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Mechanical properties and thermal conductivity of composites based
on crumpled graphene and nickel nanoparticles: molecular dynamics
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The mechanical properties and thermal conductivity of a composite based on crumpled graphene flakes and nickel
nanoparticles obtained by high-temperature hydrostatic compression are investigated by the molecular dynamics.
The pores of the graphene matrix of the composite are filled with nickel nanoparticles of different sizes (respectively,
different contents of Ni — 8, 16 and 24 at.%). It was found that an increase in the amount of nickel on the one
hand increases the thermal conductivity of the composite, and on the other hand reduces its strength, since strength
is determined by the presence of a graphene network, and thermal conductivity is determined by the presence of a
conductive metal. The obtained results on thermophysical properties combined with high mechanical characteristics
of Ni/graphene composites allow us to predict their application for the manufacture of new flexible electronics,

supercapacitors and lithium-ion batteries.
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1. Introduction

Currently, graphene and various materials based on car-
bon polymorphs are taking increasingly greater importance
thanks to their unique properties. In particular, new types
of composites based on graphene, nanotubes, nanodiamond
particles, etc., are emerging [1-4]. Composites based on a
graphene- reinforced metal matrix, where Al, Ni, Mg, Zn,
Cu and Ti or their alloys are used as a matrix, are one of
the important research areas. Thanks to the properties of
graphene such as flexibility, high strength and light weight,
it is useful for virtually all industrial applications. Taking
into account its outstanding mechanical properties, graphene
has been an important reinforcing element for production
of composites over the last years [5-8]. For example,
ultimate tensile strength of Al/graphene composite has
increased by 62% compared with that of pure aluminium [5].
Addition of graphene to the metal matrix may influence to
a great extent also other properties of the final composite.
Investigations of metal matrix composites, where graphene
was used as a reinforcing material, are reviewed in [8].

Composites based on graphene network and metal
nanoparticles are another newer research area [9-12]. In

such composite morphology, graphene network is respon-
sible for strength, while the metal filling is responsible
for the change of other properties such as conductivity.
Such new morphology can be achieved thanks to the
ability of graphene to ,,wrap“ nanoparticles forming strong
capsules with metal inside them [10]. By now, we have
trialed various techniques for composite production from
various metal nanoparticles [10-12]. Thanks to their unique
properties,they can be used as reinforcing coatings to
produce new lithium-ion batteries and supercapacitors.

Graphene network features the following specifications:
(1) high electrical conductivity compared with graphite
carbon; (2) large surface area; (3) high surface-volume ratio
ensuring more active centers for adsorption; (4) high flexibi-
lity that is important for flexible electronics; (5) thermal and
chemical resistance. Moreover, such material made using
chemical delamination of graphite may be manufactured
commercially with relatively low cost that is important for
its application.

One of suitable metals to be used for filling crumpled
graphene pores are Ni nanoparticles. Nickel has high cor-
rosion resistance, high elasticity and ductility, and is a good
catalyst, etc. In addition, the fact that rather strong bond
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Figure 1. (a) Initial structure of the Ni/graphene composite. (b) Composite structure after hydrostatic compression at T = 1000 K.
(¢) Scaled up composite structure for thermal conductivity calculation. Ni atoms are grey, and carbon atoms are black.

between Ni and graphene prevails at the interface makes
the choice of this metal more preferable [17]. Therefore, Ni
is widely used as a metal substrate for growing graphene
and carbon nanotubes [18]. Investigation of mechanical
and physical properties of a composite based on crumpled
graphene and Ni nanoparticles is of great interest, thus,
addition of Ni to crumpled graphene may considerably
improve both mechanical and physical properties of the
future material.

Experimental work on new composite morphologies
is supported by extensive theoretical research using ab
initio or molecular dynamics (MD) calculations for better
understanding of the mechanisms behind the improvement
of material properties [4,13-16,19-21]. For example, [14]
shows that discrete graphene sheets covering Ni particles are
collected into an intact and continuous graphene network
when treated by sintering. Graphene flakes are mixed
with Ni matric forming an interlinked structure. Simulation
shows that addition of graphene sheets may -efficiently
block dislocation propagation [16], while the increase in
the graphene layer length allows to avoid initiation of
dislocations at the graphene sheet end and increases the
structural strength.

Therefore, the molecular dynamics is used herein to in-
vestigate the mechanical properties and thermal conductivity
of composites based on carbon matrix (crumpled graphene)
and metal nanoparticles (Ni). The effect of the number
of metal atoms on the composite strength and thermal
conductivity has been analyzed. It has been shown that
mechanical and thermal properties of composites may be
controlled by varying composite morphology.

2. Simulation details

The initial structure is crumpled graphene (porous ma-
terial consisting of folded graphene flakes interconnected
with each other by Van der Waals forces) filled with Ni
nanoparticles. Three composite structures containing Ni: 8,
16 and 24 at.% are addressed herein. Hereinafter for clarity,
the composite structure containing Ni 8 at.% will be referred
to as CGS8, containing Ni 16at.% — as CG16, and con-
taining Ni 24 at.% — as CG24, and the crumpled graphene
structure without Ni nanoparticles will be referred to as CG.
Figure 1,a shows the initial structure of the Ni/graphene
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composite precursor: crumpled graphene flakes (black)
filled with Ni nanoparticles (grey). It is known that edge
atoms of the graphene flakes have sp-hybridization and
can easily form new bonds with adjacent graphene flakes
or with other elements, for example, hydrogen, oxygen,
nitrogen and various functional groups. For clarity, pure
crumpled graphene without the influence of other element
atoms will be addressed herein. More detailed methodology
for obtaining the initial structure is described in [22,23].

Earlier, [22-24] have shown that metal/graphene com-
posites may be successfully produced by high-temperature
hydrostatic compression. Therefore, the design simulation
cell is subjected to strain-controlled hydrostatic compres-
sion (ex =¢ey =¢&, =¢) at a rate of 0.01ps~! until the
maximum density is achieved: pcgs = 5.28, pcgis = 6.54,
0ccaa = 7.80 g/cm3 . Compression is performed at 1000 K,
ire. T =0.6—-0.8Tpe, where Tpe is the melting tempe-
rature of a Ni nanoparticle with the chosen size. It should
be noted that the melting temperature of Ni nanoparticles is
about 1360 K [25], and the graphene melting temperature is
5000K [26]. The structure after hydrostatic compression
is shown in Figure 1,b. The final dimensions of the
Ni/graphene composite are about 43 x 43 x 43A with a
density of 5.15g/cm3. This structure is used to calculate
mechanical properties of the composite.

Various methods used to estimate the mechanical pro-
perties of the Ni/graphene composites are described in
detail in [27]. One of the methods involves step-by-step
deformation, where each of n tension steps are followed
by m structure relaxation steps. Another uniaxial tension
method includes dynamic deformation, which is applied
continuously at a constant rate. The study will estimate the
mechanical properties of the Ni/graphene composite using
the second deformation method — dynamic tension.

Figure 1,c shows the initial structure used to calculate
thermal conductivity of the composite. First, the composite
structure was subjected to relaxation to achieve thermo-
dynamic equilibrium at temperatures from 100 to 600K
with increment 100 K. For this, first, NPT assembly and
then NVE assembly were used (each of them was used
during 1 ps).

Thermal conductivity of the composite is compared with
that of 205 x 51 x 51 A pure single-crystal Ni. The X,y
and z axes coincide with crystallographic directions [100],
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Figure 2. (a) Ni/graphene composite separated into 20 regions
for calculation. Red and blue region correspond to the ,hot*
and ,,cold” sources. Carbon and nickel atoms are black and grey,
respectively. (b) Temperature profile by layers for pure Ni and
CG16 composite after exposure at 300 K. Dots show design values,
dashed line is the linear approximation of design data.

[010] and [001], respectively. Relaxation of Ni samples is
carried out in the same conditions as for the composite
structure.

After achievement of the thermodynamic equilibrium, the
design cell is split along the long side into 20 equal regions
with a width of 10—10.5,&, as shown in Figure 2,a. Here,
the heat source is the sixth (red) region and the heat sink is
the fifteenth (blue) region. Between the ,hot“ and ,cold”
sources, a temperature gradient is set on the structure
length resulting in the occurrence of a heat flux AQ.
Temperatures of the ,hot“ and ,cold“ regions are equal
to T+ AT and T — AT, respectively. AT is 10% of the
system temperature. The temperature of other regions at
the start of simulation is T, with six different temperatures
T = {100, 200, 300, 400, 500, 600} K used for the calcu-
lation. For each state, three to five thermal conductivity
measurements are performed. Standard deviation of these
values varied within 5—7% at each temperature.

As an example, Figure 2,5 shows temperature distri-
bution across the simulation cell for pure Ni and CG16
composite after exposure at 300 K. Note that for other
composites, temperature profiles are close. The mean
temperatures of ,cold“ and ,hot* thermostat are 270
and 330K, respectively. The mean temperature is also
calculated in other regions. Note that for pure Ni, the

temperature profile has typical linear behavior (black dashed
line in Figure 2,b). For metals, heat transfer is more
uniform than for Ni/graphene composites with high covalent
bond and complex crystal structure. Temperature profiles of
composites with Ni nanoparticles (Figure 2, b) are nonlinear.

LAMMPS software suite is used for simulation. To
describe interatomic interactions in the Ni/graphene system,
three potentials are used: AIREBO (describes C—C inter-
action) [28], Morse (describes C—Ni interaction) [29,30]
and EAM (embedded atom method used to describe
Ni—Ni interaction) [31]. Efficiency of AIREBO, Morse
and EAM potentials for solution of problems addressed
herein is confirmed in [31-34]. For visualization of the
structure, VMD (Visual Molecular Dynamics) software is
used to display and analyze structural changes at particular
simulation stages [35].

3. Findings and discussion

3.1. Mechanical properties

Figure 3,a shows stress-strain curves in uniaxial tension.
It is shown that the mechanical properties of CG8 composite
are the highest and are close to the strength of pure
crumpled graphene, in particular, with strain exx > 1.2.
CG24 composite has the lowest strength. This confirms that
graphene network is responsible for composite strength and
the presence of metal makes the strength lower. For all three
Ni/graphene composites, Young’s moduli were calculated:
249 GPa, 245 GPa and 230 GPa for CG8, CG16 and CG24,
respectively. Note that the Young’s modulus of the crumpled
graphene without atoms is equal to 330 GPa.

Maximum tensile strengths for CG8, CG16 and CG24,
respectively, are equal to 125GPa, 107 GPa and 87 GPa.
Such high stresses in the Ni/graphene composite may be
explained by formation of a strong graphene network.
However, Figure 3,a shows that the ultimate strain, when
structures failure occurs, is not achieved. Nanoparticle
size has a high influence on the mechanical properties of
composites. The lower the Ni nanoparticle size, the easier
new chemical bonds between adjacent structural members
of composites occur, and therefore, the higher composite
strength.

Figures 3,b and c¢ show Ni nanoparticle distribution
in uniaxial tension in composites with the lowest (CGS8)
and the highest (CG24) content of Ni. Note that carbon
atoms are not shown. It is apparent that in the initial
composite structure, Ni atom distribution is more uniform
in CG8 structure than in CG24 structure. Ni nanoparticles
in CG24 structure are consolidated and have sufficiently
large size. In CGS8, Ni atoms are distributed across the
carbon network and have no the nanoparticle shape any
more (see Figure 3,b). Therefore, the strength of such
composite achieves the values typical for the crumpled
graphene strength at exx > 1.2. Appearance of new che-
mical bonds during hydrostatic compression in the structure
with large nanoparticles is rather complicated, because all
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Figure 3. (a) Stress-strain curves in the uniaxial tension for Ni/graphene composite with various Ni content (dots and solid lines) and for
crumpled graphene (CG, dashed line). (b, ¢) Ni nanoparticle distribution in the CG8 and CG24 structures with various degrees of strain

in uniaxial tension. Carbon atoms are not shown.

carbon atoms have been already involved in the interaction
with Ni nanoparticles, thus, reducing the strength of such
composites.

3.2. Thermal conductivity coefficient

Dependence of the thermal conductivity coefficient on
temperature (1) for all composites studied herein is shown
in Figure 4. Thermal conductivity of Ni/graphene composite
depends on the Ni concentration: the higher Ni concen-
tration, the higher thermal conductivity at all temperatures.
Decrease of 1 with increasing graphene concentration is also
shown for Cu/graphene composites [36)].

However, thermal conductivity of Ni/graphene compo-
sites depends on temperature very slightly, and the exis-
ting variation of the thermal conductivity coefficient with
growing temperature is associated with the emerging new
contact interfaces between Ni and graphene. Note that the
obtained thermal conductivity at 100—200 K may be under-
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estimated due to the features of MD simulation that takes
into account only phonon (lattice) thermal conductivity and
does not take into account the electronic thermal conduc-
tivity. For metals and alloys, the effect of the electronic
thermal conductivity is low at T < 100K. However, for
Ni/graphene composites, the electronic thermal conductivity
may make a significant contribution to the system thermal
conductivity even at T > 100 K.

For pure single-crystal Ni (black squares in Figure 4),
A values are comparable with the experimental curve
typical for bulk polycristalline Ni [37] (black dashed curve
in Figure 4). The observed decrease of 4 at T < 500K
is attributable to the dimensions of the test samples. It
is shown in [38] that small Ni nanoparticles have lower
thermal conductivity than bulk nickel. —~And with in-
creasing nanoparticle size, thermal conductivity increased
approaching Apyx = 91 W/(mK) (thermal conductivity of
bulk polycrystalline Ni at 300K [37]). Increase in the Ni
nanofilm thickness also results in the increase in 4 at 300K
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Figure 4. Thermal conductivity of pure Ni and Ni/graphene

composite depending on temperature. Dashed line shows the

experimental data for bulk polycrystalline Ni [35] and squares

show A of pure single-crystal Ni determined herein.

to the values typical for bulk Ni [39]. Thermal conductivity
at 500K and 600K is even higher than that of bulk Ni.
This may be explained by melting or partial melting of Ni
nanoparticles during simulation. Since the particle size is
small, then their melting temperature may be much lower
than the melting temperature of bulk Ni [40).

Control of thermal properties using various internal and
external factors is of key importance [41]. It is shown herein
that variation of Ni concentration allows to control thermal
conductivity of composites: increasing Ni concentration in
the composite results in increasing thermal conductivity of
the system (Figure 4). However, 4 for CG16 and CG24
composites has close values.

Thermal conductivity of the Ni/graphene composite may
be affected by several factors. For example, small size of
graphene flakes in the composite structure limits the thermal
conductivity [42] like the addition of Ni atoms. The latter
transform carbon atoms with sp?-hybridization into atoms
with sp*-hybridization resulting in the failure of the ideal
ar-electron-coupled structure. Phonon (main heat carriers)
scattering over defects and graphene fold apexes may also
reduce thermal conductivity as well as the appearance of
new bonds between graphene flakes and, thus, reduce heat
exchange.

4. Conclusion

Molecular dynamic method was used to investigate strain
behavior, strength and thermal conductivity of Ni/graphene.
It is shown that mechanical and thermal properties of
composite have high dependence on the concentration of Ni.

In uniaxial tension, the ultimate strength of the
Ni/graphene composites is lower, when the number of Ni
atoms in the structure is higher. CG8 composite, whose

ultimate strength reaches the values typical for crumpled
graphene, has the highest strength. Such high strength
in this composite is associated with Ni atom distribution
across the graphene network resulting in formation of
new chemical bonds between graphene flakes. In other
composite structures, such Ni atom distribution is not
observed, nanoparticles retain their integrity and, therefore,
formation of new carbon bonds is hindered. This results in
reduced strength of CG16 and CG24 composites compared
with crumpled graphene and CG8 composite.

Thermal conductivity of the Ni/graphene composite is
much lower than that of pure Ni (91 W/(mK) [37]),
but is much higher than that of crumpled graphene
(2.183 W/(mK) [43]). Formation of a highly deformed
structure of crumpled graphene during its fabrication results
in formation of folds that reduce thermal conductivity of the
structure. Increasing number of Ni atoms in the composite
results in increasing thermal conductivity due to addition
of an element with higher thermal conductivity. Formation
of new contact boundaries between the nickel and carbon
phases also has a great impact on the thermal conductivity
of the composite. Moreover, thermal conductivity of the
Ni/graphene may be controlled by varying Ni concentration.
It should be noted that addition of Ni to crumpled graphene
results in increasing thermal expansion, and the higher Ni
concentration, the higher thermal expansion coefficient [44].
However, increasing temperature almost does not influence
the thermal conductivity coefficient of composites, though
for pure Ni, significant decrease of thermal conductivity
coeflicient is observed with temperature growth.

Mechanical properties of composite are greatly affected
by the presence of graphene network, and the higher nickel
concentration, the lower composite strength. The thermal
conductivity coefficient is greatly affected by the presence
of conducting metal — the higher the number of Ni atoms,
the higher system thermal conductivity.

The achieved combination of high mechanical proper-
ties with controlled thermal properties facilitates potential
utilization of the Ni/graphene composites as alternative
materials in various industrial application. For example,
such composites can be currently used as chemical sensors,
energy or hydrogen accumulators, in batteries and superca-
pacitors [45,46].
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