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Effect of applied force and atomic organization of
copper on its adhesion to a graphene substrate
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Copper/graphene composites are lightweight and possess many attractive properties such as improved
mechanical, electrical, and thermal properties. The organization of copper atoms at the copper/
graphene interface highly influences the abovementioned properties. In this study, the organization of
copper atoms and applied force-induced desorption of copper from a graphene substrate were studied
via molecular dynamics (MD) simulation. The copper atoms were organized in face-centred cubic (fcc)
and hexagonal close-packed (hcp) lattices over the graphene substrate. However, at the copper/
graphene interface, copper atoms were organized in the {111} facet of the fcc lattice. The applied force-
induced desorption of copper atoms from a graphene substrate was studied at high temperature (T =
1000 K). A critical force was required to be exceeded before the detachment of copper atoms from the
substrate. It was found that a higher critical force was required to remove copper atoms from the
graphene substrate in the z-direction (perpendicular to the substrate) compared to that in the
x-direction. The outcome of this study may provide useful scientific information about the metal/
graphene interface properties, which will help enhance the performance of graphene-based metallic

rsc.li/rsc-advances nanocomposites.

1. Introduction

Addition of graphene into a metal matrix has been found to
improve the properties, including mechanical* and electrical®*
properties, of the composites. Dispersion of graphene into
a metal matrix, which is the most important factor to manage
the properties of a metal nanocomposite, depends on the
interaction of graphene with the metal under the stagnant
condition. However, some studies have also reported that gra-
phene reinforcement in metals decreases its mechanical prop-
erties.*® The reasons for this behaviour are poor graphene/
metal interface bonding and high processing temperatures. In
this study, physical bonding of copper atoms with graphene
during adsorption and applied force-induced desorption was
described. The interaction potentials or physical bonding
between graphene and copper atoms may lead to the self-
organization of the copper atoms over the graphene substrate.
The organization of copper atoms over the graphene substrate
has been studied to find a methodology for the modification of
the existing characteristics of graphene to further enhance the
physical bonding between copper and the graphene substrate.
The applied force-induced desorption of copper atoms was
investigated to observe the behaviour of atoms at the interface
under various physical load conditions. The results of this study
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will provide a comprehensive understanding to the researchers
for the better design of metal/graphene composites.

Studies reported to date®*” suggest that metal atoms make
a sheathing arrangement on the graphene surface. The maximum
contact area between the metal matrix and graphene during the
metal sheathing process enhances the strength of the interface.
Hwang et al.® showed that reduced graphene oxide was uniformly
dispersed in the copper matrix and acquired significantly
improved mechanical performance by a molecular-level mixing
method. Li et al.’® found that the Ni-coated graphene flakes not
only prohibited agglomeration but also enhanced the bonding
strength between graphene and the copper matrix. Despite a large
number of experimental studies, there are only a few studies re-
ported on the atomic molecular dynamic simulations of copper/
graphene nanocomposites.”** Amal et al>* investigated the
formation of atomic nanoclusters over graphene sheets using
molecular dynamics simulations. They considered Cu, Ag, Au, Li,
Na, and K atoms for deposition over a graphene substrate. They
observed that Ag, Au, and Cu formed aggregates and made
nanoclusters of different shapes and sizes, which randomly
distributed on the graphene substrate. On the contrary, Li, Na,
and K created a monoatomic layer over the graphene substrate.
However, they have not shown the organization of metal atoms
over the hexagonal arrangement of the carbon atoms of graphene.
Duan et al.” investigated the mechanical properties of copper/
graphene nanocomposites using molecular dynamics simula-
tion. They found that Young's modulus, tensile strength, and the
fracture strain of graphene nanoribbon/copper nanocomposites
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increased as the number of graphene layers increased. Despite
these studies, the organization of copper atoms over the hexag-
onal arrangement of carbon atoms at equilibrium and under the
application of external loads still needs to be explored. To the best
of our knowledge, the organization of copper atoms in the pres-
ence of graphene using molecular dynamics simulation has not
been studied to date.

In this study, a comprehensive study was performed to
address the organization of copper atoms over the graphene
substrate at equilibrium adsorption and applied force-induced
desorption using molecular dynamic simulation. In the first
step, adsorption and organization of copper atoms over a gra-
phene substrate was simulated. In the second step, a constant
force was applied on each copper atom to study the organiza-
tion during the desorption processes. The Steinhardt-Nelson
order parameters, adaptive common neighbour analysis, radial
distribution function, and potential energy evolution were used
to characterize the organization of copper atoms over the gra-
phene substrate.

2. Methodology

Constant-temperature molecular dynamics simulation® was
applied in this study. Molecular dynamics simulation, visuali-
zation, and analysis of a copper/graphene composite system
was carried out using a large scale atomic/molecular massively
parallel simulator (LAMMPS),** visual molecular dynamics
(VMD),** and open visualization tool (OVITO)* software pack-
ages, respectively. The embedded atom method (EAM) potential
was used for the interaction potentials of copper according to
Mendelev et al* The total interaction potentials for copper
atoms E¢, were calculated by

N-1 N N
Ecy = Z Z f/’g/(rij) + ZFi(Pi) (1)

i=1 j=itl i=1
where N is the number of copper atoms, r; is the separation
between the i™ and j™ copper atom, @ is the pair potential, and
F{p;) represents the embedding energy with the electron density

of copper p;.

The non-bonded interaction parameters between the copper
and carbon atoms of the graphene substrate were calculated
through a 12 — 6 Lennard Jones potential given in the eqn (2),

By = e (7) - (7<) ] ©)

r

where ec,¢ and ocuc are the Lennard Jones parameters for
energy and interatomic distance, respectively. Herein, the
values of Lennard Jones parameters®*® were as follows: ecy_c =
0.02578 eV and o¢,_c = 3.0825 A. All the copper atoms were
subjected to an external force (Fe.), whenever required, in
addition to the abovementioned EAM and 12 — 6 Lennard Jones
interaction potentials. The equation of motion of a copper atom
due to the external forces and various interaction potentials can
be written as follows:

&r S
m d[Z’ = —V,E + Fexl (3)
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where E is the total potential energy. The molecular dynamics
simulation was carried out in an NVT ensemble. The Nose-
Hoover thermostat®*® was implemented to control the desired
temperature of the system along with the velocity-Verlet algo-
rithm?" with a time step of 1 femtosecond.

2.1. Adaptive common neighbor analysis (a-CNA)

The a-CNA was carried out for the identification of the structural
organization of copper atoms. It provides a precise classifica-
tion of the atomic organizations such as fec, bee, hep, ico, and
others using only the position (x, y, and z coordinates) of each
copper atom. In the a-CNA analysis, the local crystal structure of
copper atoms was identified via calculations of three integers
(7eny M1, and nyp) for each central copper atom.*>=** The first
integer n., is the number of copper atoms that are neighbors to
both atoms in the pair, which are named as common neighbors.
The second integer ny, is the total number of bonds between n,
common neighbors of copper atoms. The third integer 7, is
the number of bonds in the longest continuous chain formed by
the n, bonds between common neighbors of copper atoms. In
the perfect fcc atoms, all pairs are of the type (ncn, 1p, Miep) = (4,
2, 1) or simply known as 421. Similarly, for a perfect hep, 50% of
the pairs are of type 422 and other 50% are of type 421. The
OVITO package®*® was used to compute the a-CNA for each
copper atom during the simulations.

2.2. Average number distributions of copper atoms over the
graphene substrate

n(z)
Cu
calculated in the z-direction, which is normal to the graphene
substrate. Herein, n(z) is the number of copper atoms in
a planner shell of thickness Az at a normal distance z above the
graphene substrate; N¢, is the total number of copper atoms in
the system. We created 100 planner shells with an increasing
distance z and normal to the graphene substrate using an
OVITO software package, and then, the number of copper
atoms n(z) was calculated in each planner shell with the
increasing distance z. The average number distribution of
n(z)
NCu
atoms with a multilayer, bilayer, and monolayer distribution
over the graphene substrate.

The average number distribution of copper atoms was

copper atoms provided a distinct distribution of copper

2.3. Bond order parameters (BOP)

The bond order parameters,** such as Qg, We, Q,, and W,
were calculated to characterize the organization of the copper
atoms over the graphene substrate. The Qy,(7), associated with
the neighboring copper atoms, was calculated using the
following equations:

le(r) = Y,’"(ﬂ(r),(p(r)) (4)

where 6(r) and ¢(r) are the polar and azimuthal angles of the
bond with respect to an arbitrary reference frame and
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Fig. 1 Schematic of the simulation system consisting of 300 copper
atoms (ideal fcc) over a square graphene substrate (edge length 50 A).
Graphene substrate placed in an x—y plane at z = 0 in the 3D simu-
lation box (x, y, and z) of dimensions £100 A, 100 A, and £100 A.

Y;"(0(r),(r)) are the spherical harmonics. Global bond order
parameters were calculated by averaging Qy,(r) over all bonds,

— 1

O = A > Oumlr) (5)
b bonds

where Ny, is the number of bonds. To make the order parame-

ters relative to the rotational reference frame, the second order

invariant is defined as follows:
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4t L= 2
0= il mZ;l ’sz‘ (6)
and the third-order invariants are given as follows:
_ R Il I \5 - &
VVI = Z (ml my, ny ) le] lez Q1m3 (7)

my+my+m3=0

where the coefficients (..) are the Wigner 3j symbols. It is

defined as a normalized quantity and given as
- 4

Wl = 3 (8)
( > !szlz)

2.4. Radial distributions function (RDF)

The probability of finding a copper atom at a distance x from
a central copper atom was calculated through the radial distri-
bution function g(x)* as given in eqn (9),

V& )
g(X)—ﬁ<;m>

where N and V are the total number of copper atoms and the
volume of the system, respectively, and n(x) is the number of
copper atoms in a spherical shell of radius x and thickness Ay
around the central copper atom.

©)

2.5. Simulation system and equilibration process

The simulation system used herein was similar to that reported in
our previous study.” The substrate consisted of a square graphene
with the edge length = 50 A, constructed with a network of sp*
hybridized carbon atoms, which were organized into a hexagon.*
The total number of carbon atoms present in the graphene sheet

Time = 500ps
Temperature = 2500K

Time = 1000ps
Temperature = 2500K

Images of melting and adsorption of copper over the graphene substrate with the progress of simulation at fixed temperature (T = 2500

This journal is © The Royal Society of Chemistry 2017
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was 1008. Then, 300 copper atoms, as an ideal fce structure (lattice
parameter 3.615 A), were placed over the graphene substrate, as
shown in Fig. 1. After placement, the simulated copper atoms were
kept at a temperature of 2500 K for 1000 ps, and graphene
substrate was kept at rest. During simulation at 2500 K, copper
melted and adsorbed over the graphene substrate, which has been
discussed in the next sections.

3. Results

The adsorption, organization, and applied force-induced
desorption of copper atoms onto the graphene substrate has

View Article Online
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been discussed in the next three subsections. In the first sub-
section, the adsorption of copper atoms over the graphene
substrate during solidification/cooling from 2500 K to 10 K has
been discussed. Further, in the second sub-section, the orga-
nization of copper atoms over the graphene substrate has been
discussed. In the third sub-section, the applied force-induced
desorption of the copper atoms from graphene substrate has
been discussed.

3.1. Adsorption of copper atoms over the graphene substrate

After placement of copper over the graphene substrate, the
system equilibrated for 1000 ps at 2500 K, as shown in Fig. 2.
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Fig. 3 Images of the adsorption of copper atoms over the graphene substrate at various times and temperatures during cooling from 2500 K to

10 K: (a) top view, (b) sliced- cut side-view, and (c) average number distribution of copper atoms. The colors of the copper atoms are according to
the potential energy color scale bar. Red arrows indicate the progress of the cooling process.
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Due to high temperature, T = 2500 K, copper melted and
formed a globule-like structure over the graphene substrate.
The inner region of the copper globule was called a core, while
the outer layer of the copper globule was named a shell.*> The
non-bonded interaction between the copper atoms and gra-
phene substrate was the driving force for the adsorption of
copper atoms. In the solidification/cooling process, the
temperature of the copper atoms decreased from 2500 K to 10 K
in 2500 ps (cooling rate 1 K ps™ ). The temporal evolution of
adsorption and organization of copper atoms over the graphene
substrate is depicted by a top view and sliced-cut side view of the
copper/graphene system in Fig. 3(a) and (b). At high tempera-
ture, copper atoms were in a molten state. However, as the
temperature decreased, copper solidified over the graphene
substrate. The potential energies of copper atoms gradually
decreased as the temperature decreased. The dark red- and
gray-colored atoms show lower and higher potential energies,
respectively, as shown in the color bar in each image. The
copper atoms in the shell were at higher potential energies (PE
= —3.1 eV to —2.8 eV) compared to the atoms in the core (PE =
—3.56 eV). However, the copper atoms at the interface had

View Article Online
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potential energies of PE = —3.35 eV at the final stage of cooling
(i.e. temperature T = 10 K). The potential energy of the copper
atoms located at the core was nearly equal to the reported
values.*™*

The average number distribution n(z)/N of copper atoms over
the graphene substrate is shown in Fig. 3(c). At high tempera-
tures (T = 2500 and 1500 K), the distribution of copper atoms
over the graphene substrate was random, as indicated by fluc-
tuation in the values of n(z)/N. In contrast, as the temperature
decreased (T = 300 K and 10 K), the average number distribu-
tion of copper atoms showed multiple distinct peaks, which
corresponded to layered adsorption of copper atoms over the
graphene substrate. At T = 10 K, the first, second, and third
layers of copper on the graphene substrate had a z = 3.00 A,
5.05 A, and 7.15 A, respectively.

Fig. 4 shows the radial distribution function g(x) as a func-
tion of the radial coordinate x during the cooling process from T
= 2500 K to T = 10 K. Due to the continuously decreasing
temperature, amorphous, transition, and crystalline regions
were formed. In the amorphous region, a peak of g(x) evolved at
X = 2.525 A for the 1°' nearest neighbour of copper atoms*%
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Fig. 4 Radial distribution function, g(x), of copper atoms during the cooling process as the temperature decreased from 2500 K to 10 K. The first
nearest neighbours (1st N. N.) of the copper atoms are indicated by an upward arrow. Amorphous, transition, and crystalline regions are indicated

by black, red, and green lines at their respective temperatures.
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Fig.5 Images of the organization of copper atoms over the graphene substrate as the temperature decreased from 2500 K to 10 K. The first and
second row depict the top view and sliced-cut side view of the system. The green, red, blue, and gray coloured atoms pertain to fcc, hcp, bcc,
and other structures, respectively. Red arrows indicate the progress of the simulation.
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Fig. 6 Percentage evolution of ico, fcc, bcc, and hcp copper atoms as a function of decreasing temperature during cooling from 2500 K to 10 K.
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Sliced Cut top view Sliced cut side view

(d)

Fig. 7 Evolution of the structures of various numbers of copper atoms (N¢,) over the graphene substrate: (a) Nc, = 250, (b) Nc, = 40, (c) Nc, =
34, and (d) N¢, = 4 atoms. First, second, and third columns depict the top view, sliced-cut top view, and sliced-cut side-view of the copper-
graphene composite system. Blue-coloured substrate is graphene. The green, brick red, and gray-coloured atoms pertain to fcc, hcp, and other
structures, respectively.
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2
(which was found to be nearly equal to a x % = 2.556 , where

a is the lattice parameter of copper, a = 3.615 A). However, at x >
2.525 A, distinct and identifiable peaks were not found at the
corresponding temperatures. This signified that the copper
atoms were adsorbed with a random organization over the
graphene substrate. In the transition region, distinct peaks of
2(x) appeared at x = 2.525 A and 4.37 A for the 1°* and 2™
nearest neighbours of copper atoms. The peak of g(x) for the 2™
nearest neighbour gradually increased as the temperature
decreased in the transition region, due to change of phase from
the amorphous to the crystalline state of copper over the gra-
phene substrate. In the crystalline region, the peaks of g(x) for
the 1 and 2™ nearest neighbours at r = 2.525 A and 4.37 A
distinctly evolved with the decreasing temperature.

3.2. Organization of copper atoms over the graphene
substrate

The adaptive common neighbour analysis was used to identify
the structural organization of copper atoms over the graphene
substrate. Fig. 5 shows the evolution of the fce, bee, hep, and
icosahedrons (ico) organization of copper atoms over the gra-
phene substrate as the temperature decreased from 2500 K to 10
K. At elevated temperatures (T > 1200 K), a primarily random or
amorphous organization of copper atoms existed. At compara-
tively lower temperatures (T < 1200 K), copper atoms organized
into an fce and hep structure. It was observed from the image
that hep, bec, fee, and ico atoms started to evolve at the core of
the copper globule. In previous studies, the core-shell organi-
zation of atoms in the crystalline metal/alloy were observed
during the cooling or solidification process.***° Fig. 6 depicts the
percentage evolution of fcc, hep, bee, ico, and other organiza-
tions (amorphous or random organization) as a function of the
decreasing temperature from 2500 K to 10 K. At high tempera-
tures (T > 1200 K), all the copper atoms were in an amorphous
state. However, as the temperature decreased (below T < 1200 K),

Table 1 Evolution of various structures (fcc, hcp, bec, and ico atoms)
over the graphene substrate with an increasing number of copper
atoms at T=10 K

Number of copper atoms

in the simulation system fee hep bee ico Other
3 0 0 0 0 3
4 0 0 0 0 4
6 0 0 0 0 6
10 0 0 0 0 10
25 0 0 0 0 25
34 3 0 0 0 31
40 3 2 0 0 35
50 5 2 0 0 43
100 15 8 0 0 77
150 33 8 0 0 109
200 63 11 0 0 126
250 30 56 0 0 164
300 26 86 0 0 188

This journal is © The Royal Society of Chemistry 2017
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the copper atoms with the ico, fcc, bee, and hep configuration
evolved, and subsequently, the number of amorphous atoms
decreased. It can be observed from Fig. 6 that the atoms with the
ico and bec configuration evolved for a very short period of time
during the early stage of crystal growth and vanished when
growth further progressed. On the contrary, atoms with the fcc
and hcp configuration continuously evolved to stabilize the
crystalline state of copper over the graphene substrate.

Further, the evolution of the fcc and hcep structure with an
increasing number of copper atoms (Ng, = 3, 4, 6, 10, 25, 34, 40,
50, 100, 150, 200, 250, and 300 atoms) over the graphene
substrate was investigated. Fig. 7(a)-(d) show the top, sliced-cut
top, and sliced-cut side views of the organization of the copper
atoms over the graphene substrate for Ng, = 4, 34, 40, and 250.
The evolution of the fcc and hep structure of copper atoms over
the graphene substrate was similar to that of the core-shell
arrangements, in which fec and hep copper atoms (green and
brick red atoms) were positioned at the core and other copper
atoms (gray colour) were positioned at the shell, as shown by the
sliced-cut top and side views in Fig. 7(a)—(c). The evolution of the
structural organization depended on the number of copper
atoms or globule size over the graphene substrate, as listed in
Table 1. The copper globule, consisting of atoms N¢, < 34,
showed a metastable solid state and was unable to form the fcc,
hep, and bec structures over the substrate. On the contrary,
a copper cluster (Ng, = 34) showed structural organization, in
which atoms were organized in fcc and hcp at the core. The
similar core-shell arrangement and evolution of structural
organization of metal atoms in the bulk (absence of graphene
substrate) was studied by Zhang et al.* Fig. 8 depicts the varia-
tion of the average potential energy and evolution of the struc-
tural organization of copper atoms over the graphene substrate
with an increasing size of the copper globule. A small-sized
copper globule (N, < 34) exhibited a high potential energy
compared to the relatively large-sized copper globule ((N¢, = 34).

-1.5 T T T T T 125 9
—e— Potential energy (eV/atom) %

) —m— Copper atoms (fcc+hep+bec+ico) 100 -
Q - =
209 g
> 7]
C g
5 e L75 &
5 | D
5 -2.54 o\ 1
= =
I o\ L 50 g
.0l N 3
5307 Teeg / s 3
§ 7\'\°~0 ‘ g
< - g
-3.5 ¥ .. T T T T T T T T T 0 E

0 50 100 150 200 250 300 %

Total number of copper atoms in the system, N,

Fig. 8 Average potential energy of copper with an increasing number
of atoms over the graphene substrate. The left side Y-axis represents
the average potential energy of copper in eV per atom (black marker
and connecting line). The right side Y-axis shows the evolution of
copper atoms with the fcc + hcp + bcc + ico structure (blue marker
and connecting line).
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Fig.9 The position of copper atoms over the hexagonal arrangement of carbon atoms of the graphene substrate: (a) 1st layer of copper atoms
over the graphene substrate. For clear visualization, atoms in the second or above layers have not been shown here, (b) 1st and 2nd layer of
copper atoms, (c) 1st, 2nd, and 3rd layer of copper atoms, and (d) 1st, 2nd, 3rd, and 4th layer of copper atoms. First, second, and third columns
show the sliced-cut top view with a zoomed-in view and side view. Blue-coloured atoms correspond to the graphene substrate. The green, brick
red, and gray-coloured atoms pertain to fcc, hcp, and other structures, respectively.
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Evolution of stable fcc and hcp copper atoms was observed at
a lower energy over the graphene substrate. However, as is well-
known, the potential energy decreased as the globule size of
the metals increased®>? in bulk (absence of graphene substrate).

The organization of copper atoms over the graphene
substrate is shown in Fig. 9(a)-(d). It can be observed from the
image that the copper atoms at the interface (first layer) were
organized in the middle of a hexagonal structure on the
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graphene substrate, as shown in Fig. 9(a). From the bond
orientational order parameter, it was observed that the copper
atom formed an fcc{111} facet organization, which was
confirmed from the values of Q, = 0.3649, Q¢ = 0.7441, W, =
0.1391, and Ws = —0.0563. The values of Q4, Qs, W4, and W
were found to be similar to the reported values of an ideal fcc
{111} facet as Q4 = 0.375, Qs = 0.7408, W, = 0.1340, and W, =
—0.0462.*"* The organization of copper atoms in the second
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Images of a copper atoms during the period when they were pulled along the graphene substrate (x-direction) by an external force with

different values at T= 1000 K: (a) Fyext = 0.01 €V A™2, (b) Fyexe = 0.0125 eV A7, and (c) Fyext = 0.015 eV A%, Red color arrows indicate the direction

of the applied external force on the copper atoms.
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Fig. 11 Images of the copper atoms during the period when they were pulled perpendicular to the graphene substrate (z-direction) by an
external force with different values at T = 1000 K: (a) Frex = 0.03 €V A™%, (b) Frexe = 0.045 eV A%, and (C) Frexe = 0.3 €V A%, Red color arrows
indicate the direction of the applied external force on the copper atoms.
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4 copper atoms

4 copper atoms

Fig. 12 Effect of the number of copper atoms (globule size) on the desorption process from the graphene substrate: (a) pulled along the x-
direction by Fyeyxe = 0.0125 eV A"t and (b) pulled along the z-direction by Fex = 0.045 eV A~L. The red-coloured arrows indicate the direction of
the externally applied force. The moderate values of the external force were chosen for both the x- and z-direction based on Fig. 10 and 11.

and third layers or above was found to be hcp and fce, respec-
tively, as shown in Fig. 9(b)-(d).

3.3. Applied force-induced desorption from the graphene
substrate

An external force was applied on all the copper atoms to observe
the desorption behaviour from the graphene substrate. Herein,

This journal is © The Royal Society of Chemistry 2017

two cases were considered for the desorption study. In the first
case, an external force (Fyex) was applied on all the copper
atoms along the X-axis, as shown in Fig. 10. In the second case,
an external force (F,ex) Was applied on all the copper atoms
perpendicular (z-direction) to the graphene substrate, as shown
in Fig. 11. Fig. 10 shows the images of the copper atoms when
they were removed from the graphene substrate at various times
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after application of the force Fy.x. The various magnitudes of
the used external force were Fye,. = 0.01, 0.0125, and 0.015 eV
A™'. Due to the application of a very low F,., (for example, Fyex
= 0.01 and 0.0125 eV 1351), the copper atoms slid along the
graphene substrate, came to the edge, and crawled to the other
face of the plane. As observed from the images of the copper
atoms near the surfaces at closely spaced time intervals, (i) the
copper atoms began to move towards the edge and subse-
quently accumulated at the edge, leading to a higher number of
copper atoms to the copper atom contacts and decreased the
number of copper atoms to the surface contacts and (ii) after
building up of a sufficient number of copper atoms at the edge,
some copper atoms moved to the other face of the plane. The
copper atoms did not escape from the graphene substrate when
the applied external force was less than or equal to 0.0125 eV
A", Ata higher applied force (for example, Fyexe = 0.015 eV A1),
the copper atoms escaped from the graphene substrate at
a much shorter time, as shown in Fig. 10(c).

Fig. 11 shows the images of the copper atoms when they were
pulled off perpendicular to the graphene substrate at various
times after application of the force Fyey. At very low Fyey (for
example, F,ee = 0.03 eV 10&’1), the copper atoms remained over
the graphene substrate and did not escape from the graphene
substrate, as shown in Fig. 11(a). At a moderate applied force
(for example, F,ex = 0.045 €V A~?), a few copper atoms escaped,
but atoms closer to the graphene substrate remained adsorbed,
as shown in Fig. 11(b). At extremely high external applied force
(Foexe = 0.3 €V A™Y), a large number of copper atoms escaped
from the graphene substrate in a very short period of time, as
shown in Fig. 11(c). Fig. 12(a) and (b) depict the effect of the
number of copper atoms on its applied force-induced desorp-
tion behaviour from the graphene substrate. It was observed
that the system consisted of a comparatively lesser number of
copper atoms, unable to escape from the graphene substrate at
a moderate value of the external force. For a lesser number of
copper atoms, the cluster size was small, and most of the copper
atoms adhered to the graphene substrate. In other words, as the
cluster size increased, some copper atoms had fewer or zero
potential energy benefits (negative non-bonded 12 — 6 LJ
potential energy), which were far away from the graphene
substrate and very easily desorbed. These observations were
valid for both the x- and z-directional desorption from the gra-
phene substrate.

The critical force was found out to be the minimum force
required to remove the copper atoms from the graphene
substrate. It was observed that higher critical force was required
for the removal of copper atoms from the graphene substrate in
the z-direction (perpendicular to the substrate) compared to
that in the x-direction. On application of the x-directional force,
the copper atoms very easily slid over the substrate because the
resistive force was smaller.

4. Conclusions

This study was performed to understand the adhesive capacity
of copper atoms to the graphene substrate at the atomic level.
To achieve superior adhesion to the graphene substrate, the
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externally applied force needed to be dissipated through the
copper atoms rather than being used to pull atoms from the
substrate. It was observed that the applied energy on the copper
atoms could be dissipated in two main ways. First, it could be
dissipated by the formation of an elongated structure, which
produced a new surface area. Second, it could be dissipated by
the rearrangement of copper atoms over the hexagonal struc-
ture of the graphene substrate. Observations from these simu-
lations led to the following conclusions:

< The copper atoms organized in the fcc and hcep structure
over the graphene substrate at equilibrium.

< At the copper/graphene interface, copper atoms formed an
fce{111} facet organization, as confirmed by the bond orienta-
tional order parameter.

< The copper atoms were found to position at just middle of
the hexagonal arrangement of the carbon atom of the graphene
substrate.

+ Higher critical force was required to remove copper atoms
from the graphene substrate in the z-direction (perpendicular to
the substrate) compared to the x-direction force.

The abovementioned results also implied that the presence
of nanosubstrates affected the nature of the response of the
metal atoms to stress; thus, this affected the mechanical prop-
erties of the metal/nanocomposites. The presence of numerous
types of metals further affected the detachment behaviour and
the formation of an elongated structure. Moreover, it is envis-
aged that this study can be extended to more complex systems
such as metals, alloys or high entropic alloys. In addition,
further analysis of the metal/graphene composite and its
impact on its various properties will also help to provide
a greater understanding to prevent failures in nanocomposite
systems.
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