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Three-dimensional flexible and conductive
interconnected graphene networks grown
by chemical vapour deposition
Zongping Chen†, Wencai Ren†, Libo Gao, Bilu Liu, Songfeng Pei and Hui-Ming Cheng*

Integration of individual two-dimensional graphene sheets1–3

into macroscopic structures is essential for the application
of graphene. A series of graphene-based composites4–6 and
macroscopic structures7–11 have been recently fabricated using
chemically derived graphene sheets. However, these compos-
ites and structures suffer from poor electrical conductivity
because of the low quality and/or high inter-sheet junction
contact resistance of the chemically derived graphene sheets.
Here we report the direct synthesis of three-dimensional
foam-like graphene macrostructures, which we call graphene
foams (GFs), by template-directed chemical vapour deposi-
tion. A GF consists of an interconnected flexible network
of graphene as the fast transport channel of charge carri-
ers for high electrical conductivity. Even with a GF loading
as low as ∼0.5 wt%, GF/poly(dimethyl siloxane) composites
show a very high electrical conductivity of ∼10 S cm−1, which
is ∼6 orders of magnitude higher than chemically derived
graphene-based composites4. Using this unique network struc-
ture and the outstanding electrical and mechanical properties
of GFs, as an example, we demonstrate the great potential
of GF/poly(dimethyl siloxane) composites for flexible, foldable
and stretchable conductors12.

Graphene is a two-dimensional monolayer of carbon atoms
packed into a honeycomb lattice that possesses a wealth of new
physics1–3,13,14 and many fascinating properties such as giant
electron mobility2,13,14, extremely high thermal conductivity15
and extraordinary elasticity and stiffness16. To harness these
properties for macroscopic applications, both large-scale synthesis
and integration of individual graphene sheets to advanced
multifunctional structures are required. Since the report of isolated
graphene prepared by simple mechanical cleavage of graphite
crystals2, many approaches have been developed for the synthesis
of graphene, including epitaxial growth on SiC or metals17,18,
chemical exfoliation of graphite oxide4,7,19, liquid-phase ultrasonic
exfoliation of graphite powder20 and chemical vapour deposition
(CVD) growth on metal substrates21–25. Owing to the ease of
preparation and processing, chemically derived graphene sheets
have been extensively used for integration with other materials
such as polymers and self-assembly into various macroscopic
structures, such as paper-like materials7 with superior stiffness
and strength, flexible transparent and conductive films8,9 and
three-dimensional (3D) macroporous structures10,11 to extend
their functions and achieve specific applications. However,
these integrated graphene materials and structures show poor
electrical conductivity owing to severe structural defects in
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graphene sheets introduced during exfoliation and reduction
processes and/or high inter-sheet junction contact resistance.
Recently, large-area high-quality graphene films have been grown
by CVD and transferred for macroscopic use as transparent
conductive films24,26, which are far superior to those fabricated
using chemically derived graphene sheets. However, both large-
quantity synthesis of CVD-grown graphene and integration into
3D structures still remain a great challenge.

In this work, we develop a general strategy for the synthesis of
a 3D graphene macroscopic structure with a foam-like network—
graphene foam (GF), using template-directed CVD. Different from
structures formed with small pieces of chemically derived graphene
sheets, the GF fabricated by our approach is a monolith of a
graphene 3D network, in which charge carriers can move rapidly
with a small resistance through the high-quality and continuous
CVD-grown graphene building blocks. Therefore, we expect to
observe extraordinary electrical and mechanical properties of GFs
and GF-based composites.

The synthesis of GF and its integration with polymers are
illustrated in Fig. 1 and Supplementary Fig. S1. We chose nickel
foam, a porous structure with an interconnected 3D scaffold of
nickel (Fig. 1a), as a template for the growth of GFs. In brief,
carbon was introduced into a nickel foam by decomposing CH4
at 1,000 ◦C under ambient pressure, and graphene films were then
precipitated on the surface of the nickel foam21,23,24 (Fig. 1b and
Supplementary Fig. S2). Because of the difference between the
thermal expansion coefficients of nickel and graphene, ripples and
wrinkles were formed on the graphene films22 (Supplementary
Fig. S2). Similar to the wrinkles in chemically derived graphene
sheets5, these ripples and wrinkles probably result in an improved
mechanical interlocking with polymer chains, and consequently
better adhesion, when a GF is integrated with a polymer to form
composite materials.

To obtain GFs, before etching away the nickel skeleton by a hot
HCl (or FeCl3) solution, a thin layer of poly(methyl methacrylate)
(PMMA) was deposited on the surface of the graphene films as a
support to prevent the graphene network from collapsing during
nickel etching (Fig. 1c,d). After the PMMA layer was carefully
removed by hot acetone, a GF, a monolith of a continuous and
interconnected graphene 3D network, was obtained (Figs. 1e, 2 and
Supplementary Fig. S3), although a small shrinkage of the graphene
skeleton occurs. The GF copies and inherits the interconnected 3D
scaffold structure of the nickel foam template, and all the graphene
sheets in the GF are in direct contact with one another without
breaks and are well separated. The use of the PMMA support layer
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Figure 1 | Synthesis of a GF and integration with PDMS. a,b, CVD growth
of graphene films (Ni–G, b) using a nickel foam (Ni foam, a) as a 3D
scaffold template. c, An as-grown graphene film after coating a thin PMMA
supporting layer (Ni–G-PMMA). d, A GF coated with PMMA (GF-PMMA)
after etching the nickel foam with hot HCl (or FeCl3/HCl) solution. e, A
free-standing GF after dissolving the PMMA layer with acetone. f, A
GF/PDMS composite after infiltration of PDMS into a GF. All the scale bars
are 500 µm.

is critical to prepare a free-standing GF; only a severely distorted
and deformed GF was obtained without the PMMA support layer
(Supplementary Fig. S4). Moreover, the GF becomes thinner than
the original nickel foam (∼1.2mm in thickness) after removing
it from the acetone owing to the liquid capillary force caused
by acetone evaporation27. With increasing number of graphene
layers, the thickness of the GF is increased from ∼100 to ∼600 µm
(Supplementary Fig. S5), because of the lower shrinkage of the GF
owing to the increased stiffness of thicker graphene sheets. This
results in a higher porosity of GF, and consequently a lower volume
or weight fraction of GF in GF/poly(dimethyl siloxane) (PDMS)
composites (Fig. 3).

The free-standing GF is extremely light and flexible. For exam-
ple, the GF obtained with a CH4 concentration of 0.7 vol% has an
ultralow density of ∼5mg cm−3 (Supplementary Fig. S5), close to
that of the lightest aerogel (2–3mg cm−3), and corresponding to
a high porosity of ∼99.7%. The GF also has a very high specific
surface area, up to∼850m2 g−1, corresponding to an average num-
ber of layers of ∼3 (Supplementary Fig. S5). Low-magnification
transmission electron microscopy (TEM) observations indicate
that the ripples and wrinkles in the graphene building blocks of
the GF are preserved after removing the nickel skeleton (Fig. 2c).
High-resolution TEM images show that the GF consists of mono-
to few-layer graphene sheets (Fig. 2d), which is consistent with
Raman measurements23,24,28 (Fig. 2e) and that deduced from the
specific surface area shown above (Supplementary Information).
The non-uniformity is attributed to the polycrystalline nature of the
nickel foam, in which individual nickel grains may independently
affect the thickness of the graphene film during CVD (ref. 23). In
addition, the Raman spectra measured on free-standing GFs show
a strongly suppressed defect-related D band, indicating overall high
quality of the graphene in GFs.

Our preparation process shows great versatility in controlling
both the macrostructure and the microstructure of GFs. For
example, we can tune the networks and pore structures of GFs by
using different nickel foams (Supplementary Fig. S6). The average
number of graphene layers, specific surface area and density of
GFs can be controlled by changing CH4 concentration. Higher
CH4 concentration leads to an increase in the number of graphene
layers (Supplementary Fig. S7), and consequently a great change
in the specific surface area, density and electrical conductivity
of GFs (Supplementary Fig. S5 and Fig. 3c). Using Cu foams
as template, we prepared GFs with monolayer graphene sheets
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Figure 2 | Characterization of a free-standing GF. a, Photograph
of a 170×220 mm2 free-standing GF. b, SEM image of a GF.
c, Low-magnification TEM image of a GF. d, High-resolution TEM
images of graphene sheets with different numbers of layers in a GF; the
interlayer spacing of bilayer (2L) and trilayer (3L) graphene is∼0.34 nm.
e, Typical Raman spectra of a GF. The bottom spectrum and the other two
correspond to monolayer and few-layer graphene, respectively, which are
estimated from the intensity, shape and position of the G band and 2D
band. The GF was prepared with a CH4 concentration of 0.7 vol%.

owing to the surface-catalysed growth mechanism of graphene on
Cu (ref. 25). However, such a GF tends to collapse and break
because its building blocks, monolayer graphene, are not able
to bear the liquid capillary force caused by acetone evaporation
(Supplementary Fig. S8). In addition, the size and quantity of GFs
can be easily scaled up by using large nickel foam substrates, large
reaction systems and a substrate-rolling synthesis strategy26. For
example, we prepared a large GF with an area of 170× 220mm2

by using a large CVD furnace equipped with a quartz tube 71mm
in inner diameter (Fig. 2a).

Constructing an infinite connected network of conducting fillers
in an insulating matrix is important to improve the electrical
conductivity of composites. The unique interconnected network
of GFs provides a great potential for use in composite materials
for electrical applications. As an example, we fabricated GF/PDMS
composites by infiltrating GFs with PDMS (Figs 1f and 3a). The
composites show good flexibility, and can be bent, stretched and
twisted without breaking (Supplementary Fig. S9). The scanning
electron microscopy (SEM) images of the fracture surface of
the composites show that the GFs adhere well to the PDMS
matrix (Fig. 3b). Introduction of the PDMS matrix does not
damage the interconnected 3D scaffold of GFs, as demonstrated
in Fig. 3c, because the electrical conductivity of GFs shows nearly
no change after infiltration with PDMS. In chemically derived
graphene-based polymer composites, small pieces of graphene
sheets are randomly distributed inside the polymer matrix and
surrounded by the molecular chains of the polymer. As a result,
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Figure 3 |Morphology, fracture surface, electrical conductivity and
mechanical properties of GF/PDMS composites. a, Photograph of a bent
GF/PDMS composite, showing its good flexibility. b, SEM image of the
fracture surface of the composite. c, Electrical conductivity of GFs and
GF/PDMS composites as a function of the number of graphene layers
(corresponding to different weight fractions of GFs in the composites). The
average conductivity of GFs and GF/PDMS composites was calculated over
five specimens for each sample and error bars for standard deviation are
shown. d, Typical stress–strain curves of PDMS and GF/PDMS composites
with∼0.5 wt% graphene loading.

the electrical conductivity of these composites strongly relies
on electron percolation between the separated graphene sheets.
Combined with the relatively low quality of chemically derived
graphene sheets, these composite materials have low electrical
conductivity4,6. In contrast, because electrons canmove very quickly
through the seamlessly interconnected 3D GF network of high-
quality graphene, our GF/PDMS composites show a very high
electrical conductivity of ∼10 S cm−1 at an ultralow graphene
loading of ∼0.5wt% (∼0.22 vol%). This value is ∼6 orders of
magnitude higher than that of chemically derived graphene-based
composites4 and also much higher than those of carbon nanotube
(CNT) composites at the same loading fraction (Supplementary
Table S1), showing great advantages of GFs in the use of composites
for electrical applications.

Because of the competition between the resistance decrease and
thickness increase of the GF with increasing number of graphene
layers (Supplementary Fig. S10), the electrical conductivity of GF
and GF/PDMS composites does not show a monotonic increase
with the number of graphene layers and graphene fraction in the
composite (Fig. 3c). The resistance decrease of the GF with number
of layers tends to level out after about five layers, whereas the
thickness of the GF continues to grow at the same pace even above

five layers. Therefore, the GF and GF/PDMS composites show an
optimal average number of graphene layers of about five for the
maximum conductivity as shown in Fig. 3c. Incorporating other
kinds of polymer such as epoxy resin with GFs was also carried out,
and the composites obtained have an electrical conductivity similar
to that of GF/PDMS at the same graphene loading. Furthermore,
the GF also obviously improves the mechanical properties of the
PDMS matrix (Fig. 3d and Supplementary Fig. S11). The ultimate
strength of the GF/PDMS composites is increased by a factor of
∼1.3 compared with the pure PDMS.

The simultaneous incorporation of excellent mechanical robust-
ness and electronic performance is the key to realizing stretchable
electronics29. A GF has the following characteristics: high electrical
conductivity, good mechanical robustness, potential flexibility and
stretchability. Therefore, a GF is perfect for high-performance
stretchable conductors. However, conventional conductors such as
metallic foils and thin films have poor mechanical robustness and
elasticity despite higher electrical conductivity29, which make them
not suitable for stretchable conductors. For example, the nickel
foams we used show a high electrical conductivity of ∼350 S cm−1,
but the nickel foam/PDMS composites could not recover to their
initial form after even slight bending or stretching, and start to
break at∼50% stretching (Supplementary Figs S12 and S13). Con-
structing specific structural layouts and developing new electronic
materials are two conceptually different, but complementary, ways
to achieve stretchable electronics12. The excellent electrical and
mechanical properties of the GF/PDMS composites and the unique
network structure of GFs combines the advantages of both material
and structural layout, which gives GF/PDMS composites great
potential for use as flexible and stretchable conductors (Fig. 4), a
key component of stretchable and curvilinear large-area electronics
such as sensory skins for robotics, structural health monitors and
wearable communication devices12.

We investigated the effect of bending and stretching on the
electrical resistance of the composite with a ∼0.5wt% GF loading,
which has the best electrical conductivity among all the GF/PDMS
composites prepared. The bend and stretch tests were carried out
with a home-made two-point bending device and a high-precision
mechanical system. The electrical resistance shows a small increase
up to a bend radius of 2.5mm and can perfectly recover after
straightening (Fig. 4a). Notably, after 10,000 cycles for a bend radius
of 2.5mm, the resistance only increases∼2.7% (Fig. 4a inset). Even
for a very small bend radius of ∼0.8mm, although the resistance
of the composite is increased through the first three cycles of
bending and straightening, it becomes stable (Fig. 4b) and the
electrical resistance increase remains constant at only∼7% from the
fourth cycle under bending, comparedwith that when straightening
(Fig. 4b inset). These results show the excellent electromechanical
stability of GF/PDMS composites compared with conventional
materials used in flexible electronics, even graphene films24.

We further investigated the electrical and mechanical properties
of GF/PDMS composites by measuring their electrical resistance
as a function of uniaxial tensile strain. Figure 4c shows the results
at a maximum stain of 50%. Similar to the results in the bending
experiments, the resistance of the composites increases with
stretching but their resistance change becomes stable after the fifth
cycle of stretch–release. From the sixth cycle, the electrical resistance
is restored to a constant value when the strain is released, with a
resistance increase of ∼30% under 50% stretching (Fig. 4c inset).
The irreversible resistance increase is larger for a larger maximum
tensile strain (Supplementary Fig. S14), indicating that it can be
intrinsically attributed to the partial breaking or cracking of the
GF network. Moreover, the number of cycles needed for GF/PDMS
conductors to become stable also depends on the degree ofmechan-
ical deformation (Supplementary Fig. S14). Under largermaximum
deformation, more cycles are needed for the GF/PDMS conductors
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Figure 4 | Electrical-resistance change of GF/PDMS composites under mechanical deformation. a, Electrical-resistance variation of a composite at a
bend radius up to 2.5 mm in the first bend cycle. The inset shows the resistance change of the composite as a function of bend cycles for a bend radius of
2.5 mm. b, Electrical-resistance change of a composite when bending to a radius of 0.8 mm and then straightening for each cycle. The resistance change
becomes stable after the third cycle. The left inset shows the resistance variation of the composite in a typical bend cycle after becoming stable. The right
inset shows the bending process. c, Electrical-resistance change of a composite after 50% stretching and then releasing for each cycle. In each cycle, the
composite was gradually stretched to a strain of 50% and then released to zero strain with the same stretching rate of 0.5 mm min−1. The resistance
change becomes stable after the fifth cycle. The inset shows the resistance variation of the composite in a typical stretch/release cycle after becoming
stable. d, Electrical-resistance variation of the composite as a function of uniaxial tensile strain until fracture. The inset shows the stretching process.
Multiple GF/PDMS composites were measured, and the electrical-resistance change shows a good reproducibility under the same mechanical
deformation. The loading of GF in the PDMS matrix is∼0.5 wt% for all the measured composites. R0 refers to the electrical resistance of the pristine
composite, and 1R refers to the resistance change of the bent or stretched composite relative to that of the pristine composite.

to become stable. Further stretching of the sample results in a steep
increase of the resistance until the sample breaks at ∼95% strain
(Fig. 4d). These results show that the electromechanical properties
of the GF/PDMS composites under stretching are far superior to
those of graphene films grown by CVD, which show mechanical
failure over 6% strain on an unstrained PDMS substrate and an
order-of-magnitude increase in resistance at ∼25% strain on a
pre-strained PDMS substrate24. These results are comparable to
those of both elastic conductors fabricated using aligned CNT
arrays30 and CNT-based composites with a high loading (∼20wt%)
of CNTs (ref. 29), and indicate the great potential of GF/PDMS
composites for high-performance elastic conductors.

In summary, we have developed a template-directed CVD
technique for the fabrication of macroscopic 3D GF structures
using nickel foams as templates. The graphene sheets in the GFs
are seamlessly interconnected into a 3D flexible network. The high
quality of the graphene sheets and their perfect connection in three
dimensions give the material outstanding electrical conductivity
that is superior to that of macroscopic graphene structures
from chemically derived graphene sheets. The unique network
structure, high specific surface area and outstanding electrical
and mechanical properties of GFs and their composites should
enable many applications including high-performance electrically
conductive polymer composites, elastic and flexible conductors,

electrode materials for lithium ion batteries and supercapacitors,
thermal management, catalyst and biomedical supports and so on.
Moreover, this template-directed CVD technique is versatile and
scalable, and can be a general strategy for fabricating a broad class
of 3D macroscopic graphene structures of determined shapes with
excellent properties and new uses.

Methods
Fabrication of GFs and GF/PDMS composites. Nickel foams (Alantum Advanced
Technology Materials (Shenyang), ∼320 g1 m−2 in areal density and ∼1.2mm in
thickness) were used as 3D scaffold templates for the CVD growth of GF. They
were cut into pieces of 20×20mm2 and placed in a quartz tube of outer diameter
25mm and inner diameter 22mm. The nickel foams were heated to 1,000 ◦C in
a horizontal tube furnace (Lindberg Blue M, TF55030C) under Ar (500 s.c.c.m.)
and H2 (200 s.c.c.m.) and annealed for 5min to clean their surfaces and eliminate
a thin surface oxide layer. A small amount of CH4 was then introduced into the
reaction tube at ambient pressure. The flow rates of CH4 used were 2, 3.5, 5, 7
and 10 s.c.c.m., corresponding to concentrations of 0.3, 0.5, 0.7, 1.0 and 1.4 vol%
in the total gas flow, respectively. After 5min of reaction-gas mixture flow, the
samples were rapidly cooled to room temperature at a rate of ∼100 ◦Cmin−1
under Ar (500 s.c.c.m.) and H2 (200 s.c.c.m.). The size and quantity of GFs can be
easily scaled up by using large nickel foam substrates and large reaction systems.
For example, we prepared a large GF with a size of 170×220mm2 (Fig. 2a) by
using a large piece of nickel foam with the same size, which was rolled up and
inserted into a large CVD furnace (Lindberg Blue M, HTF55347C) equipped
with a quartz tube 71mm in inner diameter. The CVD growth conditions are
the same as those used in the small furnace, except for doubling the flow rate of
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each gas. To prevent structural failure of the GF when the nickel was etched away,
a thin PMMA layer was used as a support to reinforce the graphene structure.
The Ni foams covered with graphene were drop-coated with a PMMA solution
(weight-averaged molecular mass Mw = 996,000, 4 wt% in ethyl lactate), and then
baked at 180 ◦C for 30min. This process solidified the PMMA to form a thin film
on the graphene surface (Ni–G-PMMA). Then the samples were put into a HCl
(3M) (or FeCl3/HCl, 1M/1M) solution at 80 ◦C for 3 h to completely dissolve the
nickel to obtain GF-PMMA. Finally free-standing GFs were obtained by dissolving
the PMMA with hot acetone at 55 ◦C.

GF/PDMS composites were fabricated by infiltrating the free-standing GFs
with PDMS prepolymer, a viscous mixture of base/curing agent (Sylgard 184,
Dow Corning), followed by degassing in a vacuum oven for 30min and thermally
curing at 80 ◦C for 4 h.

Microscopic characterization. The structures of the samples were characterized
by SEM (Nova NanoSEM 430, 15 kV), Raman spectroscopy (Jobin Yvon LabRAM
HR800, excited by a 632.8 nm He–Ne laser with a laser spot size of ∼1 µm2)
and TEM (Tecnai F30, 300 kV). For TEM observations, GFs were ultrasonically
dispersed in ethanol for 30min and then dropped onto a TEM grid. The edges of
the graphene films tend to fold back, which allows for a cross-sectional view and
consequently the determination of the number of layers of the film23–25.

Electrical and mechanical measurements. The four-point method is not
convenient for the real-time electrical resistance testing of the samples
under mechanical deformation. Therefore, the electrical conductivity of GFs
and GF/PDMS composites was measured by a two-probe method. In the
measurements, copper wires were embedded and connected to GFs with silver
paste before infiltration with PDMS prepolymer, which enables a strong electrical
contact between the copper wires and the GF and consequently a small contact
resistance. The strength of PDMS and GF/PDMS films was measured with a
high-precision mechanical testing system (Hounsfield H5K-S materials tester).
Bend tests with different bend radii were also carried out on the Hounsfield H5K-S
tester. The electromechanical stability of GF/PDMS composites as a function
of bend cycles was measured by repeatedly bending the composite films with a
home-made two-point bending device, where the radius of curvature was set to
2.5mm and the bend speed was about one cycle per second. Stretch tests were
carried out on the H5K-S tester at a strain rate of 0.5mmmin−1. The sample size
was measured using a standard caliper.
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