surface tension of
mercury is 0.46 N/m. Nevertheless, the internal space
of a carbon nanotube can be wet and filled mercury via
electrowetting [9].

The purpose of this work is to study the morphol-
ogy and the change in the physical properties of the
nickel and mercury films grown on perfect two-layer
graphene and one-layer edge-hydrogenated graphene
with a high concentration of Stone–Wales defects,
respectively, during rapid heating.

COMPUTER MODEL

The calculations were performed by a classical
molecular dynamics simulation. The following three
types of empirical potentials describing interactions
were used for the calculations: carbon–carbon
(in graphene), metal–metal, and metal–carbon. The
Tersoff potential [10, 11]

1 Articles presented on 14 Russian conference “Structure and
Properties of Metal and Slag Melts” (MIShR-14, September 21‒25,
2015, Yekaterinburg).
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 (1)

was used as the base of representing the interactions in
graphene. Here, subscripts i, j, and k designate carbon
atoms;  is the  bond length; and  is the angle
between bonds  and  The parameters of Eq. (1)
are taken from [11] except for parameter S.

This potential has to be modified for a two-dimen-
sional (such as graphene) system with a covalent bond
to be simulated [12]. In our model, the maximum cov-
erage of covalent interaction (S) was increased from
0.21 to 0.23 nm. A very weak Lennard-Jones interac-
tion with the parameters from [12], which have a char-
acter of attraction, was operative beyond the limits of
covalent interaction. “Deceleration” at each atomic
site of graphene at force  where torque
potential  was determined in [12], was applied
to prevent the rotation of a graphene sheet.

The Ni–Ni interaction was represented by the Sut-
ton–Chen potential [13]

 (2)

where

The parameters of potential  namely, ε, a, c, m, n,
are given in [13]. The Ni–C interactions were set by
the Morse potential with the parameters of the
Ni(001)–graphene system presented in [14].

The following two systems are studied to analyze
the stability of nickel films on perfect two-layer
graphene (graphene-(2)): system I is a Ni film on
graphene-(2), and system II is graphene-(2) coated
with identical Ni films on either side. The calculations
started at a temperature of 300 K. Every 1 mln time
step, the temperature was increased by 500 K and the
next calculation of the same time was performed. The
last calculation corresponded to a temperature of
3300 K. The details of simulation of nickel and mer-
cury films are similar and will be described below.

As a rule, pair potentials are used to simulate the
Hg–Hg interaction, and the simplest potential among
them is the Lennard-Jones (LJ) potential. The param-

eters of this potential were chosen according to the
data on the viscosity of gaseous mercury [15].

The Silver–Goldman (SG) potential is adjusted to
ab initio data and gives good agreement with the
experimental results obtained for spectroscopic con-
stants [16]. The SG potential is based on the Hartree–
Fock dispersion model

(3)

where

The potential parameters are given in [16].

The graphene–mercury interaction was described
by the LJ potential with the parameters from [17].
Mercury was initially deposited onto graphene in the
form of a film, since mercury wets glass, sapphire, and
pyrolitic graphite under certain conditions. 50 Hg
atoms were randomly deposited onto the graphene
sheet made of 406 C atoms with six Stone–Wales
defects. The system was initially balanced in an MD
calculation with 200000 time steps  = 0.2 fs). The
basic calculations were preformed from a temperature
of 300 K. The system temperature was increased by
100 K every 106 time step. The end of calculation cor-
responded to a temperature of 1100 K. The equations
of motion were solved by the Runge–Kutta method.

The hydrogenation of graphene creates small sur-
face corrugation, which also increases the adhesion of
the metal to graphene. The preliminary partial hydro-
genation allowed us to harden graphene ribs and to
stabilize bivacancies. An H atom is effectively added to
every boundary C atom, including the vicinity of a
bivacancy. More specifically, the entire CH group
rather than individual H atoms were considered when
interactions were taken into account. The LJ parame-
ters of interactions between CH groups are given in
[19]. The Lorentz–Berthelot rule was used to deter-
mine the LJ parameters of the C–CH interactions.
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The self-diffusion coefficient is determined in terms
of the average metal atom displacement squared [20],

 (4)

where  is the space dimension,  means time
averaging and n is the number of time intervals used to
determine  Here, the time average was
determined by averaging five curves calculated in a
range of 40 ps (or 200000 ).

Contact angle θ between the mercury drop (film)
surface and graphene was calculated by dividing the
maximum horizontal section of the drop into the fol-
lowing three regions: (i) the circle of constant area that
determines the area of contact with graphene, (ii) the
ring that includes the projections of the neighbors
nearest to region (i), and (iii) a similar ring to reveal
external drop atoms. The Hg atoms nearest to the
graphene surface were located in regions (i) and (ii).
The parameters of searching for angle θ were empiri-
cally chosen. The averaging over the ring size and the
heights of Hg atoms (or the number of chosen Hg
atoms) in zones (ii) and (iii) gave average horizontal
and vertical coordinates to find tgθ. Time averaging
was used to determine angle θ.

The calculations were performed on the URAN
hybrid cluster computer in the Institute of Mathemat-
ics and Mechanics, Ural Branch, Russian Academy of
Sciences.

CALCULATION RESULTS
Figure 1 shows the configurations of the nickel–

graphene-(2) system with one-sided coating of
graphene with the metal that belong to a time of 200 ps
and temperatures of 300 and 3300 K. At 300 K, Ni
atoms coagulate into a dense two-dimensional “drop.”
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Both graphene sheets retain a regular hexagonal cellu-
lar structure at this temperature. At 3300 K, the verti-
ces of the sheets bulge. Atomic disordering takes place
in the vicinity of the sheet edges and C atoms do not
leave the sheets. At 3300 K, more than half the Ni
atoms evaporated.

Figure 2 shows the radial distribution functions
 plotted for the Ni atom that is nearest to the

centers of the upper and lower graphene sheets at T =
300 K. The Ni atoms on the upper sheet form a com-
pact group, which is indicated by the high first peak
and the rather high second peak (other peaks are
weak). The Ni atoms on the lower graphene sheet are
much more uniformly distributed. Four peaks (with
subpeaks) are clearly visible here, and the intensity of
the first peak is substantially lower (by a factor of 2.5).
On the whole, the shapes of these functions point to
different atomic arrangement with respect to the small
central region in the upper and lower sheets. The lower
sheet is much weakly deformed than the upper sheet,
which is related to the fact that Ni atoms leave it faster.

Figure 3 depicts the kinetics of Ni atoms on the sur-
face of graphene-(2). It is seen that the mobility of Ni
atoms in horizontal directions  for system I first
decreases up to a temperature of 1800 K and then
increases sharply (Fig. 3a). The initial decrease in
coefficient  is related to the enhancement of the
adhesion of Ni atoms to the graphene substrate up to a
certain threshold temperature. The second cause of
this decrease is the densification of the nickel film on
graphene, which occurs due to the discrepancy
between the initial Ni density and the density in the
condensed state. The experimental melting tempera-
ture of nickel is  = 1726 K. Therefore, the further
increase in the temperature (above 1800 K) is most
likely to cause melting of the film and the related
increase in mobility . At T > 2300 K,  of the

Ni Ni( ) ,g r −

xyD

xyD

mT

xyD xyD

Fig. 1. Structure of two-layer graphene with a nickel film that corresponds to a time of 200 ps at a temperature of (a) 300 and
(b) 3300 K. The atomic coordinates are given in angstroms.
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one-sided Ni film continues to grow with temperature
and this growth is moderate. Coefficient  for the
nickel films of system II behaves differently. In this
case,  increases almost monotonically with tem-
perature, which is characteristic of both the upper and
lower Ni films. This behavior of  is explained by
predominant strong Ni–Ni interactions between
atoms in a film as compared to the analogous interac-
tions between the metallic atoms belonging to different
films and to Ni–C interactions. Note that  in the
upper Ni film is substantially lower than  of the
lower film at all temperatures.

Components  of the mobility of Ni atoms in the
vertical direction also behave differently in systems I
and II when temperature increases (Fig. 3b). Coeffi-
cient  in system I retains a stable low value up to a
temperature of 1800 K. At higher temperatures,  of
Ni atoms in this system increases sharply. Such a sharp
increase in  is absent in system II. Here, coefficient

 of Ni atoms first increases insignificantly (to a tem-
perature of 1800 K for the upper Ni film and to T =
1300 K for the lower film) and then oscillates, slightly
increasing at a temperature of 3300 K. The substantial
increase in coefficient  in system I at T > 1800 K is
caused by the evaporation of some Ni atoms from the
graphene sheet surface, which occurs predominantly

xyD

xyD

xyD

xyD
xyD

zD

zD
zD
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zD

straight up [21, 22]. The interaction of the Ni atoms
belonging to different films restricts this process in
system II. Here, the Ni atoms that leave the graphene
surface have higher horizontal velocity components.

Figure 4 shows the changes that occur in the mer-
cury film on graphene upon heating. The liquid metal
film begins to separate out from graphene at T =
300 K, which manifests itself in rising the edges of the
film over graphene and its thickening. Atoms from the
central part of the bent Hg film are more strongly
bound to the substrate and have an average minimum
distance  = 0.28 nm, which is created by 12–
18 atoms. At a temperature of 600 K, the Hg film
finally transforms into a drop, which is in contact with
graphene. In this case, the average distance increases
to  = 0.34 nm. The further increase in the tem-
perature results in rising the drop mass above the
graphene surface. At 1100 K, the average distance is

 = 0.47 nm.

The radial distribution functions  of the Hg
atom nearest to the center of the liquid mercury mass

min
C Hgr −

min
C Hgr −

min
C Hgr −

( ),g r

Fig. 2. Radial distribution functions for nickel films on
graphene at T = 300 K: (a) upper and (b) lower Ni films.
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Fig. 3. Self-diffusion coefficient of nickel atoms in (a) hor-
izontal plane and (b) vertical direction: (1) one top Ni film
on two-layer graphene and (2) upper and (3) lower Ni
films on two-layer graphene coated on both sides.
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also indicate the formation of a more compact struc-
ture at T = 1100 K than at 300 K (Fig. 5). Function

 reflects the spherically averaged structure of liq-
uid mercury. The decrease in the number of peaks of
function  at T = 1100 K evidences the formation
of an irregular compact structure, where the distance
to the nearest neighbors is estimated to be  = 0.29 nm
and the distance to the next-nearest neighbors is  =
0.48–0.57 nm. The experimental values of these quan-
tities for liquid mercury at 300 K are  = 0.31 nm and

 = 0.59 nm [23].

( ),g r

( ),g r

1r
2r

1r
2r

When the Hg coagulates into a drop, horizontal
mobility component  of mercury atoms decreases
and vertical component  passes through a minimum
at a temperature of 600 K (Fig. 6). The smooth
decrease in  characterizes the coagulation of the
film into a dense drop. The behavior of  indicates
that drop formation ends at T = 600 K and that the fur-
ther increase in temperature slightly enhances the ver-
tical mobility due to an insignificant increase in the
distance between the drop and the graphene surface.
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Fig. 4. Configurations of the system consisting of an Hg film on partly hydrated imperfect graphene that were obtained upon step-
like heating at a temperature of (a) 300 and (b) 1100 K. The atomic coordinates are given in angstroms.
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The change in the wettability during the coagula-
tion of the mercury film into a drop can be traced from
the temperature dependence of calculated contact
angle θ (Fig. 7). As temperature increases, the obtuse
contact angle of the drop becomes closer to the f lat
angle. Despite noticeable rising of the drop above
graphene, which begins at a temperature of 600 K, the
separation of the drop from the substrate can only be
attributed to a temperature of 800 K. The average
angle corresponding to 900–1100 K  = 127.1° can be
considered as the contact angle of a 100-atom Hg clus-
ter on graphene. This angle is significantly lower than
the contact angle of a mercury droplet on pyrolitic
graphite (Fig. 7, dashed line) [7]. This behavior agrees
with the generally accepted concepts of a decrease in
angle θ when the drop radius decreases. The inset to
Fig. 7 shows the time dependence of angle θ at a tem-
perature of 600 K. Angle θ is seen to decrease notice-
ably at the end of calculation at this temperature.

CONCLUSIONS

A molecular dynamics simulation was used to study
the behavior of monoatomic nickel films on graphene-(2)
upon heating from 300 to 3300 K. The presence of the
second graphene sheet significantly enhances the
resistance of the planar hexagonal cellular structure to
heating. When the system is heated, the nickel film is
destroyed. However, even at T = 3300 K, some Ni
atoms are retained on the upper graphene sheet irre-
spective of whether the lower sheet was preliminarily
coated with the metal. The lower graphene sheet loses
all Ni atoms at a temperature of 3300 K. The tempera-
ture dependences of the horizontal and vertical com-
ponents of the self-diffusion coefficient of Ni atoms

θ

have a pronounced inflection point at T = 1800 K in
the case of coating of graphene-(2) with a metal film
on one side. However, when metal films are deposited
on both sides, dependence  increases monotoni-
cally for each coating, and  of the lower Ni film
is significantly higher than that of the upper film. The

 dependences for the upper and lower nickel films
have an insignificant inflection point at T = 1800 K.

A graphene sheet covered with a mercury film and
having a high concentration of Stone–Wales defects
was studied. The edges of the sheet were hydrated. An
increase in the temperature led to gradual coagulation
of the film into a drop and slow separation of the drop
from graphene. The formation of a mercury drop is
accompanied by a decrease in the domain of a radial
distribution function, the number of pronounced 
peaks, and their intensities. The horizontal compo-
nent of the mobility of Hg atoms decreased gradually
during this process, and the vertical component
increased nonmonotonically after the decrease reached
to a temperature of 600 K. An increase in temperature
accelerates the formation of a drop and decreases the
contact angle of the drop.

Thus, the presence of Ni films on both sides of
graphene-(2) creates a stabilizing effect for Ni atoms
to be held on graphene. Upon rapid heating, the mer-
cury film on graphene transforms into a drop, which is
accompanied by a substantial change in the atomic
packing and the physical properties.
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