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a b s t r a c t

Recently, much attention has been directed to 3D graphene structures due to their potential of retain-
ing intrinsic 2D graphene properties, in combination with structural flexibility and tunable porosity.
From a theoretical point of view, however, it is challenging to build 3D graphene foam structures
that accurately represent experimental topological configurations. Here, we generate open-cell 3D
graphene structures that closely reflect template-based manufacturing techniques and investigate their
mechanical properties. We use all-atom molecular dynamics simulations to relate the overall stiffness,
collapse stress and fracture properties to the underlying graphene microstructure represented by the
graphene relative density, template relative density and number of graphene layers. We do so for four
different template morphologies: gyroids, regular foam (BCC), random foam and nanoporous gold. The
overall mechanical properties as a function of graphene relative density are analyzed in terms of power
law relations to probe the microstructural deformation modes. Our results show that the open-cell 3D
graphene structures feature bending as the dominant deformation mode, with regular graphene foams
having the highest stiffness and strength and random foams the lowest. For gyroids we found that a
higher template relative density leads to reduced mechanical properties but improved ductility. A
similar trend was observed when the number of graphene layers was increased: enhanced ductility
but at the expense of a reduced strength. Interestingly, we found that for low graphene density, the
gyroids feature a strong self-stiffening response, leading to improvements in both strength as well
as ductility. Our findings can be used as a guideline for the experimental design of innovate and
lightweight graphene structures with strongly enhanced mechanical properties.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene [1,2] is a two-dimensional honeycomb lattice
ormed by sp2-hybridized carbon atoms. It has a wide range
f high-quality properties that are suitable for energy-related
ystems such as photocatalysts, energy storage systems, nano-
lectronics systems, and lithium-ion batteries. These properties
nclude giant electron mobility [3,4], extremely high thermal con-
uctivity [5,6], and extraordinary mechanical properties
1,7–9]. However, it is still quite difficult to directly use graphene
s a structural material or as a constituent phase [10,11]. This
s mainly because the aggregation or restacking of graphene
heets [12,13] significantly complicates the processing of 3D
raphene owing to the strong van der Waals forces as a con-
equence of high surface area, high aspect ratio and interfacial
nstability of graphene [14,15].
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Recently, tremendous efforts have been devoted to the in-
tegration of two-dimensional (2D) graphene sheets into three-
dimensional (3D) graphene macroscopic structures [16–18], such
as aerogels [19,20], sponges [21] and foams [22], which has been
considered as an effective approach to overcome the aggrega-
tion/restacking of graphene sheets. Moreover, the 3D structures
can not only endow the 2D graphene materials with additional
microstructural features, such as flexibility, porosity and high
internal surface area but they also retain the intrinsic properties
of 2D graphene [23]. Thus, 3D graphene structural materials
have a great potential for graphene to extend its exceptional
2D properties and specific applications to the macroscale in the
fields of energy, environment, sensing and engineering [16,17,
19,24,25]. Therefore, it is of great importance to investigate the
geometrical structure-function relations of 3D graphene struc-
tural materials, exploiting their ultra-light weight [26], negative
Poisson’s ratio [17,21], outstanding compressibility [19,21] and
super-elasticity [18,27].

From an experimental synthesis point-of-view, a division can
be made into template-free and template-based approaches. In
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he template-free method, the graphene (or graphene oxide)
heets are randomly dispersed in a solution, in which there
s a force balance between van der Waals attraction and elec-
rostatic repulsion between the various sheets. The graphene
heets will interact with each other and cross-link to form a 3D
tructure subject to a specific thermal treatment. Xu et al. [28]
eveloped a one-step hydrothermal process for the formation
f a graphene hydrogel, which shows an excellent mechanical
trength. Yan et al. [29] developed a simple chemical-reduction-
nduced self-assembly method for the preparation of 3D graphene
rchitectures with low densities and high mechanical properties.
ultiple cross-linked molecules have also been used to drive

he self-assembly to a 3D structure [30]. Template-free methods
ave several advantages such as low-cost, efficiency and enabling
ass production but fail in controlling the pore structure and
aterial quality. On the other hand, template-based methods
mploy chemical vapor deposition (CVD) techniques, depositing
he graphene sheets on the surface of a template. The template
s thereafter removed. The resulting 3D graphene has good struc-
ural integrity and features precise control of the pore size and
umber of graphene layers. Cheng et al. [24] reported a template-
ased CVD method which enables fabrication of 3D foam-like
raphene structures with nickel foams as templates. The high
uality of the graphene sheets, and the almost perfect connection
etween them resulted in excellent mechanical properties of the
D material. Recently, controlled sub−60 nm unit cell sizes of
reestanding graphene gyroid structures were fabricated by using
CVD method [31]. Furthermore, Regina et al. [32] produced a

reestanding 3D turbostratic graphene architectures with a CVD
i-based template. This 3D material showed an excellent Young’s
odulus of 30 MPa, which is one of the highest values recorded

or sp 2 carbon in a porous structure. Chen et al. [33] reported on a
CVD-grown large-scale ultralight nanoporous graphene material
that showed extraordinary tensile strength and ductility.

From a theoretical point-of-view, computer simulations have
been performed to investigate the elastic and inelastic mechanical
response of various 3D graphene materials. Wang et al. [34]
and Pan et al. [35] performed coarse grain molecular dynamics
simulations to study the microscopic deformation mechanisms of
3D random graphene structures in the presence and absence of
cross-link-driven bonding between the graphene sheets. It was
found that these 3D random structures were very similar to the
experimental self-assembled structures. Meng et al. [36] com-
bined atomistic simulations and continuummodeling to study the
out-of-plane compressive deformation behavior of 3D graphene
honeycombs. They analyzed the key structure–property relation-
ships of 3D graphene honeycombs and provided a theoretical
framework by which it is possible to predict the deformation
response. Zhang et al. [37], Shang et al. [38] and Yi et al. [39] did
also study similar graphene-based honeycomb structures. In addi-
tion, the mechanical properties of Schwarzites integral graphene
structures were studied and provided a systematic understanding
of the relation between the topologies of Schwarzites and their
mechanical properties [40,41].

As presented above, a considerable amount of theoretical stud-
ies have been performed in investigating the mechanical proper-
ties of 3D graphene structures. However, the structures used in
most of the studies only approximately resemble the experimen-
tal graphene foam structures, so that a thorough understanding
of the structure–property relations is still lacking. In the present
investigation, we will study the mechanical properties of 3D
graphene structures by focusing exclusively on structures man-
ufactured by the template-based CVD method using all-atom
molecular dynamics simulations. Since the final 3D graphene
structures strongly depend on the morphologies of the templates

used in the CVD experiments, we selected a set of template
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morphologies that are characteristic for the range of open-cell
structures used in templated-based graphene structures: gyroids,
regular and random open-cell foams and nanoporous structures.
In addition, to carefully represent the key features of template-
based CVD processing, we vary the template relative density,
the template surface-to-volume ratio (by varying the template
relative density) and the number of deposited graphene layers.
For these microstructural variations, we study the stiffness, col-
lapse stress and fracture response as a function of graphene foam
relative density.

Methods
Constructing the templates. To simulate 3D graphene structures
based on the experimental CVD method, the first step is to build
the templates. In this paper, four kinds of porous template models
have been investigated as shown in Fig. 1a: (i). Gyroids, (ii).
Regular foams, (iii). Random foams and (iv). Nanoporous gold.
(i) The gyroid template is generated in the standard way, by
placing the atoms at the minimal surface morphology [40,42]. (ii).
The open-cell foam templates are generated by the 3D Voronoi
method, which accurately captures the foaming process leading
to the open-cell foam structure [43,44]. Firstly, the nucleation
seeds are distributed in 3D space according to a BCC stacking (see
Fig. S1), generating a perfectly ordered, 14-sided Kelvin model,
in which each cell consists of 6 squares, 8 hexagons and 36
ligaments to fill the space [43]. To get periodic structures, it
is necessary to place the nucleation seeds into a bigger cube
as shown in Fig. S1a. Secondly, the Voronoi tessellations are
generated based on the nucleation seeds. The 14-sided Kelvin cell
can be generated by connecting the vertex points of the polygonal
cell as shown in Fig. S1b with blue atoms. Thirdly, as shown
in Fig. S1c, the strut geometry of the templates have been set
according to the fitting functions of ligament cross sectional area
in the experimental aluminum foam samples as reported in the
literature [43]. (iii). The random foam templates are generated
in a similar way as the regular foam templates. The only differ-
ence is the distribution of nucleation seeds which are complete
random. (iv). The nanoporous gold template is obtained from a
morphological model of an experimental nanoporous gold sample
obtained by using nano-tomography on the dealloyed samples,
which has been reported in detail in our previous work [45].

Generating the 3D graphene structures. After making the
our porous templates, the second step is to generate the
raphene layers on the surface of the templates as shown in
ig. 1b. Since the synthesis process for the 3D graphene structures
ased on the four templates are closely similar to each other,
nly the gyroid case is chosen to illustrate the procedure. In this
aper, two different computational synthesis processes have been
hown to get two totally different 3D graphene structures: one
ontinuous graphene layer structure in which one fully connected
raphene layer is deposited on the surface of the template, and
ultiple graphene ribbons structure in which multiple individ-
al graphene sheets are deposited on the template. Both are
escribed below.
For the one continuous graphene layer structures, the tem-

late in Fig. 1b (i) is composed of a gyroid colored in orange
nfiltrated by a random distribution of atoms in blue, see step
1). The template is set as a rigid body in our simulations. A
ennard-Jones (LJ) potential is applied to account for the inter-
ction between the blue atoms using ε = 0.02 meV and σ =

Å. For the interactions between the template (orange) and blue
toms also a LJ potential is used with ε = 1 meV and σ =

Å, which is strong enough to make the blue atoms cover the
emplate surface uniformly assuming an NVT ensemble with a
ose–Hoover thermostat for 10 ps. Periodic boundary conditions
re applied in the X, Y, Z directions. (2) Then, we choose the first
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Fig. 1. Schematic diagrams of the 3D graphene structures. (a) Four different templates of porous structures studied in this paper; i. Gyroid; ii. Regular foam; iii.
Random foam; iv. Nanoporous gold. (b) Two different computational synthesis methods to grow graphene layers on the surface of the templates (using the gyroid
as example); i. One continuous graphene layer, (1) Initial configuration composed of a template with ordered orange atoms and random blue atoms. The random
atoms cover the template surface by modifying the attractive force among them. (2) Template coated by a layer of close-packed atoms after selection of the first
layer of blue atoms. (3) A single layer of closed-packed (fully triangulated) atoms left after removing the template. (4) One continuous graphene layer is obtained
after generating the Voronoi tessellation of the closed-packed triangulated distribution. ii. Multiple graphene ribbons: (1) Initial configuration: a certain amount of
graphene ribbons with size 1 nm × 1 nm distributed randomly in space surrounding and infiltrating a gyroid sample located in the center of the computational
domain; (2) Deposit the graphene ribbons on the surface of the template through an attractive potential between graphene ribbons and gyroid surface; (3) Cross-link
all the graphene ribbons with each other; then remove the template; (c) Final random 3D graphene structures studied in this paper. i. Graphene gyroid; ii. Regular
graphene foam; iii. Random graphene foam; iv. Nanoporous graphene. For i–iv the structures with continuous layers are shown and for i and ii those with multiple
graphene ribbons.. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
layer of blue atoms, remove the template, and repeat the struc-
ture into 27 cubes, as shown in Fig. S1(a). (3) Subsequently, we
use these atoms to create a surface triangulation (orange lines)
and create a Voronoi tessellation to obtain the graphene structure
using black Voronoi nodes. (4) Finally, we cut the central one-unit
3

cube from the 27-cubes (Fig. S1a), representing a 3D graphene
unit cell with periodic boundary conditions.

For the gyroids with a coating of multiple graphene ribbons,
see Fig. 1b (ii), (1) the initial configurations consist of a collection
of graphene ribbons of size 1 nm × 1 nm distributed randomly
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Fig. 2. Parameters of 3D graphene structures studied in this paper. (a) Experimental SEM image of graphene foam based on the CVD method [24]; (b) Random
graphene foam of size L (left). Variation of size L for all models: 3.2, 4.7, 6.2, 9.4, 12.2, 14.5, 16.2, 20.2 and 24.4 nm. Different strut thicknesses t: (0.1–0.5) L (top
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n space with the template located in its center. The adaptive
ntermolecular reactive empirical bond order (AIREBO) potential
s employed to describe the carbon–carbon interaction within
he graphene layer [46]. To avoid a non-physical post-hardening
ehavior known to occur in the initial AIREBO potential version,
he cut-offs are modified to Rmin = Rmax = 2.0 Å [40,47].
Instead of prescribing the true Van der Waals forces between the
graphene ribbons through a LJ potential with parameters ε =

2.967 meV and σ = 3.407 Å, we use the much smaller value ε =

.001 meV to reduce the attractive forces between the graphene
ibbons, which can avoid the intense aggregation of the graphene
ibbons. A LJ potential is also used to describe the interaction
etween the template and graphene ribbons with ε = 5 meV and
= 3 Å, resulting in forces between the template and the ribbons

hat are much bigger than the force between graphene ribbons,
hich make the graphene ribbons to cover the surface of the
emplate randomly and uniformly. Periodic boundary conditions
re applied in the X, Y, Z directions. We assume the structure to be
n NPT ensemble with a Nose–Hoover thermostat and a barostat
s implemented to control the temperature of the system at 300
and keep the pressure to be zero in the X, Y, Z direction. As
result, (2) the box will shrink automatically and the graphene
ibbons are attracted to the surface of the template. After that,
n NVT ensemble with a Nose–Hoover thermostat is assumed and
he true Van der Waals forces will be employed for the interaction
etween the graphene sheets (ε = 2.967 meV). Then, (3) we
ross link the graphene sheets by applying the AIREBO potential
etween all carbon atoms. After that, we remove the template
nd a 3D structure of crosslinked ribbons remains. All the 3D
raphene structures based on gyroid, foam and nanoporous gold
emplates are shown in Fig. 1c.
4

Parameters to investigate. The aim of our work is to find
he relationship between the mechanical properties and the mi-
rostructure of the created 3D graphene structures. The exper-
mental morphology of a graphene foam fabricated by the CVD
ethod [24] is shown in Fig. 2a. To create structures with differ-
nt relative densities, the size L is varied in the range between
.2 and 24.4 nm for a fixed atomic spacing. Since the struts
re hollow, uniform scaling as done here will create different
elative densities of the graphene structures. In addition, also
he thickness t of the templates is changed to obtain different
elative densities of the 3D graphene structures such as the reg-
lar graphene foam of TRD-0.20 and TRD-0.41 in Fig. 9. Different
umber of layers of 3D graphene sheets has also been taken
nto consideration to get different densities as used in some
xperimental studies. All samples of the 3D graphene structures
tudied in this work are shown in Fig. S2 and S3.
In this paper, molecular dynamics simulations are performed

sing the large-scale atomic/molecular massively parallel sim-
lator (LAMMPS). The adaptive intermolecular reactive empiri-
al bond order (AIREBO) potential is employed to describe the
arbon–carbon interactions within the graphene and the cut-offs
re modified to be Rmin = Rmax = 2.0 Å [40,47] as discussed
bove. Periodic boundary conditions are applied in the X, Y, Z
irections for the graphene gyroids and the graphene foams while
ree boundary conditions are carried out for the non-periodic
nit-cell of nanoporous graphene. The simulation time step is
.001 ps. Before the deformation, the gyroid and foam graphene
tructures are relaxed by energy minimization, then NPT ensem-
le conditions with a Nose–Hoover thermostat and barostat are
pplied to release the stress to zero in the X, Y and Z directions
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or 100 ps. For the nanoporous graphene system, NVT ensemble
onditions with a Nose–Hoover thermostat and barostat is per-
ormed due to the free boundary conditions. The temperature of
he system is taken to be 300 K.

In our study, we investigate plane strain as well as plane stress
eformation. The former is employed to compare our gyroid
esults to the existing literature [40,41], while the latter reflects
ore closely the stress state in uniaxial tension experiments. We
sed different strain rates (10−4 ps−1, 5 × 10−4 ps−1,10−3ps−1 for

the tensile tests and 5 × 10−4 ps−1,10−3ps−1 and 5 × 10−3ps−1

for the compression tests) for our modeling system as shown in
Fig. S4. At these rates the effect on the measured properties is
small. Considering computational costs, the tensile strain rate is
chosen to be 5 × 10−4 ps−1 and the compressive strain rate to
be 10−3ps−1, corresponding to values used in similar modeling
studies [36,40,48,49].

For the plane stress deformation, the NPT ensemble with
Nose–Hoover thermostat and barostat is employed to achieve
zero stresses in the directions perpendicular to the tensile di-
rection. For the plane strain deformation, displacements are pre-
scribed in the tensile direction while the displacements in the
other two directions are zero. The software Ovito [50] is used to
visualize the atomic configurations.

Results and discussion
Computational synthesis of template-based graphene foams.
Fig. 1 shows the flow charts of the computational synthesis pro-
cesses used to obtain the 3D graphene structures in this work.
Firstly, four different kinds of solid open-porous materials are
selected as templates, including Gyroid, Regular foam, Random
Foam and Nanoporous Gold (NPG), since the morphology of the
template determines the final morphology of the 3D graphene
structures as shown in Fig. 1a. Then, the graphene layers will
be generated on the template surface with two different meth-
ods: one continuous layer and multiple graphene ribbons as
shown in Fig. 1b. The one continuous graphene layer case is a
reference case for the experimental template-based CVD tech-
nique featuring one fully connected continuous graphene layer.
The multiple graphene ribbons case resembles the experimental
template-assisted assembly strategy with a fully random distri-
bution of deposited graphene. Finally, six types of 3D graphene
structures with different morphology can be generated as de-
scribed in Fig. 1c. As shown in Fig. 2a and b, the parameters
that can experimentally be varied include the sample size L, the
strut thickness t and number of graphene layers. Consequently,
based on these parameters, we will systematically exploit the
relationship between the mechanical properties and the relative
density of the 3D graphene structures and find the fundamental
influence of these parameters.
Extraction of mechanical properties from stress–strain curves.
The uniaxial tension and compressive tests are explored to es-
timate the mechanical properties of 3D graphene. A typical full
stress–strain curve is depicted in Fig. S5. In this work, the Young’s
modulus E is defined as the slope at zero strain within the strain
range from −0.005 to 0.005, we define the maximum stress value
as the tensile strength σT and the corresponding strain as the
tensile strain εT . For the compressive strength σC , we fit the
stress–strain curve in the strain range from −0.4 to 0 by using
the equation σ = −σC [1 − exp (aε)], where σ is the compressive
stress, ε is the compressive strain, a is a fitting constant value and
σC is the compressive strength.
Tensile behavior of a graphene gyroid: Effect of template rel-
ative density (TRD). We vary the template relative density be-
tween 0.10, 0.25 and 0.50 and denote the resulting structures by
TRD-0.10, TRD-0.25 and TRD-0.50, respectively. Fig. 3 shows the
dependence of Young’s modulus E, tensile strength σT and tensile

ρ. It is clearly demonstrated that
strain εT on the relative density

5

the Young’s modulus is markedly affected by the morphology of
the gyroid structure with a Young’s modulus that increases with
increasing TRD. As can be seen in Fig. 3d and g, the exponent in
the fitting function is closed to 2 (especially for TRD-0.50) for both
plane strain and plane stress, which is an indication of a bending-
dominated deformation of the graphene walls at the initial elastic
stage. The tensile strength σT and corresponding tensile strain εT ,
btained under plane strain and plane stress loading conditions,
ave been analyzed to get further insight into the mechanical and
racture properties of the different TRD gyroid structures. Here
e see a drastically different response for plane strain compared
o plane stress, see Fig. 3e, f and h, i. Comparison of Fig. 3e and
shows that σT for plane strain follows a regular 1.5 power-

aw dependence on ρ, while σT for plane stress shows a strong
strengthening effect at small ρ. In addition, for plane strain the
ailure strain εT is independent of density, while for plane stress
there is a profound increase in ductility at small ρ. Together, these
results indicate that under plane stress conditions the material
features a self-stiffening response, resulting in a drastic increase
in tensile strength σT and strain εT at small densities. The self-
stiffening of graphene at low relative densities under plane stress
loading conditions has been observed in experiments as well [33].
Here, the difference in morphology due to the different TRD
comes in, showing that a large TRD (= 0.50) results in stronger
gyroids (see Fig. 3(h) but at the expense of ductility, as clearly
shown in Fig. 3i. To investigate this further, we analyze the
microstructural evolution for TRD = 0.5 at ρ = 0.05 in Fig. 4.
Here we see that the stress–strain response for plane strain is
predominantly linear, while for plane stress there is a profound
non-linear stiffening response leading to a larger tensile stress
and strain (Fig. 4a and c). This difference can be traced back to the
difference in microstructural evolution during straining. Where
under plane strain, brittle failure ensues in the absence of lateral
contraction (see Fig. 4b), for plane stress, the material is able to
laterally contract, leading to a transition from bending to stretch-
ing, allowing the material to accommodate the applied strain, and
thus postponing the onset of tensile cracking (see Fig. 4d). During
this stage, the stress increases linearly with strain initially (until
0.1 strain), but then it undergoes a further increase, reaching a
peak at 0.2 strain (see Fig. 4c). This ‘self-stiffening’ effect is due to
the fact that the graphene walls are gradually reorienting towards
the tensile direction, which is accommodated by wrinkling and
bending of graphene walls in directions transverse to the loading
direction (see Fig. 4d). This specific self-stiffening phenomenon
has also been demonstrated in previous experimental work [33].
It has been shown that the gradual realignment of the atomic
graphene sheets along the tensile direction, where the easily
deformed out-of-plane (bending) mode transitions to the strong
in-plane (stretching) mode giving rise to self-stiffening and work
hardening. These phenomena can be explained by referring to the
fundamental anisotropic properties of the graphene ribbons that
are extremely strong under in-plane tension but very soft and
flexible when subjected to out-of-plane bending. For graphene
gyroid TRD=0.5 at a high relative density ρ = 0.18, the tensile
brittle failure under plane strain is similar to the low relative
density as shown in Fig. S8a and b while under plane stress the
microstructural evolutions of lateral contraction is not too evident
as the low relative density case due to the stronger stiffness of
higher relative density samples (see Fig. S8c and d).

As can be seen in Fig. 3i for plane stress, the strain εT depends
on both the relative density ρ of graphene and the morphology of
the template (i.e., the TRD). A lower TRD has been found to lead
to a higher value of εT at the peak stress, which is also the case
for random graphene structures. To illustrate this effect in more
detail, the microstructural evolution of a graphene structure with
low TRD (i.e., TRD-0.10) is shown in Fig. 5. Similar to TRD-0.50
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Fig. 3. Effects of TRD on the tensile properties of a graphene gyroid. (a) TRD-0.10, (b) TRD-0.25, and (c) TRD-0.50 graphene gyroid structures. Young’s modulus E,
ensile strength σT , and tensile strain εT of graphene gyroid under (d, e, f) plane strain, and (g, h, i) plane stress loading conditions.
Fig. 4), the deformation process of TRD-0.10 include (i) elastic
eformation at small strain, (ii) bending deformation in the lateral
- and y-directions, (iii) stretching deformation in the tensile z-
irection at increasing strain, (iv) the initiation and growth of
racks, and (v) final ductile fracture. As shown in the stress–strain
urves for TRD-0.10 in Fig. 5d, the main difference between TRD-
.10 and TRD-0.50 is the occurrence of several local peaks prior
o the maximum peak. These extra peaks can be directly related
o the cracks and their induced microstructural evolution. As can
e seen in Fig. 5c and d, crack-1 and crack-2 occur close to the
irst local peak at a strain value of 0.13. They thereafter expand
ocally, causing local fracture. The evolutions of these cracks are,
n fact, very beneficial for the ductility of the material as they lead
o an additional mechanism to accommodate the applied strain
esulting in a strong reorientation of the graphene structure in
he direction of applied load. Consequently, this accommodation
ontributes considerably to the very large maximum strain value
f approximately 0.66 (see Fig. 3i and Fig. 5c). Finally, crack-3
eads to the final fracture of the graphene structure. At higher
elative density the TRD-0.10 structure (see Fig. S9c and d) only
hows a minimal local strain accommodation due to the larger
tiffness of the structure, resulting in a strong decrease of the
ensile strain ε and thus a decrease in ductility (see Fig. 3i).
T

6

Tensile behavior of a graphene gyroid: Effect of the number of
graphene layers. The effect of the number of graphene layers on
the Young’s modulus of the gyroid structures is depicted in Fig. 6.
It clearly shows that the 1-layer gyroid graphene exhibits a much
higher Young’s modulus than the 2- and 3-layer gyroid structures
at the same relative density, indicating that the stacking of the
graphene layers reduces the stiffness of the graphene structures
per unit mass.

Furthermore, to scrutinize the role of the van der Waals inter-
actions between the different layers on the overall stiffness, we
computed the stiffness of the graphene structure, consisting of
3 non-interaction graphene layers, by tripling the corresponding
stiffness and density values of the 1-layer graphene, denoted by
‘(1-layer)×3’ in Fig. 6d and g. The results clearly show that by
computing the stiffness by loading the three 1-layer structures
in parallel, the stiffness per unit density is considerably lower
than the 3-layer case, highlighting the role of Van der Waals
interactions in stiffening the graphene structures. Also, for the
tensile strength σT in plane strain and plane stress, the lower
number of graphene layers enhances σT per unit density. Similar
to the previous section, the low-density plane stress cases show
self-stiffening (see Fig. 6h) which is absent for plane strain. Self-
stiffening occurs at the same slope with relative density, and only
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Fig. 4. Tensile stress–strain curves and corresponding snapshots showing the microstructural evolution of a TRD-0.50 graphene gyroid at relative density ρ = 0.05; (a,
b) plane strain and (c, d) plane stress loading conditions. The red arrow points to the peak tensile stress σT in the stress–strain curve. Loading is in the z-direction.
iffer in the onset density, i.e., the density at which stiffening
ommences, attaining a value of 0.1 for 1-layer and 0.2 for 2-
nd 3-layered gyroids. A similar laterally contraction of the mi-
rostructural transformation from bending to stretching happens
or the 2-layer graphene gyroid under plane stress as depicted in
ig. S10a and b.
The multilayers reveal no effect on tensile strain εT at the

eak value of the plane strain and plane stress. Hence, the cor-
esponding tensile strain is only sensitive to the morphology of
he structure, dictated by the TRD value. A similar phenomenon
f multilayers takes place for TRD-0.10 and TRD-0.25 graphene
yroid materials, as shown in Fig. S11 and Fig. S12.
ensile behavior of a graphene gyroid: Effect of graphene
ntegrity. Next, we compare the Young’s modulus for a gyroid
tructure with an internal surface area covered by individual
andomly deposited graphene sheets of size 1 nm × 1 nm with
hat consisting of only one continuous graphene sheet as shown
n Fig. 7. The one continuous graphene layer is noted to be much
tiffer than the multiple random sheets at the same relative
ensity due to the random structure of the graphene ribbons, re-
ulting in pronounced bending contributions and thus featuring a
igher density exponent of 0.22 relative to the 1-layer continuous
ersion.
The gyroid graphene of multiple graphene sheets displays a

uch weaker tensile strength than the one continuous graphene
ayer, as shown in Fig. 7d and g, and at the same time displays
higher tensile strain εT than the one continuous layer case due
o the low mechanical integrity of the graphene structure, allow-
ng the structure to accommodate much strain prior to fracture
see Fig. S10c and d). The multiple graphene sheets case also
xhibits self-stiffening which happens at a low relative density of
.075, and at a plateau value close to 0.092 GPa. For both plane
train and plane stress, the σT values of the gyroid with multiple
graphene ribbons are significantly lower compared to one con-
tinuous graphene layer. The tensile fracture strain, on the other
hand, is considerably larger for the multiple graphene ribbons,
7

indicating a strong but brittle response for the one continuous
layer graphene structures.
Compressive behavior of graphene gyroids. Compressive stress–
strain curves of a graphene gyroid depict linear elasticity at low
stress values, followed by a long plateau at a constant stress, the
collapse stress σC . At a certain strain value, a regime of densi-
fication is entered, in which the stress rises steeply. Due to the
specific morphology of the structures, the bending deformation
of the graphene walls dominates the compressive process, as
shown in Fig. 8d. The template morphology has a large effect
on the compressive strength of graphene gyroids (see Fig. 8a).
The TRD-0.10 graphene gyroid exhibits the highest compressive
strength under both plane strain and plane stress, contrary to
the tensile response shown in Fig. 3. This difference is likely
to be caused by the fact that the plate-like structure of the
TRD-0.50 samples is more effective in transmitting the load at
small strains under tension, while the hollow beam structure of
the TRD-0.10 sample is less susceptible to the severe crumpling
deformation of the plates at large strains under compression (see
Fig. 8d and e). This is consistent with the observation that the
exponent in compression of around 2.7 is due to the dominance
of bending-dominated behavior during the whole compressive
process as depicted in Fig. 8d and e, while in tension there is also
a contribution of stretching.

In the case of multilayers, Fig. 8b shows that the stacking of
the graphene layers deteriorates the compressive strength of the
graphene structure per unit mass, despite the fact that van der
Waals force improves the compressive strength compared to the
theoretical case of multiple non-interacting layers (compare the
solid green and dashed red curve in Fig. 8b). In addition, the
multiple graphene ribbons case exhibits a smaller compressive
strength per unit mass than the one continuous graphene layer
due to the fact that the latter features a continuous covalent
connection between the loading points, while for the graphene
gyroid with multiple graphene ribbons both covalent and van der
Waals interactions dictate the force transmission.
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Fig. 5. Tensile stress–strain curves and corresponding snapshots of microstructures evolution of TRD-0.10 graphene gyroid at relative density ρ = 0.03. (a, b) plane
train and (c, d) plane stress loading conditions. The red arrow points out the peak tensile stress σT in the stress–strain curve. Loading is in the z-direction.
Graphene foams. Fig. 9 depicts the Young’s modulus E, ten-
sile strength σT , and compressive strength σC for three differ-
ent graphene foam templates featuring one layer of continu-
ous graphene. As can be observed, the Young’s modulus, tensile
strength and compressive strength are larger for the two regular
foams compared to the random foam. Interestingly, the TRD of
regular graphene foams does not exhibit a significant impact on
the Young’s modulus E and tensile strength σT . This is probably
caused by the fact that changing the template relative density of
the regular foam only changes the thickness of the struts and not
the topology of the structure, although it has a small effect on
the compressive strength σC . In addition, only little self-stiffening
is observed at a very small relative density in Fig. 9e (TRD-0.20
ρ = 0.05 and TRD-0.41 ρ = 0.07).

Finally, the mechanical properties of the nanoporous graphene
structures are studied (see Fig. 1c (iv)). In contrast to the other
foam structures, the nanoporous graphene structure has a non-
periodic unit-cell so that periodic boundary conditions (b.c.) can-
not be applied. To allow for a fair comparison, we remove the
periodic b.c. of the random foam as well, see Fig. S13. Comparison
of the random foam with and without periodic b.c. shows that
free edge effects cause the stiffness and strength to be con-
siderably reduced, in line with our previous results [25,51–53].
Next, we compare the random graphene foam with nanoporous
graphene (both featuring non-periodic b.c.), showing that the
8

stiffness E and tensile strength σT is larger for the random foam
at small densities (see Fig. S13a and b). For larger densities (above
∼0.3), however, the opposite is true, resulting in a much larger
power-law exponent for nanoporous graphene (4.1 and 3.9 for
E and σT , respectively) compared to graphene foam (2.7 and 1.3
for E and σT , respectively). For the compressive strength σc , the
nanoporous graphene is stronger for all densities (see Fig. S13c).
It is interesting to note that a similar difference in response is
also observed for the stiffness of the template structures with the
nanoporous gold exponents being of similar value as here (∼4)
and much larger than these of the gyroids (∼2) [45].

To summarize the effect of the structural morphology on the
mechanical properties of 3D graphene, the Young’s modulus E,
tensile strength σT and compressive strength σC of the graphene
gyroid, regular graphene foam and random graphene foam are
compared in Fig. 10. As can be observed, the Young’s modulus and
tensile strength are highest for the regular foam and lowest for
the random foam, while all three structural morphologies feature
bending as the dominant deformation mode, given the power-
law scaling exponents of ∼2 and 1.5, respectively. Here, the
transition from bending to stretching is especially apparent for
the gyroid structures, resulting in the characteristic self-stiffening
phenomenon under plane stress conditions (Fig. 10b). It is noted
that the exponents in the power law relations differ from other
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Fig. 6. Effect of the number of graphene layers on the tensile properties of the TRD-0.50 graphene gyroid. (a) 1-layer, (b) 2-layers and (c) 3-layers. Young’s modulus
E, tensile strength σT and tensile strain εT of graphene gyroids with 1, 2 or 3 layers under plane strain (d, e, f) and plane stress (g, h, i) loading conditions. The
results denoted by ‘(1-layer)×3’ in (d) and (g) corresponds to the case of 3 non-interaction graphene layers, computed by tripling the stiffness and relative density
value of the 1-layer graphene sample.
studies [35,41]. This is mainly due to the difference in the struc-
tural morphology of the 3D graphene structures. In the two
studies, the 3D graphene structures are based on a fully random
distribution of graphene sheets, while in our paper we made the
3D graphene with continuous graphene layers. For the compres-
sive strength, the relative ordering is similar as for the stiffness,
but with an even larger contribution of bending given the scaling
exponents of around 2.5–3.

Conclusions
In summary, we systematically investigated the mechanical

properties of 3D graphene structures: graphene gyroids, reg-
ular graphene foam, random graphene foam and nanoporous
graphene by varying a range of microstructural parameters: the
graphene relative density, the template relative density and the
number of graphene layers. The Young’s modulus, tensile
strength, tensile fracture strain and compressive strength as a
function of the microstructural parameters are analyzed and
compared in detail.
9

1. We tested samples under plane strain and plane stress
conditions, showing a profoundly different response. The
gyroid structures show a clear self-stiffening response un-
der plane stress due to a strong reorientation of the gyroid
graphene walls in the loading direction for small relative
densities. This self-stiffening results in a considerably in-
creased tensile fracture stress and strain which makes the
materials both stronger and more ductile, aspects that are
important for structural applications. This feature is absent
under plane strain and also was not found to occur for
the other graphene morphologies (graphene foams and
nanoporous graphene).

2. The effect of the number of continuous graphene layers
was found to be two-fold; First, the mechanical properties
per added graphene layer were found to increase due to the
additional van der Waals interactions between layers. On
the other hand, adding additional layers makes the material
less stiff and strong per unit added mass.

3. We also compared gyroids with one continuous layer to
gyroids with multiple cross-linked graphene ribbons. Here,
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Fig. 7. Comparison of the tensile properties of (a) one continuous layer and (b) multiple graphene ribbons for TRD-0.50 graphene gyroids. Young’s modulus E, tensile
trength σT and tensile strain εT of as a function of the graphene relative density ρ under (c, d, e) plane strain and (f, g, h) plane stress loading conditions.
the lower number of covalent bonds per unit overall
graphene mass leads to additional bending deformations
and thus decreases the mechanical properties compared to
the gyroids with one continuous layer. On the other hand,
the enhanced compliance also increases the ductility which
might counter-balance the reduced stiffness in engineering
applications.

4. The effect of the template relative density (TRD) was found
to strongly affect the microstructural morphology of the
resulting graphene gyroid, leading to a stiffer and stronger
material, but at the expense of ductility: the tensile failure
strain was found to decrease with increasing TRD while the
stiffness increased.

5. Finally, we studied the effect of the microstructural ar-
chitecture of the different 3D graphene structures on the
mechanical properties. We found that the stiffness was
largest for the regular graphene foams and smallest for the
random foams. The scaling exponents for the different ar-
chitectures was around 1.5 for the tensile strength, around
2 for the stiffness and larger than 2.5 for the compressive
10
strength, showing an increasing contribution of bending to
the overall response. The nanoporous graphene was found
to have the largest scaling exponent, ranging from 3 for
compression to 4 for stiffness and tensile strength, in line
with other studies.
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Fig. 8. Compressive strength (σC ) as a function of relative density ρ of graphene gyroid under plane stress. (a) The effect of TRD. (b) The effect of number of graphene
layers. (c) The effect of graphene integrity. (d) TRD-0.10 and (e) TRD-0.50 under compressive deformation respectively.

Fig. 9. Mechanical properties of the graphene foams. (a) TRD-0.20 regular graphene foam. (b) TRD-0.41 regular graphene foam. (c) Random graphene foam. (d)
Young’s modulus E, (e) tensile strength σT and (f) compress strength σC as function of relative density ρ of the different graphene foams loaded under plane stress.

11
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Y

Fig. 10. Summary of mechanical properties for different graphene structures. (a) graphene gyroid, (b) regular graphene foam and (c) random graphene foam. (d)
oung’s modulus E, (e) tensile strength σT and (f) compress strength σC as function of relative density ρ under plane stress.
Appendix A. Supplementary data

Supplementary material related to this article can be found
online at https://doi.org/10.1016/j.eml.2022.101737.
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