Molecular dynamics simulation of nickel-coated graphene bending
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The work presents a force field molecular dynamics study of nickel-coated graphene sheet bending at temperatures 300 and 1300 K. Nickel
film is represented by nickel atoms located above the centres of carbon hexagons. Parameters for carbon—nickel interaction are fitted with
regard to the accurate density functional calculations. Unstrained or flat configuration of the nickel-graphene system is found to be
energetically unfavourable for the considered temperatures. Two types of curvatures are taken into account. Positive curvature is
characterised by the nickel atoms located closer to the bending axis than the carbon ones, and negative curvature corresponds to the
reverse atomic positions. It is found that the equilibrium radius for the curved nickel-graphene complex with the negative curvature is less
than the corresponding value for the positive one. However, in both cases the equilibrium curvature radius of nickel-coated graphene is of
the order of several nanometres. It is shown that both temperature and bending directions (zigzag and armchair) weakly affect the bending
energy and do not change the equilibrium radius. Bending behaviour of the system is defined by the carbon—nickel interaction rather than

the individual properties of isolated graphene and nickel films.

1. Introduction: A number of nickel-graphene structures are
regarded as promising advanced materials. Nickel-graphene
composites synthesised by electroplating in 2015 possess
improved mechanical properties in comparison with the pure
nickel [1]. Nickel passivation with the graphene grown by
chemical vapor deposition (CVD) graphene allows one to use it
as an oxidation-resistant electrode for spintronic devices [2].
Nickel-doped activated mesoporous carbon microspheres can
serve as supercapacitors [3]. Nickel can be also used as a catalyst
for graphene synthesis from polymers [4] and for transformation
of graphene flakes to fullerenes [5].

The nickel-coated carbon nanotubes and graphene are of particu-
lar interest for various applications [6—8]. In such structures nickel
is uniformly distributed on the carbon surface that leads to the sig-
nificant modification of their properties. Moreover, nickel coating
allows one to embed carbon structures into the aluminium [9] or
gold [10] matrices. Nickel-coated nanotubes can be synthesised
by electron-beam evaporation [11]. They possess the metallic be-
haviour regardless of their chirality. Nickel strongly affects the
mechanical [12-14] and thermal [15] properties of the pristine
nanotubes. Molecular dynamics (MD) studies of nickel-coated gra-
phene also reveal the influence of nickel on the kinetic and mech-
anical properties of graphene sheet [16-18]. Galashev et al. [16,
18] show that the nickel films on graphene retain their stability
even at very high temperatures up to 1800 K.

Recently, Hu et al. [19] proposed an efficient electroless
Ni-plating method for the nickel-graphene sheets synthesis. In
the obtained nickel-graphene composite, nickel atoms demon-
strated high dispersion without aggregation. Stacking of nickel-
coated sheets resulted in formation of pores with the average size
~4 nm [19]. This fact confirms that the nickel-coated sheets tend
to become crumpled with the curvature radius of several nano-
metres instead of remain flat. However, in the previous calculations
[16-18] the authors considered the absolutely flat sheet under peri-
odical boundary conditions that is not suitable for crumpling mod-
elling. At the same time, graphene on the rigid substrate not always
remains flat [20-27]. In the latest years, the morphologies of gra-
phene on the corrugated surface [20-23] and substrate-supported
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nanowires [24] or nanoparticles [25] were studied in detail. It was
shown that the graphene curvature can be efficiently tuned
through the substrate roughness [20-23]. Graphene can be flat or
partial conformation to the substrate depending on its size [22]
and thickness [20] as well as the geometries of the substrate corru-
gations [20-23, 26, 27] or nanoparticles [24, 25].

Here we present a MD study of nickel-coated graphene flake
bending. We reveal the energetically favourable curvature for
such systems at both room and high temperatures.

2. Computational details: In our study graphene is represented by
square 4 x4 nm* Cg7g carbon cluster, and 304 nickel atoms are
placed above the centres of hexagons on the same side of the
carbon monolayer. Such position of nickel atoms was used earlier
in [12-14] to simulate the nickel-coated carbon nanotubes. In
addition, recent theoretical studies in the frame of density
functional theory confirm that such location of nickel atoms on
the graphene surface is the most energetically favourable one [28].

To simulate the curved graphene, we transform flat carbon
network to the part of cylinder surface with the radius R retaining
all C-C distances unchanged. It should be noted that flat nickel-
coated graphene was obtained by the method of structural relaxation
so that the corresponding initial configuration relaxed to a state with
an energy minimum under the influence of intramolecular forces
only. The edge carbon atoms stay fixed under the relaxation
(Fig. 1). The cylinder main axis can be perpendicular to the
zigzag (see Fig. la) or to the armchair (see Fig. 1b) direction.
During the MD simulations carbon atoms on the two cluster bound-
aries parallel to the cylinder main axis remain fixed to retain the
constant curvature, as it is presented in Fig. 1. The curvature & of
the surface is defined as k== 1/R, where the ‘minus’ sign is used
for the case when the nickel atoms are inside the carbon cylinder
(i.e. they are closer to the cylinder axis than the carbon ones),
and ‘plus’ sign corresponds to the case when the nickel atoms are
outside the carbon cylinder.

For every MD run the corresponding initial curved configuration
was constructed from the flat sample as it was described above. MD
simulations are carried out using the velocity Verlet algorithm for
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Fig. 1 Atomistic model of nickel-coated graphene cluster Cg75Nizo4 with
a Zigzag curvature

b Armchair curvature

Blue, grey, and red spheres correspond to nickel, free, and fixed carbon
atoms, respectively

the total period of time 2 ns with the time step 0.2 fs. In order to
provide the constant temperature, we replace the velocities of all
atoms in the system by the Maxwell distributed random values
every 50 fs. Such procedure is rather effective for the simulation
of the system interaction with the thermostat [29, 30].
Thermalisation of the system occurs during the first nanosecond,
then the potential energy of the system is calculated every 10 fs
and averaged. MD calculations were carried out for room tempera-
ture (300 K) and for 7=1300 K. Note that for the MD simulations
our own Fortran program based on the empirical potential presented
below was used.

The potential energy U of the carbon—nickel system is defined as
a sum of three terms

U= UC—C + UNi—Ni + UC_Ni, (1)

that describe carbon—carbon, nickel-nickel, and carbon—nickel
interactions, respectively.

The first term U< € is calculated as a sum of the Brenner many-
body empirical potential [31] and the Lennard-Jones pair non-
covalent attraction with the parameters adopted from [32]. The
second term UN"N is obtained using the bond-order approach pro-
posed by Shibuta and Maruyama [33]. The last term U™ can be
calculated in the frame of the same approach [33] as it was done in
[12, 34]. However, parameters of this model are derived from the
density functional calculations of small clusters NiC, NiCj, and
NiCy, that are significantly different from the nickel-graphene
system considered in this work. Thus, the transferability of this
model raises some doubts. A number of recent studies used the
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sum of pair Morse terms for the description of carbon—nickel inter-
action [16, 17, 35-37]

. C—Ni 2
UC‘N‘=ZUO[<1—e—B(" —Re)> —1}, 2)

where the summation is performed for all carbon-nickel atomic
pairs, *“ ™ is the distance between the carbon and the nickel
atom, Uy, f, and R, are the fitting parameters. It was shown that
the different values of these parameters led to the qualitatively dif-
ferent interaction character between the nickel nanoparticle and the
carbon nanotube [29]. Therefore, the correct choice of the param-
eter set is one of the crucial problems.

To describe adequately the C—Ni interaction in curved nickel-
coated graphene, we choose C,4y fullerene with adsorbed Ni
atom on its surface as a relevant system for approbation the different
C—Ni interaction models. We find the equilibrium position of nickel
atom above the centre of carbon hexagon, and calculate the adsorp-
tion energy E,, mean C—Ni distance /c_y;, and second derivative of
total energy with respect to coordinate 0°U/dr* using different
methods. Adsorption energy is defined as

E, = U(CyyoNi) — U(Cyy9) — U(Ni), 3)

where U(Cy40Ni), U(Caq9), and U(Ni) are the total energies of
fullerene-nickel complex, fullerene C,49, and isolated nickel
atom, respectively. Geometry optimisation is performed using the
Newton—Raphson method until the residual forces acting on
atoms are <0.005 eV/A. The value of Ic_y; is defined as the arith-
metic mean of the six distances between the nickel atom and the
vertices of corresponding carbon hexagon (these six distances
may vary slightly from the average for ~0.1 A [38]). The second
derivative of total energy with respect to coordinate is defined as

az_U_ U(rg+ Ar) + U(ry — Ar) = 2U(ry)
o2 Ar? ’

“4)

where U(ro+Ar), U(rg—Ar), and U(ry) are the total energies of
Cy4oNi complexes where Ni atom is located at distances of
ro+Ar, ro—Ar, and ro from the hexagon plane, respectively. Note
that ry is the equilibrium distance specified by the method of calcu-
lation, and Ar is equal to 0.05 A for all considered methods.

Results obtained using various empirical approaches are further
compared with the more accurate data computed by means of
density functional theory using the TeraChem program package
[39-42]. Restricted open-shell formalism is applied. The Perdew—
Burke—Ernzerhof functional with the 6-311G(d,p)/LANL2DZ mul-
tibasis set is used [43—47]. Grimme’s D3 dispersion corrections
[48] are also taken into account. All obtained data are summarised
in Table 1.

As one can see from Table 1, the bond order potential [33] as
well as two parameter sets for Morse potential used in [35, 36]
cannot describe the interaction between the nickel atom and fuller-
ene surface correctly. Therefore, we present original Morse para-
meters that reproduce exactly the DFT-D3 data for the C,4oNi
complex (they are also presented in Table 1). In our opinion,
these parameters are more suitable for curved nickel-coated gra-
phene simulation especially when the nickel atoms are located
near their equilibrium positions above the centres of carbon hexa-
gons. Thus, we use them in the present study.

3. Results and discussion: We obtain the dependence of mean
potential energy AU of bent C475Nizg4 cluster on its zigzag and
armchair curvatures k. Calculation results are presented in Fig. 2.
Note that the energy of unstrained (i.e. flat) cluster is taken as a
reference point. The general appearance of such dependence is
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Table 1 Adsorption energies E,, mean C-Ni distances /c_y;, and second derivatives of the total energy ?U/or* calculated for the C,goNi complex using
different theoretical approaches. Corresponding Morse parameters are also presented (see (2))

Method Morse parameters Calculated data
Uy, eV B, /A R., A E, eV Ioni A PU/or%, eV/A?
bond order [33] — — 7.46 1.990 12.15
Morse I [35] 2431 3.295 1.763 18.17 1.726 42.04
Morse I [36] 0.3 2.0 2.0 4.02 1.719 2.05
Morse 111 (this work) 0.433 3.244 2.316 428 2.191 9.14
DFT-D3 — — 428 2.191 9.14
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Fig. 2 Mean potential energy AU of curved Cg75Nis3p cluster as a function
of

a Zigzag curvature

b Armchair curvature £ at 7=300 K (blue) and 7=1300 K (red)

Energy of unstrained (i.e. flat) cluster is taken as a reference point

the same for both zigzag and armchair curvature directions and for
different temperatures 300 and 1300 K. Unstrained (flat)
configuration of the Cg7gNi3g4 cluster is found to be energetically
unfavourable. Maximum energy gains are achieved at negative
curvature (nickel inside) corresponding to the radius R=25 A.
They are equal to 26 and 24 meV per carbon atom at 7=300 and
T=1300 K, respectively. For the positive curvature (nickel
outside) maximum energy gains are achieved at R=35 A. They
are equal to 24 and 23 meV per carbon atom at 7=300 and
T=1300 K, respectively. These values are of the same order of
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k, A
b

Fig. 3 Mean potential energy components AUXX (X=C, Ni) of curved
Ce78Nizo4 cluster as a function of

a Zigzag curvature

b Armchair curvature & at 7=300 K

Energy components of unstrained (i.e. flat) cluster are taken as reference
points

magnitude as the typical van-der-Waals interaction of graphene
with the substrate. Therefore, the presence of substrate under
graphene can prevent the bending.

Note that the global energy minima correspond to the configur-
ation with the negative curvature. This fact is rather unexpected
due to the lattice constants mismatch of graphene and nickel film.
The distance between the centres of neighbouring hexagons in
ideal graphene is equal to 1.424/3 & 2.46 A. According to the
model [33], the optimal distance between the six-coordinated

Micro & Nano Letters, 2018, Vol. 13, Iss. 2, pp. 160-164
doi: 10.1049/mnl.2017.0460



21

_4 1 1 1 1

-0.08 -0.06 -0.04 -0.02 0

k, A
a

0.02 0.04 0.06

%]
T

AEXX eV

_4 1 1 1 1

-0.08 -0.06 -0.04 -0.02 0

k, Al
b

0.02 0.04 0.06

Fig. 4 Differences AEX™ (X=C, Ni) of mean potential energy components
AU X at T=1300 K and T= 300 K for curved Cg78Nisz04 cluster as a finc-
tion of

a Zigzag curvature

b Armchair curvature k
Energy components AU
reference points

of unstrained (i.e. flat) cluster are taken as

nickel atoms is slightly higher (~1%). It is expected that
nickel-graphene system will tend to the geometry with the positive
curvature to release the strain. However, the configuration with
negative curvature is more favourable. Thus, the stretching/com-
pressing of nickel and carbon sheets plays a minor role in the
bending of graphene—nickel system considered.

To provide the further insight we regard the dependence of every
component of mean potential energy AU = U (k)-U""(0),
AUNNiZ gNNiy NN ) and T AUCN = NI ©Ni()
on k. The energies US(0), UN™N(0), and U™N(0) correspond
to the energies of the unstrained system with zero curvature. They
are taken as the reference points. Results obtained for the case of
zigzag (Fig. 3a) and armchair (Fig. 3b) bending directions differ
from each other very slightly. One can see that both AU and
AUN™N are positive at any non-zero k due to the contribution of
the graphene and nickel film elastic deformation energies arising
from bending.

Only AUS™ component is negative, but it has the highest abso-
lute value at any non-zero k <0.03 1/A. This component defines the
system tendency to become curved rather than flat. At high positive
curvatures (k>0.03 1/A) the graphene—nickel interaction becomes
weaker. Thus, the nickel film partially relaxes and reduces its
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energy. From Fig. 2 one can see that the temperature increase
from 300 to 1300 K does not change the optimal curvatures and
slightly (~1 meV per carbon atom) decreases the energy difference
between the curved and flat configurations. Fig. 4 presents the
energy  differences AECC=AU(1300 K)-AU“ (300 K),
AENTNI= AUNTNi(1300 K)-AUN N300 K),  and  AENi=
AUS™N(1300 K)-AU“™(300 K) as a function of zigzag and arm-
chair curvatures (Figs. 4a and b, respectively). High temperatures
facilitate the bending of both graphene and nickel films regarded
separately. At the same time, more intensive contribution of
carbon—nickel interaction leads to the opposite result. Finally,
high temperatures tend to make the bending process less favourable,
but this effect in insignificant in the range of 7=300-1300 K.

4. Conclusion: In this Letter, the bending of nickel-coated
graphene flake was studied. We found that the bending of such
system leads to the energy gain ~25 meV per carbon atom.
Equilibrium curvatures correspond to a few nanometres radii and
depend on the curvature sign of the system. Bending direction
(zigzag or armchair) has the minor impact on the process.
Temperature rise tends to hinder the bending effect, but remains
negligible up to 1300 K.

The bending mechanism of nickel-coated graphene is not deter-
mined by a simple sum of such characteristics of graphene and
nickel films. It is dominated by carbon—nickel interaction in this
complex and qualitatively differs from the bending behaviour of
carbon and nickel components regarded separately. Note that the
empirical transferable potential obtained for this study can be suc-
cessfully generalised to the other carbon—nickel systems, such as
doped fullerenes, nickel-coated phagraphene or carbon nanotubes,
nickel clusters on the wrinkled and crumpled graphenes [49, 50].
In addition, the results presented here confirm the tendency of the
nickel-coated graphene to become crumpled rather than flat that
qualitatively explains the appearance of nanometre sized pores in
nickel-graphene composites prepared recently [19].
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project no. 16 32-60081 mol_a_dk.
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