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Nanoparticle-contained graphene foams (NP-GrFs) have been widely concerned and used in many practical
applications in recent years. However, the mechanical property and its micro-mechanism of such a new com-
posite material are still poorly understood. In this work, a coarse-grained NP-GrFs model is established to sys-
tematically study the mechanical response of NP-GrFs under uniaxial tension as well as the size and volume
fraction effects of nanoparticles. It is found that both the initial modulus and tensile strength depend on the size
and volume fraction of NPs, both of which can increase by almost an order of magnitude. Furthermore, when the
volume fraction of nanoparticles increases, the strain hardening phenomenon occurs. Two main enhancing
mechanisms are found. One is the increased adhesion between neighbor sheets by NPs and the other is the
homogenized stress due to the extrusion of NPs. The present results should be useful not only for understanding
the microstructure-determined mechanical properties of NP-GrFs but also for the design of advanced functional

materials or devices based on GrFs.

1. Introduction

Graphene foam(GrF), as a typical carbon-based nanoporous mate-
rial, owns a flexible density range [1,2], extraordinary compressibility
[3], high chemical and thermal stability [4], good energy adsorption
capacity [5] and tunable specific area [6], etc. All these properties make
GrFs eligible not only for conventional applications, such as energy
adsorption [5], environment purification [7] and composite materials
[8] but also for cutting-edge applications like biocompatible scaffold [9]
and batteries [10-12].

In most practical applications, various nano-particles (NPs) are often
intentionally embedded in the porous structure of GrFs to enable specific
functions. For example, the metal oxide nanoparticles (NPs) of Fe304
[13], CoO [14] and SnOs [15] are often filled in GrFs as an alternative
anode material to enhance the electrochemical lithium storage perfor-
mance. GrFs added respectively with 59, 67, 39 and 46 wt% of Pd, Pt, Ni
and Sn NPs could greatly improve the sensing performance of hydrogen
gas [16-18]. As a flexible electronic device [19], Fe304 magnetic NP-

embedded GrFs could achieve up to 52% reversible magnetic field-
induced strain and strain-dependent electrical resistance. More exam-
ples about the NP-GrFs are given in Table S1 in Supporting Materials. In
these studies, the physical/chemical functions inherited from NPs were
mainly concerned, but the mechanical properties are rarely involved.
However, as a functional material or device, the mechanical property of
NP-GrFs should be equally important when the material or device is in
service, for an example, the large deformation in flexible electronic
devices prepared from GrF embedded Fe3O4 NPs [19].

Fortunately, the mechanical properties [4,20-33], physical proper-
ties [4,34,35] and the microscopic mechanisms of pure GrF materials
have been comprehensively studied in recent years. For examples,
Agarwal et al. [36] performed the in-situ tensile test on GrFs with the
scanning electron microscopes (SEM) and found that the tensile elastic
modulus is 69.9 GPa, four orders of magnitude higher than 1.2-1.5 MPa
under compression. The first full-atomic molecular dynamics (FAMD)
simulation was carried out by Baimova et al. [37] to investigate the
shear deformation and hydrostatic compression behavior of GrFs, in
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which it was found that the microstructures and mechanical properties
of GrFs could be althered through shear deformation. Sandeep et al.
[28,29] studied the fracture behavior and shockwave response of GrFs
using FAMD. They found that the fracture toughness depends power-
lawly on the density with an exponent of 1.41 + 0.04 and obtained a
linear relationship between the shock velocity and particle velocity.
Using a coarse-grained molecular dynamics (CGMD) model [38], Wang
et al. [20,22] systematically studied the microstructure deformation
mechanism of GrFs under uniaxial compression and found three major
energy dissipation mechanisms, i.e., sliding, impacting and rippling of
graphene sheets. Furthermore, they found that the deformation of GrFs
is dominated by the bending deformation of flakes instead of the
stretching one. Combining the transport modeling with CGMD, Liu et al.
[34] studied the critical phenomenon of the maximum conductivity of
GrFs and explained the competition mechanism between the conduc-
tivity of single graphene sheet and the density of contacting points
among sheets. Xia et al.[4] adopted the CG model [39] of graphene
sheets to study the temperature-dependent behavior of GrFs and found a
fluid-like behavior similar to linear polymer melting at elevated tem-
peratures and the transformation into a glassy-like “foam” state at
temperatures below the glass-transition temperature Tg.

All the above studies are on the mechanical properties of pure GrF
materials. What are the mechanical properties of GrFs filled with
nanoparticles? How does the nanoparticle influence the mechanical
properties of NP-GrFs? Experimental results have shown at least two
kinds of effects induced by NPs in GrFs. One is the embedded NPs can
effectively restrain the aggregation of graphene sheets due to the so-
called “spacer effect” [40] to reach a high specific surface area; the
other is that the unavoidable aggregation of NPs in GrFs will deteriorate
the performance of composites [41]. However, these are far from
enough to understand the mechanical properties of this kind of material
and the inner microstructure mechanisms. Many questions are not clear,
such as how particles interacting with graphene sheets, how particles
affecting the self-assembly of microstructure or the distribution of in-
ternal energy, how particles affecting the macroscopic properties of NP-
GrFs, what difference of all these phenomena under the tensile or
compressive loading?

We have preliminarily studied the deformation behavior of NP-GrFs
under uniaxial compression [42] and found that the compressive
behavior depends seriously on the particle size. Beyond a critically
relative particle size, the graphene-sheet-dominated deformation mode
would change to be a NP-dominated one. As we know from previous
experimental and numerical studies [20,24,36], the deformation be-
haviors of pure GrFs in tension are much different from that in
compression due to the varied microscopic mechanisms of bond
breaking and flake deformation. So, what is the mechanical response of
NP-GrFs under uniaxial tension? Moreover, the inter-sheet crosslinks
may play a key role in maintaining the integrity of foam structures and
improving the mechanical performance of GrFs [20,21,33], it can be
reasonably inferred that the migration of NPs in a crosslinked GrFs and
the effect on the mechanical properties of crosslinked GrFs should be
much different from those in pure GrFs.

In this work, the mechanical property and microscopic deformation
mechanism of NP-GrFs with crosslinks under uniaxial tension are stud-
ied with numerical experiment, in which effects of size and volume
fraction of NPs are mainly focused on. First, the numerical model of NP-
GrFs enhanced by crosslinking is established. Systematic simulations of
NP-GrFs under uniaxial tension are then carried out to find the macro-
scopic mechanical properties, including the initial elastic behavior, the
strain hardening behavior and the final strength. The microscopic
mechanism is further analyzed in detail. Conclusions are given finally.
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2. Numerical model of NP-GrFs
2.1. Mesoscopic coarse-grained method and parameters

The coarse-grained graphene model [38] that has been well used to
study the deformation mechanisms and mechanical properties of both
single graphene sheets and pure GrFs [20-22,33,34,43] is adopted in
this work. The details of numerical model regarding mesoscopic course-
grain method and related parameters of pure GrFs can be found in our
previous work [42].

In order to mimic the strong connection among neighboring sheets
due to the strong physical crosslinks or chemical functional groups
[11,49] in actual GrF systems, based on the numerical model of pure
GrFs, we adopt a crosslink model that has been widely used to study the
large-deformation behavior and fracture mode of carbon nanotube
buckypapers [49,50] and graphene foams [27,46]. As shown in Fig. 1b,
a certain amount of crosslinks (red color) characterized by ¢¢ = kc(r —
ro)%/2 are added among neighboring sheets in GrF samples. k¢ is the
spring constant to mimic the bonds in graphene sheets, r is the current
distance between two beads in different sheets with an equilibrium
distance ry = 25 A. The initial crosslink density in GrFs is fixed in all
simulation models. Furthermore, we assume that the bonds in sheets as
well as crosslinks between neighboring sheets will break when the local
tensile strain is larger than the critical value of 12% according to the
experimental and theoretical researches on the fracture of graphene
[51,52].

2.2. Establishment of the numerical model of NP-GrFs

The numerical model of NP-GrF is divided into three steps according
to the experimental method [13]: first, a pure GrF without NPs is
assembled with 100 square CG sheets (the side length of 50 nm), which
are randomly distributed in a box with the length, width and height
about 178 nm, 170 nm and 180 nm, respectively. A certain amount of
crosslinks are added into the as-synthesized pure GrF to connect
neighboring sheets like strong chemical bonds in actual systems [44];
Then, NPs of a certain volume fraction are randomly intercalated into
the porous structure of the cross-linked GrF; Finally, an equilibrium
simulation is conducted to achieve a well-equilibrated NP-GrF with the
total energy fluctuation less than 1% as shown in Fig. S1. The pure GrF
density of the numerical model is in the range of ~180 mg/cm?, which is
in line with the density range of 12-280 mg/cm® in experiments
[45-47]. The density would be changed accordingly with the volume
fraction of NPs. In an actual GrF material, the graphene sheet may
consist of 1-10 graphene layers [36,48,49]. Here, 8-layered sheets are
mainly adopted in this paper and the sheet layer effect on the me-
chanical response of pure GrFs can be found in [24].

The NPT assembly technique (constant number of atoms, constant
pressure and constant temperature) is adopted to deal with the NP-GrF
system, which has periodic boundary conditions in all three directions
and a constant room temperature of 300 K as well as one barometric
pressure. A time step of 1 fs is used. All simulations are performed in the
large-scale atomic/molecular massively parallel simulator (LAMMPS)
[50] and the results are visualized based on the Open Visualization Tool
(OVITO) [51].

Fig. la shows the initial state of a well-equilibrated 3D NP-GrF
model, in which graphene sheets colored in blue are randomly distrib-
uted and bonded by crosslinks as depicted in Fig. 1b. NPs colored in
green randomly deposit on graphene sheets in three typical forms as
shown in Fig. 1c. It is noted that, the widely observed three structures in
experiments [19,52-55], i.e., the randomly-distributed graphene sheets,
the crosslink-enhanced connections between neighboring sheets, and
the randomly-deposited NPs, are well captured in the numerical model.
The mechanical property under uniaxial tension is manly focused on in
this work and the uniaxial tension added in the x direction has a strain
rate of 5 x 107 s~! along with a zero-pressure barostat in the other two
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Fig. 1. Numerical model of 3D NP-GrFs. (a) The initial well-equilibriated configuration of a NP-GrF with NPs (green) adsorbed on graphene sheets (blue); (b) Four
typical crosslinked microstructures: b-I. point-surface; b-II. edge-surface; b-III. edge-edge and b-IV. surface-surface; (c) Three typical NP-sheet microstructures: c-I.
single-layer NPs randomly adsorbed on a graphene sheet; c-II. NPs sandwiched between two graphene sheets and c-III. multi-layers NPs on a graphene sheet.

loading-free directions. In order to eliminate the influence of graphene
foams and extract the effect of nanoparticles as much as possible, for a
given particle size and volume fraction, we produce the three numerical
samples with the same configuration of graphene foams but different
distribution of nanoparticles in foams to study the effect of the two
factors.

3. Size effect of NPs on the mechanical property and its micro-
mechanism

The tensile stress-strain curves of NP-GrFs with varied NP sizes, i.e.,
D = 7%, 26% and 50% for a constant volume fraction v¢ = 2% of NPs are
given in Fig. 2a. Here, D = d/L, where d and L denote the diameter of NPs
and the side length of square graphene sheets, respectively. The stress-
strain relation of the NP-GrF with a volume fraction v¢ = 2% of NPs
has a similar trend as that of pure GrFs in experiment [36] and simu-
lation [20]. The stress increases sharply in the initial elastic stage before
reaching a maximum value at a relatively low strain, then decreases
slightly with an increasing tensile strain due to the gradual breakage of
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different connections and rearrgement of microstrucutres. As indicated
by the green curve for the NP-GrF with D = 26%, the bond breaking
occurs as early as the tensile strain reaches about 0.1 and the number of
broken bonds continues to increase during the subsequent tension pro-
cess. Four successive snapshots of the system with D = 26% at the tensile
strain ¢ = 0, 0.2, 0.4 and 0.6 are shown in Fig. 2b for an intuitive
description of tension process.

An interesting finding is that the mechanical response is greatly
influenced by the size of NPs as shown in Fig. 2a. The initial modulus of
the stress-strain relation increases with the increasing NP size when the
volume fraction of NPs is fixed as shown in Fig. 2c. Such a phenomenon
is opposite to that in the other particle-filled composites [59]. In the
present material, the initial modulus increases almost linearly with D in
the range of 0 < D < 15% and then nonlinearly in the range of 15% < D
< 50%; Afterwards, it keeps nearly a constant when D > 50%.
Furthermore, the initial modulus increases almost an order of magnitude
when the relative size D increases from 0 to 50%. Here, we noted that
this relationship between the initial modulus and particle size in the NP-
GrFs under uniaxial tension is highly different from that observed in

Encapsulated

Fig. 2. Mechanical responses of NP-GrFs with a varied NP size under uniaxial tension. (a) The stress and the percentage of broken bonds as a function of the tensile
strain for the system with varied relative particle diameters D = 7%, 26% and 50% at a given volume fraction of NPs v¢ = 2%. The percentage of broken bonds is the
number of broken bonds divided by the total number of bonds in the system; (b) Snapshots of the NP-GrFs with D = 26% at four successive tensile strains of 0, 0.2, 0.4
and 0.6; (c) The modulus of NP-GrFs as a function of D; (d) Microstructural evolution in NP-GrFs with varied D = 7%, 26% and 50%, (d-I) Small particles with D = 7%
are randomly adsorbed on sheets similar to that in experiment [19]; (d-II) Medium particles with D = 26% are trapped between crosslinked neighboring sheets; (d-IIT)
Large NPs with D = 50% are encapsulated in pores surrounded by multiple crosslinked sheets.
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uniaxial compression [42].

In order to reveal the mechanism of size-dependent initial modulus,
the evolution of microstructures are given in Fig. 2d. As observed in
experiments [19,56], NPs of D < 15% adhere randomly on the graphene
sheet and have hardly effect on the rearrangement of graphene sheets in
the tension process of NP-GrFs as shown in Fig. 2d-I. However, ac-
cording to the numerical calculation [57], the modulus of a single gra-
phene sheet can be well enhanced by other coating materials, such as
CNTs, graphene sheets or NPs, which will further increase the modulus
of GrFs. In the case of relatively large NPs, i.e., 15%<D < 50%, NPs
aggregate at junctions between two neighboring crosslinked graphene
sheets due to the greater interaction. The case of D = 26%, as an
example, is shown in Fig. 2d-II, where it is found that the “trapped” NPs
will constrain the relative rotation of graphene sheets and trigger not
only larger out-of-plane bending deformation of sheets, but also larger
in-plane stretching deformation. Such a microstructural phenomenon
will be further verified by the energy analysis in the following part. Both
the increased stretching modulus and the bending modulus of graphene
sheets should be responsible for the enhanced modulus of NP-GrFs. In
the case of D > 0.50, nanoparticles cannot be trapped by neighboring
bonded sheets due to the narrow space, which will drift into pores and be
surrounded by bonded sheets as an “encapsulated” configuration shown
in Fig. 2d-III. Such a configuration can increase the interaction among
distant sheets and restrain their rearrangement, which further induces a
large modulus of the system. However, it can be inferred that the effects
of increasing interaction and restraining rearrangement tends to be
saturated with the further increase of nanoparticles, which is also veri-
fied by the final stage in the results of Fig. 2c. Movies M1, M2 and M3 for
the three configurations of NPs in GrFs are supplied in Supplementary
Materials. In our previous work [42] studying the compression of NP-
GrFs, the NP size also had direct influence on the stress-strain
behavior of NP-GrFs due to different micromechanism. In uniaxial
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compression, the large particles can flow out and agglomerate to form a
skeleton to support the external load, in this case, the compressive
modulus of NP-GrFs is dominated by large NPs rather than graphene
sheets.

One should be noted that, the relationship between the modulus of
NP-GrFs and the size of NPs is opposite to that in other particle-
modulated composites [58,59]. For example, in nanoscale CaCO3 and
silica particles filled polypropylene and polysiloxane matrices, the
modulus of the composite decreases with an increasing size of particles
when the volume fraction of nanoparticles is fixed. Such a result is
mainly due to the reduced interface between nanoparticles and matrix.
In addition, in real applications, NPs may damage the GrF structures to
some extent, e.g., leading to thinner pore walls or less inter-sheet
crosslinking, as mentioned in Fe3O4 filled GrFs [19]. As a result, the
modulus of the composite would be decreased by nanoparticles. In
comparison, the present result indicates that, it is an effective way to
tune or increase the initial modulus of GrFs by the size of nanoaprticles
with a fixed volume fraction, only if the foam structure is not damaged
during in the fabrication process.

In order to further reveal the micro-mechanism of size-dependent
initial modulus, we study the distribution and evolution of three kinds
of elastic energies, i.e., the bending energy Upeng, the stretching energy
Ustretch and the shear deformation energy Ugnear Of graphene sheets,
respectively, as shown in Fig. 3 (a-c). In any system, both the bending
energy Upenq and the stretching one Usyetch are much larger than the
shear deformation energy Uspear at any tensile strain. It indicates that the
bending and stretching behaviors are dominated in the deformation of
NP-GrFs under tension, which is much similar to that in pure GrFs [20].
Furthermore, it is found that the larger the nanoparticle, the larger
Ubends Ustretch and Ughear Will be in the NP-GrFs. All these are consistent
well with the qualitative description and observations in Fig. 2d(Il and
I). In addition, in the system without NPs or with smaller NPs (D =
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Fig. 3. The distribution and evolution of different elastic energies in NP-GrFs with varied D under uniaxial tension. (a) The bending energy Upeng; (b) The stretching
energy Usieteh and (c) the shear deformation energy Ushear; (d) Snapshots of the total elastic energy at the initial state and the states with 0.3 and 0.6 tensile strain in

NP-GrFs with different D: (d-I) 7% and (d-II) 50%.
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7%), Ubend> Ustretch and Ughear increase negligibly with an increasing
tensile strain, while in the system with larger NPs (e.g., D = 26% or
50%), three kinds of energies, especially the stretching one Usretch, in-
crease obviously with an increasing tensile strain due to the constraint
effect of NPs. Compared the total elastic energy in NP-GrF of D = 7%
with that of D = 50%, as shown in Fig. 3d, shows that the larger the NPs,
the more uneven the high elastic energy regions will be.

4. The effect of volume fraction of NPs on the mechanical
property and its micro-mechanism

The effect of volume fraction of NPs on the mechanical properties of
NP-GrFs is further studied. Considering the widely used small NPs in
practical applications, we adopt nanoparticles of D = 7% in this sub-
section. The stress-strain relations of NP-GrFs with varied volume frac-
tions of NPs v¢ = 2%, 16%, 30% and 42% are shown in Fig. 4a. Basically,
the stress-strain relation is similar to that of pure GrFs. However, the
stress-strain relation exhbites an obvious strain hardening effect with
the increasing volume fraction, especially, in the case with v = 30% and
42%. Four successive snapshots of GrF with v¢ = 42% under the tensile
strain of 0, 0.2, 0.4 and 0.65 are given in Fig. 4b. It can be seen that NPs
almost fill the entire foam system. With the increase of tension, micro-
crack or hole emerges and grows up in the cluster of nanoparticles.
Then, the crack or hole is blocked by the graphene sheets and stops the
further growth. Cracks or holes will appear in other NP clusters at other
locations, which will grow up and be blocked also by the graphene
sheets. This phenomenon occurs repeatedly and multiple microcracks
form in different places, which is the main micro- mechanism inducing
the effect of strain hardening. The larger the volume fraction of NPs, the
more the number of final microcracks will be, and the more obvious the
strain hardening effect will be.

Fig. 4a further shows that the initial modulus and final strength of
NP-GrFs are also influenced by the volume fraction of NPs as shown in
Fig. 4c. The molulus increases almost linearly with an increasing vy,
which can be fitted by a formula Ej,jr = 192v¢-114. Here, we noted that
this dependency relationship of the modulus on the volume fraction of
NPs is much different from that in compression [42], in which a
maximum initial modulus is obtained at a critical volume fraction of

(2)
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NPs. The strength exhibits an exponential relation with v¢, which nearly
abides by ot = 7.1 + 2.9exp(0.6v¢0.5).

Two micro-mechanisms may be responsible for the increased
modulus of NP-GrFs. One is the increased effective modulus of graphene
sheet due to the adsorbed NPs in the case of small v¢, the discussion on
which is the same as that in Section 3.1. The other is the constraint effect
in the case of large vf, in which the elastic deformation of graphene
sheets themselves is activated due to the particle constraints. Further
analysis from the deformation energy point of view will be given later.
Generally, the micro-mechanism for the emhancing modulus of NP-GrFs
with varied vs is similar to that with varied particle size in Section 3.

The increased strength of NP-GrFs may attributes to two micro-
mechanisms. One is the connecting effect induced by NPs, which look
like glue between neighboring sheets as shown in Fig. 5a and movie M4
in Supplementary Materials. The more the NPs, the more obvious such a
connecting effect will be. The other is due to the strain hardening effect
induced by microcracks or holes, espectially in the case with large vol-
ume fraction. The larger the volume fraction of NPs, the more micro-
cracks or holes will be formed. On the one hand, the blocking effect by
the graphene sheet will increase the strength. On the other hand, more
cracks or holes are conducive to more dispersed distribution of high
stress zone as shown in Fig. 5b, which will further reduce the number of
broken bonds as shown in Fig. 5Sc.

Different elastic energies of graphene sheets in NP-GrFs with v¢ = 0,
2%, 16% and 42%, including the bending energy, the shearing defor-
mation energy and the stretching energy, are calculated and shown in
Fig. 6(a-c). Generally, the three kinds of elastic energies increase with an
increasing v¢. Specially, in the system with nanoparticles of large volume
fraction, the deformation of graphene sheets may be relatively large,
which can be inferred from the elastic energies shown in Fig. 6(a-c).
Typical snapshots are given in Fig. 6d, in which the graphene sheet in
the system with v = 42% bends much more obviously than that in the
system with v¢ = 16% at the same tensile strain of 0.3. One should note
that crosslinks among graphene sheets play a key role in such a me-
chanical response of NP-GrFs with large vg. The strong restriction
induced by crosslinks causes graphene sheets undergo a relatively large
deformation. Without crosslinks [42], the modulus would increase first
and then decrease with an increasing volume fraction of NPs.
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Fig. 4. Effect of the volume fraction of NPs on the mechanical properties of NP-GrFs under uniaxial tension. (a) The stress-strain relation of NP-GrFs with varied
volume fractions: v¢ = 0, 2%, 16%, 30% and 42%; (b) Snapshot at the tensile strain of 0, 0.2, 0.4 and 0.65 in NP-GrF with v¢ = 42%; (c) The modulus and strength of

NP-GrFs as a function of v¢ as well as their respective fitting curves.
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5. Conclusion

In this work, the mechanical property and the corresponding
microscopic deformation mechanism of NP-GrFs under uniaxial tension
are systematically investigated using the CGMD method. The effects of
size and volume fraction of NPs on the stress-strain relationship and
microstructural evolution are mainly focused on. It is found that, with
the increase of NP size, NP-GrFs have three kinds of microstructures, i.e.,
NPs randomly adsorbed on sheets, trapped between two neighboring
crosslinked sheets and encapsulated in pores formed by interconnected
sheets. The initial modulus of NP-GrFs depends nonlinearly on the
particle size and increases by almost an order of magnitude as the
relative size D increasing from 2% to 50%. For the system with smaller
NPs (0 < D < 15%), the increase of modulus is attributed to the
enhanced constituent sheets by NPs; while for the system with larger
NPs (15%<D < 50%), besides of the enhancing effect of constituent
sheets, NPs will restrain the rearrangement of sheets and trigger large
deformation of sheets, which is responsible for the further increase of the
modulus of the system. Distribution and evolution of three kinds of
elastic deformation energies in sheets further provide quantitatively
explaination on the relationship between the modulus and particle size.
The volume fraction of NPs has also significant effect on the modulus
and strength of NP-GrFs. The initial modulus increases almost linearly
with an increasing volume fraction of NPs, the micromechanism is much
similar to that induced size-dependent initial modulus. The strength of
the system increases nearly exponentially with an increasing volume
fraction of NPs due to two underlying mechanisms: one is the enhanced
adhesion by NPs between two neighboring sheets and the other is the
homogenization of stress due to the gradually formed microcracks in the
case with large volume fraction of NPs. The results in this work should
be useful not only for understanding the microstructure-determined
mechanical properties of NP-GrFs but also for the design of advanced
functional materials or devices based on GrFs.
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