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Fabrication of Ni-graphene composite by hydrostatic pressure at finite temperatures or by the subsequent annealing is studied by molecular
dynamics simulation. Crumpled graphene – the network of folded and crumpled graphene flakes connected by van-der-Waals bonds – is
chosen as the matrix for Ni nanoclusters. It is found that hydrostatic compression at zero or room temperature cannot lead to the formation
of the composite structure. Even strongly compressed crumpled graphene after unloading returned to the initial state of separated graphene
flakes. However, annealing of the compressed structure at high temperature leads to the appearance of the valent bonds between
neighbouring flakes. Simultaneously, hydrostatic compression at high temperature between 1000 and 2000 K leads to the better mixing of
Ni atoms inside the structure and to the formation of strong covalent bonds between neighbouring flakes.
1. Introduction: Recently, metal-graphene nanostructures are con-
sidered as promising materials for various applications. It was
shown that some metals such as Ni, Pt, Pd and Ti can be easily
attached to the carbon polymorphs [1–3]. Thus, such metals can
be covered by graphene flakes (GFs) or inserted to the short nano-
tubes and then combined to the 3D composite structure where after
special treatment separated GFs will be connected by covalent
bonds and transform from sp2 to sp3 carbon matrix [4]. There is a
tendency that nickel-coated graphene became crumpled instead of
remaining flat [5].

Metal-graphene composites have low weight, high stiffness
and superior mechanical properties which can play an important
role in currently engineered materials [6–10]. Such composites
can be fabricated on the basement of graphene or carbon nano-
tubes and metal matrix, but special attention is paid to the
combination of Ni nanoparticles (NP) with carbon matrix
[11–14]. Such composites can be obtained by anchoring various
types of NPs to the surface of graphene sheets through both
in-situ (e.g. growing the NPs on the graphene surface) and
ex-situ (e.g. attaching premade NPs to the graphene surface)
methods [15].

Considering Ni NPs as a filler for carbon structure is an important
and interesting issue because nickel–graphene structures are
regarded as promising advanced materials. Ni by itself was success-
fully used for the catalysis of carbon polymorphs growth [16, 17],
fabrication of new carbon configuration like nanoscrolls [18, 19],
transformation of graphene to fullerenes [20] to name a few.
Addition of Ni to the carbon structure can considerably improve
the properties of the resulting material. For instance, nickel films
on graphene retain their stability even at very high temperatures
up to 1800 K [21, 22]; Ni dopant improves mechanical properties
of carbon nanotubes [2]; the possibility to obtain better supercapa-
citors by the combination of Ni foams and carbon structures is
shown [23], and so on. Thus, study of various carbon-Ni nano-
structures is of high interest.

Crumpled graphene which was obtained experimentally [24, 25]
can be considered as an excellent media for Ni NPs since it is highly
porous material with a high specific surface area about 3523 m2/g.
This structure consists of numerous crumpled GFs, connected by
van-der-Waals bonds. GFs can be filled with Ni NPs to form the
composite structure with improved properties. Difference between
melting temperature of graphene [26–28] and Ni NPs [3, 29]
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allow to control the mixture of components and changing of the
properties.

In this Letter, the way of fabrication of Ni-graphene composite is
investigated by molecular dynamics simulation. Two possibilities
are found – annealing after hydrostatic compression at zero or
room temperature, or hydrostatic compression conducted at high
temperatures.

2. Simulation details: In Fig. 1, the structural elements of the pro-
posed composite system are presented with the final 3D system –

the precursor for composite. Ni47 NP is embedded inside the GF.
Since, the structure of crumpled graphene is composed of variously
crumpled and folded GFs [24], to obtain a valuable model, a rolled
tube structure is chosen to reproduce folded GF. Even at low tem-
peratures it changes its shape and can be easily transformed into a
realistic crumpled GF. In addition, the presence of Ni NP immedi-
ately changed the ideal rolled structure of GF.

Then, GF with NP repeated four times along x, y and z axes to
obtain 3D structure. Finally, the model, reproducing the system of
crumpled graphene mixed with the Ni NPs is obtained. This
model is an imitation of experiment where crumpled graphene
was obtained by the usual method [23, 25] and then mixed with
the Ni NPs before additional treatment: Ni NPs should fill in the
large pores of crumpled graphene. After that, separated structural
elements can be processed by pressure under various temperature
conditions and form a composite. Periodic boundary conditions
are applied along all three dimensions. As it was previously
shown [30, 31], the orientation of GFs cannot affect its mechanical
properties. Moreover, in the present work, high-temperature treat-
ment is considered, and at high temperatures GFs will randomly
rotate during simulation.

One of the important issues is the size of the Ni NPs and the
amount of Ni atoms in the system. This will affect not only the for-
mation of the composite but also further influence its mechanical
properties. Here, GFs composed of 252 carbon atoms and the
total amount of carbon atoms in the system is NC = 16128, while
number of Ni atoms is NNi = 3008 and in total N = 19136. It
should be mentioned that during model justification, three other
systems were considered with N case1

Ni = 1344; N case2
Ni = 4224 and

N case3
Ni = 4992 at the same number of carbon atoms. As it was

found, there is almost no difference between case 2 and case 3:
the size of the Ni NP is too big which prevents the formation of
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Fig. 1 Structural state
a Single Ni47 NP, GF with NP inside and 3D structure of crumpled graphene
with NPs
b Structure after relaxation with Morse (b′) and ReaxFF (b″) potential
the composite. For case 1 Ni atoms can be easily spread inside
crumpled graphene, but properties of the obtained structure are
close to the mechanical properties of pure crumpled graphene
because the number of Ni atoms is too small. Thus, in the present
work, only one case with NNi = 3008 is chosen to show the possi-
bility of composite fabrication from the mixed Ni-graphene
structure.
To fabricate composite, hydrostatic pressure (HP) at different

temperatures T= 0, 300, 1000, 1500, 2000 K is applied to the
initial ideal structure. Additionally, the effect of annealing
is studied after hydrostatic compression at 0 K. The structure is
exposed at T= 300, 1000, 1500, 2000 K during 20 and 100 ps to
find the effect of different temperatures and annealing time.
For description of interatomic interactions two potentials are used

– AIREBO for carbon–carbon interaction [32]
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2
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where UREBO
ij is the hydrocarbon REBO potential, UvdW

ij term adds
van-der-Waals interaction and UT

kijl describes various dihedral angle
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preferences in hydrocarbon configurations and Morse for nickel–
nickel and carbon–nickel interactions [33–35, 3]

UMorse(r) = D[(1− e−b(r−re))2 − 1], (2)

whereD is the binding energy, re is the distance for potential energy
minimum and b is the potential parameter. Application of AIREBO
potential for studying of carbon structures was previously proved
by numerous works for 2D [36, 37] and 3D [38–41] structures.
Application of Morse potential for Ni–C interaction is a common
method used to simplify the complex calculations. However,
different sets of Morse parameters were developed according
to the issues investigated [42, 34, 35, 16]. In the present work,
parameters for interaction of graphene with Ni atoms obtained
from ab-initio calculations [34, 35] are used. The parameters for
the Ni–C Morse potential are D = 0.433 eV, re = 2.316A

◦
and

b = 3.2441/A
◦
, indicating a van der Waals type bonding between

Ni and graphene. In [3], it is shown that such potential parameters
can be successfully used for the description of different carbon
polymorphs with Ni nanoclusters. Moreover, results, obtained by
molecular dynamics with recently developed ReaxFF (Reactive
Force Field) [43–46, 18] are presented to additionally prove the
applicability of Morse potential for Ni–C interaction. All the
simulations are conducted in LAMMPS molecular dynamics
simulator.

In Fig. 1b, structures after relaxation under Morse (b′) and
ReaxFF (b″) potential are presented. As can be seen, Morse and
ReaxFF potential reproduce the same structural state. However,
the application of ReaxFF leads to a similar result for a significantly
longer time than Morse. Therefore, ReaxFF is more suitable either
for modelling small systems or for processes occurring during a
short time. In the present work, fabrication of the composite struc-
ture composed of Ni NPs covered by GFs is considered. Thus,
for the present goal, Morse potential with the chosen parameters
suites well.

3. Results and discussion: Deformation behaviour of crumpled
graphene can be described both by pressure–strain and pressure–
density curves. The considered structure can be hydrostatically
compressed until high densities. In Fig. 2a, pressure–density
curves during hydrostatic compression at 0, 1000 and 2000 K are
presented.

Here, p = (sxx + syy + szz)/3, where sxx, syy and szz are stress
components calculated during simulation. As it can be seen, HP at
high temperatures leads to the decrease of critical pressure at
achieving the same final density 6.5 g/cm3. From the snapshots it
can be seen that at 1000 K, structural elements can change its
shape, freely rotate, covalently connect to each other. Moreover,
at this temperature Ni NPs can be easily compressed by GFs,
though NPs are not melted yet and separated Ni atoms do not
move outside the flakes. Heated Ni NP became soft, while at
these temperature GFs are very rigid and under compression can
affect the shape of the NPs. Thus, Ni NPs of this size at 1000 K
can be compressed due to the deformation of GFs. Changing
of the initial shape lead to the better placing and compacting of
structural units.

To check the mechanical response of the compressed structure,
its tensile behaviour is discussed further. In Fig. 3a, pressure–
strain curves during tension are presented for crumpled graphene
hydrostatically compressed at 0, 1000 and 2000 K. The increase
in temperature leads to a considerable decrease in critical stresses.
This can be explained by the temperature effect: temperature
increase leads to better relaxation of stresses accumulated during
HP since compression is conducted to very high densities.
Here, to find if the composite was obtained, better to evaluate the
course of the curves than pressure values. A slight decrease in
the pressure after 1 = 0.3 corresponds to the formation of
177
& The Institution of Engineering and Technology 2019



Fig. 3 Pressure–strain curves under tension for crumpled graphene hydro-
statically compressed at 0, 1000 and 2000 K

Fig. 2 Effect of hydrostatic compression
a Pressure–density curves under hydrostatic compression at 0, 1000 and
2000 K
b Snapshot of the structure at hydrostatic strain 1 = 0.1 for two temperatures Fig. 4 Pressure-strain curves

a Pressure–strain curves under tension after annealing at 1000 K during 20
and 100 ps
b Pressure–strain curves under tension for crumpled graphene
hydrostatically compressed at 0 K and annealed at 1000 and 2000 K

Fig. 5 Snapshots of the structure
a Snapshots of the structure at tensile strain 1 = 0.6 after hydrostatic
compression at 0 K
b Annealed at 1000 K
c After hydrostatic compression at 1000 K
the composite structure. At high temperatures, the appearance
of new covalent bonds between GFs is facilitated. Rotation of
the structural elements during compression allows their better
stacking.

Hydrostatic compression can be easily realised at room tempera-
ture, but such a considerable increase of temperature to 1000 K or
even 2000 K significantly complicate the task. Next way to facili-
tate the formation of the new covalent bonds is annealing after
HP at 0 K or room temperature. In Fig. 4, HP as the function of
strain is presented for tension after HP at 0 K and HP followed
by annealing at 1000 and 2000 K. The tensile simulations after
annealing during 20 and 100 ps is conducted in order to find the
optimised annealing time for this model; the results are shown in
Fig. 4a. Two curves almost coincide which means that 20 ps is
quite enough time. Thus, in Fig. 4b, pressure–strain curves after
annealing during 20 ps are presented.
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At the initial strains, the curves increase almost linearly. For
structure hydrostatically compressed at 0 K, an increase of p is
found until high values of strain. In this case, structural elements
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are separate, no formation of new covalent bonds is found.
Comparatively, for structure annealed at 2000 K decrease of HP
took place after 1 = 0.2 and for structure annealed at 1000 K – at
1 = 0.3.
In Fig. 5, snapshots of the final structures after tension to 1 = 0.6

obtained at different conditions are presented. From Fig. 5a it is
clearly seen that structural units are separated and can be easily
returned to the initial state. For structures compressed at high tem-
perature or after annealing, pores are much smaller. Better mixing
of the elements is seen. Individual GFs still can be seen in the struc-
ture, but a lot of new covalent bonds appeared during high-
temperature treatment. Nearest neighbours analysis showed that
most of the carbon atoms change its hybridisation from sp2 to
sp3. Better mixing is obtained when high temperature was applied
during hydrostatic compression.

4. Conclusions: In summary, the effect of hydrostatic compression
at final temperatures and annealing on the formation of Ni-graphene
composite is studied by molecular dynamics. It is observed that
even high pressure up to 500 GPa cannot be successfully used to
obtain monolith composite structure. Only heating to high tempera-
tures close to 1000 K and higher can result in the transformation of
GFs and formation of covalent bonds between neighbouring struc-
tural elements.
Present work revealed that special high-temperature treatment is

an efficient way of fabrication of metal-carbon nanocomposites. In
frames of the present work, only the pressure–strain curves and
structural states of the material obtained after different treatment
are discussed. However, further study confirming the formation of
composite structure is required, for example, calculation on its
Raman effect [47] which are planned to be done further. This
study can be continued by further changing of the temperature
regimes or by mixing various external conditions. Obtained
results open new opportunities for fabrication of composites with
improved mechanical properties.
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