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ABSTRACT

Recently, much interest has been attracted in the graphene-assembled hollow nanospheres (GAHNSs)
because of outstanding multi-functional properties. This paper systematically explores the compressive
mechanical behaviors and gas bearing capability of GAHNs by a coarse-grained molecular dynamics
(CGMD) simulation combining with in-situ compressive test. It was found that the GAHNs possess
excellent compressive elasticity (experimentally recoverable strain can reach ~ 58%). Under large
compressive strain (>90%), the GAHNs also display obvious plastic deformation owing to inter-layer
slippage between graphene nanosheets. In addition, the morphology of force measurement tip (FMT)
plays critical roles on the compressive failure modes of GAHNs. When FMT is sharp, it can pierce through
the shell of GAHN, whereas the blunt one compels GAHN to collapse. The thermal expansion process of
GAHNSs was investigated by CGMD simulation. With the increase of ambient temperature, the internal
pressure of GAHN increased until a crack appears. To further understand this expansion failure, an in-situ
scratching experiment was designed and the tearing strength of shell of GAHN was estimated to be
~748 MPa. This work provides an in-depth understanding on intrinsic mechanical properties of GAHNs
and broadens their potential applications.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

assembling nanoscale graphene into macroscopic bodies with
unique multi-functional properties, such as graphene-based fibers,

Since discovery in 2004, graphene has been seen as the most
promising two-dimensional nanomaterial, due to its excellent
mechanical, thermal and electrical properties, etc. [1,2] However,
the small size and low-dimensional morphology of graphene limit
its practical applications. A route to resolve this issue is that
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films and aerogels, etc. [3—9] Recently, much interest has been
focused on a novel hierarchical structure, graphene-assembled
hollow nanospheres (GAHNs), fabricated by solution or template
methods. For example, Cao et al. [10] developed a one-step hy-
drothermal method, where the H,SO4 aqueous suspension was
utilized to assemble graphene oxide nanosheets into hollow
spheres. Su et al. [11] employed the silica spheres as templates to
prepare the well-wrapped GAHNs with different number of shells.
Compared to flat graphene, the spherical morphology of GAHNs
possesses a larger accessible surface area for the adsorption of
electrolyte and lithium ions, making them have great potential as
supercapacitor [12—16], catalytic electrodes and oxygen reduction
reaction catalyst [17—19], etc.

The mechanical properties of materials are the basics for their
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practical applications. So far, the compressive mechanical behaviors
of various solid and hollow nanospheres, correlated by their
spherical nanostructures, have been studied by in-situ compression
experiments combined with theoretical modelling. For examples,
Chrobak et al. [20] found that solid Si nanosphere presented a
dislocation-driven plasticity behavior under compression loading,
which is different from phase transformation-driven plasticity of
bulk Si. Shan group found that the spherical samples can effectively
avoid surface dislocation nucleation of metal materials during
compressive mechanical testing, by which the ideal strength of iron
was obtained to be ~12 GPa [21]. Faerstein et al. [22] revealed
remarkable high-stiffness property and outstanding recoverable
elastic deformation capability of hollow boron nitride (BN) nano-
spheres. Inspired by biological shells and honeycomb-like cellular
structures, Yang et al. [23] studied the compressive mechanical
behaviors of one kind of amorphous carbon nanospheres. It was
observed that this nanostructure can simultaneously exhibit high
strength and large compression deformation. Meanwhile, an
interesting delay-failure phenomenon of this nanostructure highly
relating to the ratio of shell thickness and diameter was discovered
[24]. Nevertheless, to our best knowledge, the compressive me-
chanical characteristics of GAHNs have not been in-depth explored
yet.

It has been theoretically proved that some members of carbon
family, such as fullerenes and carbon nanotubes, possess excellent
pressure-resistant properties of gas [25—29]. Pupysheva et al. [30]
studied the hydrogen storage capacity of ball-like fullerene
nanocages using density functional theory. The general relationship
between the internal pressure of the fullerene nanocages and C—C
bond elongation was extracted. Manna et al. [31] calculated the gas
(H3 and CO;) bearing capacity of nanocapsules consisting of single-
walled carbon nanotubes with different chiralities by first princi-
ples calculations. Zhao et al. [25] designed an icosahedral fullerene
structure with twelve pentagonal faces at the vertices of the regular
icosahedron and twenty triangular faces. The molecular dynamics
(MD) simulation results show that this extendible nanostructure
with super-low density possesses excellent pressure resistance
character. From the potential multi-functional application
perspective of hollow carbon-based capsule structures, the thermal
stability and gas bearing capacity of GAHNs have not been under-
stood yet.

In this paper, we combine coarse-grained molecular dynamics
(CGMD) simulation and in-situ scanning electron microscope
(SEM) compressive tests to systematically study the compressive
mechanical properties and thermal expansion properties of GAHNs
for the first time. The super-compressive elasticity and plastic
collapsing behavior of GAHNs were revealed. Moreover, we inves-
tigated the thermal expansion process and potential cracking fail-
ure mechanisms of gas-filled GAHNs. The tearing strength of GAHN
shell was experimentally estimated to be ~748 MPa. This work
provides an in-depth understanding on the intrinsic mechanical
behaviors of graphene-based hollow nanospheres and broadens
their applications.

2. Methods
2.1. Preparation of GAHNs

In this study, we prepared the GAHNs by a facile assembling
method. At first, 10% HCl (v/v) was added into as-synthesized gra-
phene oxide (GO) solution (2 mg mL~Y, 50 ml) to make the solution
acidic, which introduce the GO nanosheets to self-curling. It is
noted that the GO was synthesized by the improved Hummers’
method [32]. Subsequently, the mixture was sonicated under ice
bath for 0.5 h and then filtered by a filter membrane with a
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micropore size of 0.65 um. The vacuum filtration provides the
interlayer shearing force of graphene oxide sheet. After the above
process, the free-standing GO paper is obtained which possesses
surface microspheres with diameter of 30 mm. Then, the GO paper
was suction-dried for 1 day firstly, and dried under vacuum at 80 °C
for 2 h, and air-dried for 1—2 days under ambient conditions in the
end. In this process, the graphene oxide curls to form carbon
spheres. The X-ray photoelectron spectrum for as-prepared GAHN
and the preparation process diagram are shown in Fig. S1, which
character the structure of GAHN.

2.2. CGMD simulation

The large-scale atomic/molecular massively parallel simulator
(LAMMPS) was employed to run all MD simulations in this work
[33]. The related parameters of coarse-grained (CG) force field were
chosen from the literature, which includes bonds, angles, dihedrals
and non-bonded interactions [34]. Given that the Lennard-Jones
(LJ) parameters ¢y and oy are 0.82 kcal/mol and 3.46 A, respec-
tively, and the cutoff distance between two adjacent graphene
nanosheets (GNs) in GAHNs is 12 . We set the cutoff between
substrate and GANH as 3.88 A, as well as between the tip and
GAHN. This value equals the distance corresponding to the lowest
energy on the L] potential, which effectively avoid unnecessary
attraction of the substrate and the tip to GAHN. During the dy-
namics simulation, the system temperature was set to be 5 K to
eliminate the unnecessary structural vibration caused by high
temperature. The timestep was set to be 1 fs. The NVT (constant
number of atoms N, constant volume V, and constant temperature
T) ensemble was used during the whole simulation to guarantee
the strcutural stablility of GAHNs. According to Martini’s approach
[35], the CG model was constructed by hexagonal lattice of beads,
where each bead represented four atoms in fully atomic model of
GNs, as shown in Fig. 1a. All GNs in the initial configuration are
randomly distributed in the simulation box, and a spherical
boundary with a radius of 5000 A expressed by R; shrinks inward in
a constant speed to push the sheets into a ball, as shown in Fig. 1b.
There is a fixed spherical area where no sheet exists in the middle of
the simulation box to guarantee the hollow structure. As the
boundary continues to shrink, the graphene sheets overlap each
other until it is assembled into a hollow sphere. The resulting GAHN
model was built by 84 CG graphene nanosheets with a same size of
200 A x 200 A, which totally contains 330,624 carbon beads.

2.3. In-situ SEM compression testing

We employed a sensitive force measurement system (FMS) to
study the cyclic compression behaviors of GAHNs and achieve
tearing strength of GAHNs (Kleindiek Nanotechnik, Germany). The
FMS is composed of a nano-manipulator equipped with an force
measurement tip (FMT) and force output system. There is a
piezoelectric force sensor between nano-manipulator and FMT. The
force measurement resolusion of FMT and the moving resolution of
the nano-manipulator are ~1 nN and ~0.25 nm, respectively. Two
kinds of FMTs, sharp and blunt, were used in experiments to
investigate their effect on compressive mechanical behaviors.
Before testing, the nano-manipulator with FMT and GAHN samples
were fixed into the chamber of SEM. Subsequently, the FMT was
calibrated by a calibration spring, during which it was moved down
until the calibration spring has been bent to the 1.0 pm mark, as
shown in Fig. S2. After calibration, the force value for the next
experiment will be calculated by software based on the voltage
transmitted by the piezoelectric sensor and the parameters of the
calibration beam. The testing force-time curve can be directly
output, and the force-displacement curve can be extracted by the
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Fig. 1. (a) A schematic for demonstrating the CG process for graphene GNs. (b)The modeling process of GAHN. (A colour version of this figure can be viewed online.)

force-time curve combining with in-situ testing video.

3. Results and discussion

In this study, the parameters of CG force field were chosen from
a classic literature, where the mechanical responses of graphene
can be accurately estimated [34]. In details, a Morse function was
used to describe the bond potential term in the CG models:

2
Vy(d)=Dg[1 — e*a<d*do>] (1)
where Dy and « are force constants, and dp is the equilibrium bond
length. A harmonic function was used to describe the angle po-
tential term:
Va(6) =ky(0 — ) (2)
where kg is the spring constant and 6y is the equilibrium angle. And
another harmonic function was used to describe the dihedral po-
tential term:
Va(@)=kgz[1—cos(2@)] (3)
where kg is the spring constant. The non-bonded van der Waals

(vdW) interaction force between GNs was described by a L] po-
tential [36]:

)~ (%)~ (2]

(4)

where ¢y is the depth of the potential well, which can reflect the
strength of the attraction between two beads. o1 is the L] parameter
associated with the equilibrium distance between two non-bonded
beads. And r is the bead-to-bead distance in a cutoff range.

Based on the force field relationship above, we obtained GAHN
model by the method of MD simulation. Fig. 2a and b show the final
configuration of a GAHN, besides, the radius R and average thick-
ness t are ~239 A and ~20 A, respectively. In addition, we also
prepared a kind of GAHN by a simple solusion method (see detailed
preparation method in the Methods), which has the same structure
depicted in molecular model (Fig. 2d and e). To peform the
following theoretical prediction, the prepared GAHNs were used in
the in-situ compression and scratching testing. Fig. 2¢ and f show
the same laminated nanostructure of the molecular models and
experimental samples, where GNs are overlapped each other.

To study the compressive mechanical properties of GAHNSs, the
compressive force F versus displacement ¢ is defined as shown in
Fig. 3a. To be consistent with the loading mode in in-situ experi-
ment, we constructed the cone-like diamond tip to compress
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GAHN. The bluntness degree of tip is described by the parameter
rip and h, which are the radius and the height of tip, respectively.
During the simulation, the parameter h is constant, so a sharper tip
has a smaller rjp, and vice versa. The GAHN was placed on a rigid
plate composed of three layers of flat GNs to achieve the
compression loading. Fig. 3b shows the three cyclic loading curves
with different compression strain &, where taking rj, = 6 A and
compression velocity v. = 5 m/s, respectively. It is noted that « is
calculted by £ = 6/2R, where R is the outer radius of GAHN, ¢ is the
displacement of the contant point between the tip and GAHN. It can
be seen that, during the first two cycles of loading, the unloading
curves can retract along loading path, with a full storage-release
process of internal stress, indicating a good compressive elastic-
ity. The fluctuations in the curves exactly reflect the deformation
response of this multilayer self-assembled hollow structure under
compressive load. When ¢ increases to 30%, as shown in Fig. 3b and
¢, there has been a slight degree of plastic deformation in the
structural deformation process. We selected several adjacent GNs
colored by red, yellow and blue near the tip to further realize the
structural evolution of GAHN during the third compression-
recovery cycle (Fig. 3d). As the tip moves down and continually
compresses the ball, the red and yellow GNs are gradually sunken,
while the blue one keeps its original position. Whereas, when the
tip is raised, the blue GN rotates and slips to one side sligthly to
reach the deformation coordination of the structure. During this
process, the interfacial vdW interaction between GNs dominates
the strcutural stability. The most of external compressive work can
be effectively transferred to elastic deformation energy of GNs, but
a small part is consumed in the slipping between layers. Hence the
elastic deformation mechanism supplemented by plastic defor-
mation is revealed in the third compression-recovery process.
Considering that the plastic deformation of overall structure is tiny,
as shown in Fig. 3c, this structure can still be regarded as super-
elasticity nanosphere. Moreover, an interesting bouncing phe-
nomenon was observed because of a fast release of elastic defor-
mation energy after completely unloading (Video S1).

We further investigated the cyclic compressive mechanical
behavior of GAHN under a compressive strain of up to 90% (Fig. 4,
Video S2). Five feature points were selected from the F-¢ curve to
depict the whole structural evolution process (Fig. 4a), combining
with corresponding compressive snapshots (Fig. 4b and c). It can be
seen that before point g, there is a linear relationship between Fand
0, indicating a pure elastic deformation. Between point a and b, the
structure has undergone both elastic and plastic deformation. As
the displacement increases continuely, it goes into a plastic yielding
stage (between point b and c), where F does not increase but keeps
a fluctuation state. After point c, the structure is gradually unloaded
and cannot fully recover to its original configuration (Fig. 4b). The
evolution of the four GNs selected in the red square in Fig. 4b is
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Fig. 2. (a)—(b) The final configuration of the GAHN. (d)—(e) The SEM images of GAHNS. (f) A transmission electron microscope (TEM) image for the cross-section of shell of GAHN.
The lamination structure of GAHN in the red square is shown by (c) the enlarged molecular dynamics diagram. (A colour version of this figure can be viewed online.)
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Fig. 3. (a) A schematic of tip, compressive loading F and displacement d. (b) The cyclic compression force F versus displacement ¢ curves with different compressive strains. (c) The
snapshots of GAHN under the third cyclic compressive loading (compression strain is 30%). (d) Corresponding evolution process of local structure of GAHN under the third cyclic

loading. (A colour version of this figure can be viewed online.)

enlarged and shown in Fig. 4c. At the beginning, the blue GN is bent
first, and the structure is in an elastic deformation stage. Gradually,
the slipping and bending become obvious. After point b
(6 = 169.48 A), the top blue GN is pressed into the ball with the
movement of tip, and the bending deformation is extended to the
adjacent yellow and indigo GNs. When ¢ reaches 313.98 A, an
interlocking between the four GNs can be clearly observed from
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another perspective, as shown in the red dashed square. The
structural buckling of GAHN shell with large bending deformation
and inter-layer slippage of GNs is irreversible, which results in a
plastic deformation. Therefore, the recovery of the four GNs is
unobvious during the unloading process. This deformation mech-
anism is different from that of hollow BN nanoparticles controlled
by interlayered bonds and structural phase transition [22].
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Fig. 4. (a) The compression force F versus displacement ¢ curve when compressive strain is up to 90%. (b) The snapshots of GAHN under cyclic loading. (c) Corresponding evolution
process of local structure of GAHN under cyclic loading. (A colour version of this figure can be viewed online.)

Besides the insights of MD simulations, we performed the in-
situ SEM compressive test to study the cyclic compressive behav-
iors of GAHNs as well, by which the structural changes of hollow
nanosphere under loading can be well observed [22,37]. As shown
in Fig. 5a, we utilized the FMT to compress a GAHN, and the F-
¢ curve for whole cyclic loading is shown in Fig. 5b. It is noted that
the initial position of cantilever of FMT needs to be parallel to the
horizontal plane. Considering that the rotation angle of cantilever
of FMT is much smaller than its length, therefore, the loading

(a (b)*

Loading

J

Unloading

20 25 30

10 15

8 (um)

Fig. 5. (a) A schematic of in-situ compression test for a GAHN. (b) The F-0 curve of a
GAHN with diameter of 2.8 um under cyclic loading (compressive strain is 78%). (c)
Corresponding snapshots under the whole cyclic loading. (A colour version of this
figure can be viewed online.)
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direction is regarded as passing through the centre of sphere and
the tangency point of sphere and horizontal plane. As the diameter
of GAHN is ~2.8 um, the maximum compression displacement was
set to be ~2.2 um (corresponding compression strain is 78%). The
detailed experimental setup can be found in the Methods. It can be
observed that the local sunken deformation of GAHN was gradually
formed with an increase of ¢ (Fig. 5c, Video S3). During unloading
stage, the structure with a partial sunken was recovered. When
FMT was completely away from GAHN, an ellipsoid morphology
with residual deformation of ~20% was left, by which we can
deduce that the elastic recovery strain is approximately 58%.
Although it is difficult to directly reveal the origin of plastic
deformation by in-situ SEM observation, it is reasonable to explain
deformation mechanism by the inter-layer slipage failure between
GNs from MD simulation.

The effect of the tip morphology on compressive mechanical
behaviors of GAHNs was investigated as well, where the radius
rip = 1.5 A and r4p = 30 A represent for a sharp and blunt tips,
respectively (Fig. 6a). From the responses of F-6, there are similar
deformation trends before structure failure, including pure linearly
elastic deformation (before a and a’) and elastic-plastic deforma-
tion (a-b and a~b’). However, it can be observed that there are two
distinct different failure modes. When the tip is sharp, it can pierce
through the shell of GAHN from the weak joints or gaps between
GNs (Fig. 6¢ and d), leading to a decline of F. This behavior was also
experimentally validated that a sharp FMT could directly pierce out
from the GNs (Fig. 6e). In contrast, the blunt tip causes a collapsing
failure (Fig. 6f), which can be explained by the contact area between
blunt tip and GAHN is relatively large. With the increase of
compressive strain, the shell of GAHN is gradually flattened until
the upper and lower parts are attracted together by vdW interac-
tion (Fig. 6g and h). When it comes to a flat tip, namely, rtjp = o, as
shown in Fig. S3, the compression strength ¢. of GAHN can be
theoretically estimated to be 1.14 GPa by ¢ = Fcmnax/Sc. The Femay is
the maximum compression force before structure collapsing (point
b”), and S is the true contact area between plate and GAHN, which
is estimated by determining the number of carbon beads on GAHN
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Fig. 6. (a) The sharp and blunt tips, the radius are 1.5 A and 30 A, respectively. (b) The curves of the compressive force F versus displacement ¢ using different tips. (c) The process of
piercing through the shell of GAHN using a sharp tip from CGMD simulation. (d) Local configuration after piercing the shell of GAHN, where the tip is passed through from the gaps
between GNs. (e) The SEM images before and after piercing through a GAHN using a sharp triangular FMT. (f) The process of collapsing a GAHN using a blunt tip from CGMD
simulation. (g) Local collapsed configuration of GAHN. (h) The SEM images for a collapsed GAHN using a blunt FMT. (A colour version of this figure can be viewed online.)

experiencing a non-zero vdW interaction with the plate [20].

There are many studies investigated the ultra-light materials,
whose density is infinitely close to air but not really lower than air
[38,39]. Based on this background, we carried out research on the
real floating property of the prepared hollow structure. Following
the above study on the intrinsic mechanical properties, we first
explored the thermal stability and gas bearing capability of GAHNs.
One of the most stable gas, helium, was employed in the simula-
tion. In order to simplify modelling, the same CG strategy was
utilized for helium, where each CG helium bead represented four
actual helium atoms, and total 5000 CG helium beads were filled
into the GAHN (Fig. 7a). Since there is no accurate L] parameters to
describe the interaction betwee CG helium beads and CG carbon
beads, and the focus of this work is the thermal stability and cor-
responding failure mechanisms of GAHN, the same L] parameters
was employed to approximately depict the interaction of helium
beads and carbon beads.

Fig. 7b shows the relationship curve of internal pressure P and
temperature T. The P is calculated by P = F;/Vy;, where F; is the force
caused by the interaction between inwall of GAHN and helium
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beads, and V; is the effective diffused volume of helium beads. In
the initial state, helium beads forms a cluster in the center of GAHN
(Fig. 7a). With gradual increase of T, the cluster of helium begins to
diffuse outwards, resulting in a slight increase of P (below 30 K).
When the temprerature is between 30 K and 137 K, P further in-
creases. Meanwhile, the surface of GAHN keeps moving under the
action of the expanded helium and the continuely increased tem-
prature, a crack gradually appeared, as shown in Fig. 7c. During this
stage, due to the internal space is still not fully filled with helium
beads, the helium beads do not leak immediatliy but continues to
expand with the increase of temperature. When T exceeds to 137 K,
the gas particles leaked from the crack and the internal pressure P
begins to decline. At the same time, the crack becomes narrow and
stable owing to the decrease of gas volume. The thermal expansion
process can be seen in Video S4.

The thermal stability and gas bearing capacity of GAHN obtained
in MD simulation during the heating process are related to the
actual tearing strength of shell of the structure. In order to realize
the intrinsic mechanical strength of shell, a scratching experiment
is designed for the GAHNs using FMT. The loading position of FMT is
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Fig. 7. (a) An initial configuration of GAHN filled with helium, where four helium atoms are equivalent to one CG bead. (b) The relationship between internal pressure P and
temperature T, which can be divided into three stages. (c) The sectional morphologies of a GAHN filled with helium under different T, and evolution process of local crack

propagation of GAHN shell. (A colour version of this figure can be viewed online.)

adjusted intentionally from centre to the edge of GAHN by con-
troling the nanomanipulator, as shown in Fig. 8a. Fig. 8b shows the
curve of deviated compression loading versus displacement of
GAHN with a diameter of 2.74 pum, where the deviation distance D is
approximately 1.43 pm. The corresponding snapshots are pre-
sented in Fig. 8c. With the increase of compressive displacement, a
local collapsed deformation near FMT can be clearly observed.
When the loading almost reaches to the maximum values (35 uN), a
sudden slippage of FMT towards down was observed. Meanwhile, a

(a)

scratching crack is formed and some teared-off GNs are retained on
FMT after unloading. The scratching process can be seen in Video
S5. The tearing strength is defined in this paper with o = Femax/
S = Femax/(2Lt), where S = 2Lt is cross-section area of the long and
narrow crack which is approximately regarded as two rectangular
surfaces, L = 1.17 um and t = 20 nm are the length and thickness of
crack, respectively (Fig. 8d). According to the above relationship,
the o, was approximately estimated to be 747.86 MPa. Although this
value cannot be directly compared with the tensile strength of

(d)

After
unloading

Fig. 8. (a) A schematic for deviated compressive loading. (b)—(c) Deviated compression force versus displacement curve of a GAHN with diameter of 2.74 pm and corresponding
snapshots, where an obvious scratched crack can be observed. (d) A schematic of approximate calculation of crack area. (A colour version of this figure can be viewed online.)
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graphene-based papers/films, they are in the same order of
magnitude based on the vdW interaction [40—43].

4. Conclusion

This work investigates the compressive mechanical responses
and thermal expansion process of GAHNs by CGMD simulation
combining with in-situ SEM experiments. Both theoretical and
experimental results show that GAHNs have an excellent elasticity
within relatively small compressive strain (maximum value is
~58%), and the structure behaves an interesting bouncing phe-
nomenon due to a fast release of elastic deformation energy. When
the compressive strain is up to 90%, the structure displays irre-
versible plastic deformation, owing to the large buckling of GNs and
inter-layer slippage between GNs. Additionally, we found two
typical structure failure modes of GAHNSs, piercing and collapsing,
depending on the morphology parameter rp. At last, the CGMD
simulation reveals that the gas expansion can crack the GAHNs.
And the tearing strength of GAHNs, which reflect the intrinsic
mechanical performance, was estimated to be ~748 MPa by an in-
situ scratching experiment. This work lays the foundation for the
multi-functional applications of GAHNs.
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