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It is a challenge to fabricate graphene bulk materials with properties arising from the nature

of individual graphene sheets, and which assemble into monolithic three-dimensional

structures. Here we report the scalable self-assembly of randomly oriented graphene

sheets into additive-free, essentially homogenous graphene sponge materials that provide a

combination of both cork-like and rubber-like properties. These graphene sponges, with

densities similar to air, display Poisson’s ratios in all directions that are near-zero and largely

strain-independent during reversible compression to giant strains. And at the same time, they

function as enthalpic rubbers, which can recover up to 98% compression in air and 90% in

liquids, and operate between � 196 and 900 �C. Furthermore, these sponges provide

reversible liquid absorption for hundreds of cycles and then discharge it within seconds, while

still providing an effective near-zero Poisson’s ratio.
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G
raphene sheets and carbon nanotubes (CNTs) possess
extraordinary flexibility and strength and can be
assembled into very low-density, three-dimensional (3D)

structures that are highly elastomeric1–9. In particular, aerogels
exhibiting reversible strains of 50–90% have been synthesized
from graphene oxide (GO) mixed with materials that influence
compressibility, such as CNTs2,3, polypyrrole4, ethylenediamine5

and polyurethane6. Additive-free, highly anisotropic graphene
aerogels that can withstand repeated 80% compression have been
reported and it shows an anisotropic structure7. But it is still a
great challenge to fabricate graphene-only bulk materials with its
unique properties arising from the nature of individual graphene
sheets and the monolithic 3D structures these sheets might be
able to assemble into. On the other hand, while cork has near-
zero Poisson’s ratio in one direction, it does not demonstrate
good elastic performance.

In this work, we describe a unique bulk and monothlic
grapheme-based sponge material, synthesized by a modified
solvothermal reaction of GO sheets in alcohol and a subsequent
thermal annealing to provide GO reduction and desired
restoration of the graphene intrinsic structure and properties,
which exhibits both superelastic performance like rubber and
near-zero Poisson’s ratio in all directions like cork. These sponges
have air-like densities and demonstrate highly repeatable
compression and complete recovery in a wide temperature in
air and liquid without substantial degradation. Furthermore,
reversible rubber-like compressive elasticity was observed even in
extreme environments, such as in liquid nitrogen (� 196 �C) and
at temperatures as high as 900 �C. Even when the maximum
(499%) strain is applied, the graphene sponge exhibits highly
repeatable compression reversibility. Dynamic mechanical analy-
sis (DMA) measurements demonstrate that the storage and loss
moduli of our sponges are largely independent of temperature
and frequency, indicating that the origin of elasticity is enthalpic
(rather than entropic, as for ordinary rubbers)10,11. Furthermore,
the graphene sponge that absorbs over 1,000 times its weight in
pump oil, and reversibly discharges a similar amount during
subsequent compression. More importantly, these graphene
sponges display a near-zero Poisson’s ratio in all directions in
both air and liquids, which means that compression does not
significantly change their dimensions at the perpendicular
directions. This appears to be the first reported carbon aerogel
that isotropically combines, for all strains, the near-zero Poisson’s
ratio of cork (which only applies in the cork’s axial direction)12

with the high-strain compressive elasticity of a rubber. The
combination of characteristic and exclusive properties from cork
and rubber observed for this material in a wide temperature range
and in air and liquids, indicate that this material may have a great
potential for some novel applications when multifold properties
are needed. This also demonstrates that if 2D materials are
assembled into 3D mode where the properties of such 2D
building blocks are kept, novel and combined properties may be
observed.

Results
Synthesis. Our method for graphene sponge synthesis, detailed in
the Supplementary Methods used a modified conventional
hydrothermal method13,14, thereby yielding new combinations of
graphene sponge properties. In brief, GO sheets (Supplementary
Fig. 1) are first solvothermally assembled in ethanol to obtain a
nearly homogenous, ethanol-filled material (Fig. 1a). Following a
slow exchange of ethanol with water, the sponge is freeze-dried
and then annealed under inert atmosphere at 400 �C to obtain the
final graphene sponge15 (Fig. 1b). Importantly, the size of GO
sheets has a great impact on the product’s mechanical properties,

and the optimized materials and results are obtained when large
size (tens of mm lateral dimension) GO were used.

The condensation/cross-linking of the functional groups
during synthesis, such as OH, COOH and epoxy groups that
are mainly located on GO sheets edges, is expected to covalently
interconnect the sheets, thereby forming a monolithic 3D
chemically linked network13,16,17, though no direct evidence is
available yet. The subsequent annealing step would remove most
of the functional groups, partially restoring p-conjugation and
increasing electrical conductivity18,19. By varying the GO
concentrations used for the solvothermal reaction, graphene
sponges possessing densities from 0.3 to 14mg cm� 3 were
obtained, which in the former case have a much lower density
than ambient air (1.2mg cm� 3). Unless otherwise noted, the
results discussed below are for sponges having an uncompressed
density of 0.9–2.0mg cm� 3, though different samples tested with
the above density range gave similar results in terms of super
compressive elasticity and near-zero Poisson’s ratio.

Structure and morphology analysis. Elemental analysis shows
that our graphene sponge contains B86wt% C, B12wt% O and
B1–2wt% H. X-ray photoelectron spectroscopy studies
(Supplementary Fig. 2) indicate the existence of ether C–O
(B286.7 eV) and ester C(¼O)O (B288.6 eV) bonds, in addition
to the dominant C¼C bonds (B284.5 eV20). Under present
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Figure 1 | The synthesis and structure of graphene sponges.

(a) Illustration of the solvothermal conversion of ethanol-dispersed GO

platelets into a graphene sponge. (b) Photographs of rectangular (left) and

cylindrical (right) graphene sponges. (c) An optical image of the cup and

cone structure that is observed when the graphene sponge is elongated to

fracture. Scale bar, 1 cm. (d) A radial cross-sectional SEM image of a

graphene sponge (scale bar, 20mm) and a magnified SEM image (inset,

scale bar, 5 mm) showing an interwall connection.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms7141

2 NATURE COMMUNICATIONS | 6:6141 | DOI: 10.1038/ncomms7141 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


solvothermal synthesis conditions, reactions are expected14,21

between/among the OH, COOH and epoxy bond functional
groups of adjacent graphene sheets to generate aromatic ether
and ester bonds between the sheets mainly at the edges13,16,17.
The existence of a significant amount of C–O carbon (B3.7 at%),
C¼O carbon (B1.6 at%) and C(¼O)O ester carbonyl carbon
(B1.7 at%) is consistent with the observed corresponding peak
for the C–O bonds in infrared spectra (Supplementary Fig. 3)22

and the enhanced oxygen atom density in regions connecting
graphene sheets, which is seen by energy-filtering transmission
electron microscopy mapping (Supplementary Fig. 4)23. Though
there is no direct evidence, this possible bonding between
graphene sheets is further suggested by the observation of a
ductile cup and cone tensile fracture (Fig. 1c)24,25, the mechanical
robustness of the sponges when reversibly compressed and the
retention of highly structural stability and large-strain elasticity to
at least 900 �C. Also, if there is no strong force to hold the
graphene sheets together, it is expected that this bulk material
would just collapse or fall apart at extreme conditions such as in
liquid nitrogen (� 196 �C) or at a temperature of 900 �C. Thus,
from a structural viewpoint, we believe that our graphene sponge
may be likened to a 3D cross-linked polymer, but with the
graphene sheets behaving as the cross-linked building block
(monomer) as in the case of thermoset polymers where the curing
process transforms the linear polymers into a 3D monolithic
structure through the cross-linking process16,17,26.

We will provide evidence that the uncompressed graphene
sponge is homogenous and nearly isotropic, which is important
since the direction of gravity during synthesis could conceptually
provide important and large differences in properties for the axial
direction (the gravity d irection during synthesis in a cylinder)
and the radial direction of this cylinder. An important question is
whether or not a largely isotropic, additive-free graphene sponge
can be highly elastically deformable. In fact, Qiu et al.7 have
shown that freeze casting the partly reduced graphene oxide could
result in highly anisotropic cork-like structures that provide large
stroke elastic deformability (when sponge assembly uses
columnar growth of ice), and that much less ordered porous
graphene monoliths that made by chemical vapour deposition
and self-gelation were not highly elastic. In principle, freeze-cast
graphene aerogels might also be overall isotropic if anisotropic
domains are randomly connected with an optimized control of
the ice template7.

Figure 1d shows typical cross-sectional scanning electron
microscopy (SEM) images of our sponge containing about
99.9% or higher void volume (depending upon the density of
the sponge walls). To see deep inside a sponge’s interior, a 3D
image was obtained by stacking optical images acquired during
sequential laser-ablation of the 15-mm slices of the sponge
(Supplementary Movie 1 and Supplementary Fig. 5). These
imaging results indicate that the sponge consists of a 3D array of
interconnected micron-scale voids, which are partially tiled in a
disordered manner by graphene sheets (see also Supplementary
Figs 6 and 7, which provide SEM micrographs of a planar
sponge surface containing orthogonal radial and axial directions).
The full mechanism to form such large size pores needs
more understanding. The ‘axial’ direction refers to the gravity
direction (the axial direction of the initially cylinder shaped
aerogel) and the radial directions are orthogonal to the axial
direction.

Raman spectra obtained for different polarization directions
about two different incident laser beam directions (axial and
radial) are consistent with a nearly isotropic structure for the
non-compressed structure (Fig. 2a and Supplementary Fig. 8).
During compression up to 90% strain, the sponge becomes
increasingly anisotropic, because of slight strain-induced

alignment of the graphene sheets perpendicular to the strain
direction. For 0% strain the ratio of maximum-to-minimum
G-band intensity is closer to unity for light propagating in the
axial direction (0.976) than in the radial direction (0.894) and
both ratios slightly decrease upon compression to 90% strain (to
0.905 and 0.857, respectively). Importantly, the structure of our
graphene sponge completely recovered when the compressive
stress was released, indicating remarkable structural stability even
for such extreme strains. This high structural stability is also
supported by its fully recoverable and near-direction-invariance
of various properties under cycling tests: electrical conductivity in
the compression direction for 0–90% strain (Supplementary
Fig. 9), thermal expansion coefficient (Supplementary Fig. 10),
Young’s modulus (Supplementary Fig. 11), SEM and Fast Fourier
Transformation images (Supplementary Fig. 6), and the below
described Poisson’s ratio (Supplementary Fig. 12).

Near-zero Poisson’s ratio in both directions. Poisson’s ratio (nij)
is defined as nij¼ � ej/ei, where ej is the j-direction lateral strain
resulting from an applied longitudinal strain ei (refs 27–31).
Ordinary rubbers exhibit Poisson’s ratios of B0.5. Cork does
have a near-zero Poisson’s ratio when compressed in the axial
direction, which makes it easy to insert and remove a cork from a
wine bottle32. However, cork is not an elastomer, so large applied
strains cause irreversible plastic deformation. Though a small
Poisson’s ratio was noted for very low-density elastomeric carbon
aerogels made by templating a ZnO rod array with carbon to
make an array of short, micron-diameter hollow rods, neither
Poisson’s ratio measurements nor characterization of anisotropy
were reported33. A negative Poisson’s ratio has been reported for
an aerogel based on graphene cell walls coated with CNTs2. Also,
measurements for a single wall nanotube aerogel show that near-
zero Poisson’s ratios for 0–60% strain in one direction34. In
contrast to the largely near-zero strain-invariant Poisson’s ratios
that we will describe, extreme sensitivity of Poisson’s ratio to
applied tensile strain has been reported for CNT sheets, where the
Poisson’s ratio continuously changes from about � 0.5 to 0.3
during in-plane tensile strains of only 1.4% or smaller35. Perhaps
the largest reported strain dependence of Poisson’s ratio has been
described for highly anisotropic, fibrillated polytetrafluoro-
ethylene, where n was found to decrease from 0 to � 14 in a
true strain range of 0.03 (ref. 36).

We investigated the dependence of the graphene sponge’s
Poisson’s ratio on applied compressive strain in both the axial
and radial directions by recording movies during deformation to
measure sponge width (W) as a function of the sponge length (L)
along the compression direction. Using the definition for
infinitesimal strains, the Poisson’s ratio is found (for small strain
changes around a giant applied strain) as the negative slope of log
W versus log L (inset of Fig. 2b).

Importantly, the Poisson’s ratios were close to zero (in air and
when immersed in acetone) both for compression in the axial
(Fig. 2b,c) and radial directions (Supplementary Figs 12 and 13).
Furthermore, during each compression and release cycle, the
Poisson’s ratio remained near zero and showed little strain
dependence (Fig. 2b). This near-zero Poisson’s ratio was
reproducible for all the over 80 measured compression and
release cycles in air/acetone for both compression directions
(Fig. 2c and Supplementary Fig. 13).

In contrast with these results, carbon foams investigated by Li
et al.37, which are produced from blown anisotropic pitch, have a
predicted Poisson’s ratio that strongly depends upon foam
density, and reaches large observed values (B0.3) for low foam
densities. Such blown, pitch-derived carbon foams might be most
simply viewed as an array of hollow spheres—if you compress the
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spheres they laterally expand, thereby providing large Poisson’s
ratios. Similarly, if compression of our graphene sponges
had resulted in highly preferential alignment of the graphene
planes perpendicular to the compression direction, a large
positive Poisson’s ratio would be expected. However, Raman
measurements during compression show (even for 90%
compressive strain) that very little anisotropy is introduced into
the alignment of the graphene planes (Fig. 2a and Supplementary
Fig. 8). This Raman data indicate that massive sidewall buckling
is occurring during 90% compressive strain and suggests that this
bucking is critically important for explaining the existence of
near-zero Poisson’s ratios to extreme strains (like the case
for enormously smaller deformations for cork in only one
direction). The low sponge density at even 98% compression
(B50mg cm� 3), means that buckled sponge sidewalls largely do
not contact to provide lateral expansion.

Since the elastic properties of an isotropic material depend on
only three independent constants, which can be chosen as the
Poisson’s ratio (n), the bulk modulus (B) and the shear modulus
(G) (or the Young’s modulus, Y, where Y¼ 2G(1þ n) for

isotropic materials), we can derive G/B and Y/B for n¼ 0 from
the isotropic material equation (1)38:

G=B¼ 3ð1� 2nÞ=2ð1þ nÞ ð1Þ

This provides G/B¼ 3/2 and Y/B¼ 3 over the large-strain range
that we have above investigated.

Although Poisson’s ratio is ordinarily defined for mechanical
deformations in which the sample composition is invariant, we
have here extended results to sponge deformation when
immersed in a liquid with a newly defined ‘skeletal Poisson’s
ratio’. This skeletal Poisson’s ratio describes changes in the
graphene sponge dimensions as the imbibed liquid is extruded
out and then reabsorbed when the compression is removed.
Using the same type of analysis as for the graphene sponge in air,
we obtained essentially identical results to those obtained in air
for a graphene sponge containing 71,000wt% of imbibed acetone.
For measurements recorded between 0 and B50% compressive
strain in the axial direction, the skeletal Poisson’s ratio is nearly
zero (lower half of Fig. 2c) and did not change over the measured
80 cycles of imbibing and releasing nearly 100% of the
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Figure 2 | Sponge anisotropy and Poisson’s ratios. (a) The normalized intensity of the Raman G band (for 633 nm excitation) as a function of polarization

angle for a strain cycle between 0 strain and 90% strain and back to 0% strain. Open red squares (and red fitting curves) are for light propagating in the

axial direction and strain applied in the radial direction and the open blue squares (and the blue fitting curves) are for light propagating in the radial

direction and strain applied in the axial direction. (b) The Poisson’s ratio in air as a function of applied strain in the axial direction. The data points are the

Poisson’s ratios obtained in 10% strain intervals by least squares fit of the log W versus log L data for these intervals that is shown in the inset (which is a

plot of logW versus log L, whereW and L are sample dimensions in the width and compression directions). The red lines in both the figure and the inset are

linear least square fits of all of the respective data points. The error bars of Poisson’s ratio at each strain are obtained as the s.e. from the least squares fit of

the log W versus log L data shown in the inset for each such strain. (c) Poisson’s ratio as a function of number of compression and release cycles along the

axial direction. The blue diamonds (top) and black stars (bottom) are Poisson’s ratios when the sponge is in air and in acetone, respectively. The error bars

indicate the s.e. obtained from the fitted curve when we calculate the Poisson’s ratio by using the logW versus log Lmethod. (d) The Schwartzite model for

sp2-carbon phases used for the Poisson’s ratio modelling, where the illustrated phase has a cell parameter of a¼ 2.38 nm.
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compressed volume. Similarly, near-zero skeletal Poisson’s ratios
were obtained for compression along the radial direction, and
remained unchanged during cycling (lower half of Supplementary
Fig. 13).

The largely isotropic, near-zero Poisson’s ratio over giant strain
ranges has important consequences. First, if a material laterally
expands or contracts (due to positive or negative Poisson’s ratios,
respectively), friction at the compressing platens will cause non-
uniform lateral deformation—the compressed sponge would
balloon outwards for a positive Poisson’s ratio or collapse
inwards for a negative Poisson’s ratio (relative to the constrained
lateral dimensions at the platens)29. Neither of these effects,
which could limit the strain range for reversible compression, are
noticeable for either our neat or liquid-imbibed sponges where
Poisson’s ratio is characterized. Second, if the sponge had a
normal positive Poisson’s ratio of about 0.3 that was isotropic
about the compression axis, the fraction of liquid volume
extruded from the sponge by an uniaxial strain DL/L would be
reduced from DL/L to DL/L(1–2n) or by 60%.

Since the disordered graphene sponge has a somewhat similar
sp2-carbon tiled open-pore structure to that of the cubic
Schwartzite phase39 shown in Fig. 2d, we investigated (see
Supplementary Methods for details) whether the Schwartzite
structure would possess a near-zero Poisson’s ratio. This
Schwartzite phase has average Poisson’s ratios of � 0.040, 0.080
and 0.128 for compression along the (100), (110) and (111)
directions, and an average Poisson’s ratio (considering all
compression and lateral directions) of between 0.040 (Voigt
average) and 0.056 (Reuss averages; refs 40,41). Such averaging of
non-zero Poisson’s ratios for microscopic elements to provide a
near-zero macroscopic average likely also occurs for our
materials.

Super compressive elasticity. The remarkable compressive elas-
ticity of the graphene sponge during large-strain cycling in air
and liquid are further demonstrated in the results of Fig. 3a,b and
Supplementary Figs 7,14,15. Substantially reversible deformation
was retained even for a compression ratio (ratio of initial to final
length) of 50 (corresponding to B98% strain) shown in the inset
of Fig. 3a and Supplementary Movie 2, which appears to be
largest isotropic elastic deformability reported so far for any form
of carbon2,4,7,9,42.

During 1,000 compression cycles in air to 90% strain (Fig. 3a)
our graphene sponge shows relatively minor decrease in the stress
required to deform it to this strain level. These results are for an
engineering strain rate of 10% strain s� 1 (normalized to the
uncompressed sponge length, which increases with increasing
strain up to 100% strain s� 1 when normalized to the
instantaneous sponge length). During compression up to 98%
strain (Fig. 3a) the sponge can reversibly absorb 8.3 J g� 1 of
mechanical energy, of which 5.4 J g� 1 is dissipated as heat during
the stress–strain cycle. Note in Fig. 3a that most of this
mechanical energy conversion occurs in the engineering strain
range between 60 and 98%. The structural stability of our
graphene sponge is further supported by electrical resistance
measurements during compression/release cycles (Supplementary
Fig. 16a), which shows that there is little change in the
uncompressed electrical resistance after 100 cycles to 80% strain
and the dependence of electrical resistance and gravimetric
conductivity on strain is the same during compression and
compression release.

Remarkably, our graphene sponge can reversibly undergo
large-strain deformation (up to 90%) in which liquids (such as
acetone, ethanol, N,N-dimethylformamide (DMF), silicon oil, and
paraffin oil) are reversibly absorbed and then discharged by

subsequent compression (Fig. 3b,c; Supplementary Fig. 15; and
Supplementary Movie 3). Interestingly, there is no noticeable
change in the compressive stress needed to extrude a low-
viscosity liquid (like acetone) from the sponge, even when strain
rate was doubled to an engineering strain rate of 20% strain s� 1,
and a true strain rate of up to 200% strain s� 1 (Fig. 3b inset).
However, the identical comparison for a higher viscosity imbibed
liquid (DMF) shows that the stress required to achieve 90%
compressive strain increases when the strain rate is doubled
(Supplementary Fig. 15).

When acetone is reabsorbed during sponge elongation (Fig. 3b
inset), the measured stress exhibits some dependence on strain
rate for strains between 90 and 80%. More surprising, the
measured stress for a sponge containing DMF dips below zero for
high axial-direction strains (Fig. 3c and Supplementary Fig. 15
insets). These below-zero measured stresses result from the
inability of liquid absorption to keep up with the giant true strain
rate, owing to DMF’s high viscosity (0.796 versus 0.316 cP for
acetone at 25 �C). The sponge therefore adheres to the platens of
the stress–strain measuring apparatus, causing the expected
compressive stress to temporarily switch to a tensile stress. Some
differences in stress do exist between experimental results for
axial compression (Fig. 3b inset, Supplementary Fig. 15a inset,
Supplementary Fig. 17) and radial compression (Supplementary
Fig. 15b inset, Supplementary Fig. 18), which likely result from
differences in sample dimensions, density and porosity.

In contrast with this remarkable giant stroke elastic deform-
ability of our sponges in compression (up to 98% compressive
strain), they fail by a brittle fracture in air at below 5% strain
when uniaxially stretched (Supplementary Fig. 19). The reason is
likely twofold. First, since the Poisson’s ratio is near zero, tensile
strain decreases the sponge density (rather than increases it) so
there are fewer (but longer mechanical) struts supporting the
load. Second, as for many materials, tension causes defects (like
cracks) to propagate.

The dependence of Young’s modulus on the density realized
during extreme sponge compression (Supplementary Fig. 20) is
shown in Fig. 3d. Except for the initial small strains, where there
is uncertainty in the applied strain, the Young’s modulus depends
approximately quadratically on sponge density (r) over a 10-fold
density range. Remarkably, this power dependence of Young’s
modulus on r, while the sponge is being compressed to B10%
of initial height (that is, Y¼Arn, where A is a constant
and n¼ 1.892±0.041), is within experimental error of the
n¼ 2.21±0.23 power dependence of modulus obtained for
small-strain deformation of sponges having different initial
densities (Supplementary Fig. 11). A quadratic dependence of
low strain modulus on initial aerogel density has been reported
for diverse materials7,30,34,43,44, and is generally associated with a
low-density, open-cell architecture43–45. These sponge results are
consistent with efficient load transfer to aerogel struts (presently
graphene sheet cell walls) that undergo transverse-beam-
bending43,44. That about the same quadratic power dependence
on density results for giant compressions is apparently new for
any aerogel, and suggests efficient load transfer to sponge
sidewalls that are undergoing reversible buckling.

We observe that remarkable reversible compressive elasticity to
giant strains even at extremely low and high temperatures (from
� 196 to 900 �C). Supplementary Fig. 21a and Supplementary
Movie 4 show compression and release in liquid N2, where the
sponge reversibly absorbs and extrudes liquid nitrogen. Similar
large-strain elasticity was observed at 900 �C in argon atmosphere
(Supplementary Fig. 21b and Supplementary Movie 5). While
annealing the graphene sponge at 900 �C in argon, which is much
longer than the time at this temperature required for the
compressibility test (B10min), increased the carbon content
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from 86.30 to 92.41wt%, decreased the oxygen content from
11.86 to 6.59wt% and decreased the hydrogen content from 1.84
to 1.00wt%, the SEM images in Supplementary Fig. 22 show that
hour-long thermal annealing at 900 �C does not noticeably
change sponge structure. The above high-strain uniaxial elasticity
over such a wide temperature range has apparently not been
reported for any other compressively elastomeric material, for
instance, commercial silicone rubber becomes brittle at � 55 �C
and degrades above 300 �C (ref. 46).

Dynamic mechanical analysis. Notably, the material also
demonstrates rather stable viscoelastic temperature- and fre-
quency- invariant stability, reversible deformation and fatigue
resistance. DMA measurements of the sponge’s viscoelastic
properties in air and liquids show that the origin of sponge
compressive elasticity is enthalpic, rather than the entropic elas-
ticity found for ordinary rubbers10,11. As a consequence, in
contrast to the conventional elastomers like silicone rubber, the
sponge’s storage and loss moduli depend relatively little on
temperature (� 50 to 300 �C in air for Fig. 3e) or frequency

(1–20Hz at room temperature in air and acetone for Fig. 3f,
and at 300 �C in air for Supplementary Fig. 23)46. DMA
measurements in air at 300 �C show negligible change in
storage and loss moduli during 100,000 cycles (Supplementary
Fig. 24). Since these cycles subject the sponge to 300 �C in air for
1.4 h, these negligible changes in storage and loss moduli indicate
the remarkable thermal stability of the sponge, which is also
evident from thermal gravimetric measurements and combustion
flame tests (Supplementary Fig. 25 and Supplementary Movie 6).
At room temperature, similar stability of storage and loss moduli
were observed during 100,000 compression cycles in both air and
acetone (Supplementary Fig. 26), indicating an excellent
reversible deformation and fatigue resistance even in fluid for
this superelastic graphene material.

Discussion
With the unique structure and combination of a wide range and
temperature- invariant properties, together with its low density
and close to 100% porosity (see below), this material should find
some interesting and novel applications when multifold
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Figure 3 | The mechanical behaviour when compressed along the axial direction. (a) The compressive stress to reach 90% strain at an engineering

strain rate of 40% strain s� 1 is plotted as a function of cycle number for 1,000 cycles in air. The inset shows the reversibility of stress–strain curves for two

successive cycles in air (black and red curves, respectively) up to a compressive strain of 98%. (b) The compressive stress needed to reach 90% strain at

an engineering strain rate of 20% strain s� 1 is plotted as a function of cycle number for 200 cycles. The inset shows stress–strain cycles in acetone up to

90% strain for engineering strain rates of 10% strain s� 1 (red line) and 20% strain s� 1 (black line). (c) Comparison of stress–strain cycles up to 90%

strain in acetone (black curve) and in DMF (green curve) at an engineering strain rate of 20% strain s� 1. The stresses are normalized to the maximum

stress applied. (d) The dependence of Young’s modulus on the density (r) realized during a compression/release cycle. The red line corresponds to

Y¼Ar
n, where A is a constant and n¼ 1.898±0.041. (e) The temperature dependence of storage modulus (black), loss modulus (blue) and damping ratio

(red) from DMA measurements at 10Hz between � 50 and 300 �C. (f) The frequency dependence of storage modulus (black), loss modulus (blue) and

damping ratio (red) that was obtained from DMA measurements for the graphene sponge at RT (room temperature) in both air and acetone.
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properties are required. Indeed, the ability of the graphene sponge
to reversibly absorb and discharge liquids during compression
(Supplementary Movie 7) and its strong hydrophobicity (water
contact angle 135�) suggests its possible application for environ-
mental cleanup and convenient liquid transfer. This possibility is
made particularly attractive by its high cycle life (Fig. 3b), the
short times to achieve 90% liquid extrusion and complete
reabsorption for even viscous liquids (4.5 s for DMF in Fig. 3c),
and the high realized weight ratio of absorbed liquid (Fig. 4a,b
and Supplementary Fig. 27). For example, our graphene sponge
can reversibly absorb and extrude up to 1,010 times its weight of
pump oil, which is 3.2 times higher than for the highest
performing solid absorbent previously reported for pump/engine
oil (Fig. 4a)2,9. Fig. 4b shows that the percent increase in sponge
weight is approximately linearly dependent on the liquid density,
which is consistent with past studies2,9. Note, the utilization of the
porosity of our graphene material is very efficient in all cases,
going up to 499% and close to the 100% theoretical limit. The
volume ratio of absorbed liquid to the approximate graphene
volume within the sponge (approximating the graphene density
as 1.7 g cm� 3) was also large, reaching uptake ratios of 198,000%
for pump oil (Supplementary Fig. 27). The possible liquid

transfer ability of this material is demonstrated in Supplementary
Movie 7, where when the saturated graphene material is pressed,
the absorbed liquid can be compressed out almost completely and
the material can be reused without any damage. This absorption/
release process is highly repeatable, and no change or degrading
was observed even after hundreds of times of cycles, indicating
the sponge’s high structural stability. No visible extrusion or
leaking of liquid were observed during this process. The high
absorption ability and excellent absorption/release cycling
property indicate that it can be used for absorption and
transfer of various liquid materials, environmental cleanup and
medical device applications and so on.

The highly elastic structure of the graphene sponge can be
maintained even when functional materials are inserted before or
after synthesis with this sponge as a supporting framework or
template. For example, a magnetically driven magnetostrictive
actuator was made by infiltrating Fe3O4 particles into the
as-synthesized graphene sponge (Supplementary Fig. 28). When
driven by a 15-mT (150 Gauss) magnetic field, a sponge
containing 30wt% loading of Fe3O4 nanoparticles provided
60% stroke (Supplementary Figs 28,29). This simple device
exhibits reversible magnetic actuation (Supplementary Movie 8)
without any degradation during 1,000,000 stroke cycles to B10%
actuator strain, as well as actuation at up to 100Hz. Similarly,
other functional materials may be inserted in the same way to
obtain multifunctional materials with super elasticity.

In summary, we fabricated and characterized a novel, additive-
free bulk graphene sponge that provides a host of surprising
properties. First, these sponges exhibit reversible superelastic
properties at temperatures between � 196 (for liquid nitrogen)
and 900 �C (in inert atmosphere), and recover up to 98%
compression in air and 90% in liquids, demonstrated by
thousands of compression/releasing cycles with giant strains.
Second, independent of the compression direction, these nearly
homogenous sponges consisting of 3D and randomly chemically
bonded graphene sheets provide a Poisson’s ratio and a skeletal
Poisson’s ratio that is near-zero and substantially independent of
strain, even when giant compressive strains are applied in air or
for liquid-imbibed sponges. Third, these graphene sponges can
absorb up to 1,010 times their weight of a liquid and then
reversibly and repeatedly discharge the liquid in seconds when
compressed. With these unique combined properties combing
both the characteristic properties from both rubber and cork in
wide temperature range, together with its over 99.9% porosity, it
is highly possible to develop various high-end applications where
multifold functions are demanded simultaneously. Note, all these
excellent properties are above both the high chemical and thermal
stability of graphene (carbon) materials, which should make this
material highly desirable for many harsh environment applica-
tions where such multifold functions are required. Also, this
indicates that assembling the wonderful 2D graphene sheets into
bulk 3D state may generate novel materials with unprecedented
properties. It is also possible to engineer and obtain some other
novel and exotic materials using other 2D building blocks widely
available recently using similar approach, if they are assembled
into the 3D mode where the individual 2D unit intrinsic
properties are kept. To this end, these materials are expected to
have broad implications for novel material design and their
applications.

Methods
Fabrication of the graphene sponge. The starting material, GO, was prepared
by the oxidation of natural graphite powder using a modified Hummers method.
The graphene sponge was fabricated by an in situ solvothermal process that uses
ethanol as the solvent for low concentrations of GO sheets (having B20 to 50mm
lateral dimension). Initial GO ethanol solutions were made from aqueous GO
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solutions (B1.50mgml� 1) by replacing water with ethanol using isopycnic
differential centrifugation at 12,000 r.p.m. This exchange was repeated six times
(each time using B30ml ethanol to dilute B1mg GO) to ensure essentially
complete exchange with ethanol. The low concentration GO ethanol solution
(0.20–5.00mgml� 1) was then solvothermally treated in a Teflon-lined autoclave at
180 �C for 12 h to form an intermediate solid, which has about 1/3 to 1/2 of the GO
solution volume before the solvothermal reaction. The use of ethanol as a solvent
was important, since graphene aerogels made directly from water solution did not
have the desired extreme rubber-like elasticity. The size of the GO flakes in the
starting material has a major impact on the properties of the final graphene
sponge—use of the above large size graphene flakes enhanced mechanical
robustness and reversible large-strain elasticity. After the solvothermal reaction, the
ethanol-filled sponge was carefully removed from the autoclave and fully immersed
in a mixture of acetone and ethanol (1:1 by volume). Then water was slowly added
to the system until the sponge was fully immersed in water, thereby enabling the
exchange of the ethanol absorbed inside of the sponge with water. Then B1/3
of the solvent volume was slowly removed by decanting. Thereafter, water was
added to again cover the sponge. This step was then repeated about 15–20 times.
It usually takes B6 h for each cycle and up to 5–7 days for the whole process.
After the solvent exchange process, the water-filled sponge was freeze-dried to
remove the remaining water absorbed in the sponge. Finally, the cylindrically
shaped sponge was annealed at 400 �C for an hour in argon to obtain the final
compressively elastomeric graphene sponge.

For specific measurements, these graphene sponges can be easily cut using a
laser (450 nm, 2W) into desired shapes and sizes. Various sample sizes, with
volumes up to hundreds of cubic centimetres, were produced by varying the
dimensions of the solvothermal reactor. Two directions of the sample are defined
for the convenience of measurement. The ‘axial’ direction refers to the gravity
direction (the axial direction of the cylinder shaped sample) when the graphene
sponge is made in the autoclave. The direction perpendicular to the axial direction
is named as the ‘radial’ direction.

References
1. Chen, Z. P. et al. Three-dimensional flexible and conductive interconnected

graphene networks grown by chemical vapour deposition. Nat. Mater. 10,
424–428 (2011).

2. Sun, H. Y., Xu, Z. & Gao, C. Multifunctional, ultra-flyweight, synergistically
assembled carbon aerogels. Adv. Mater. 25, 2554–2560 (2013).

3. Kim, K. H., Oh, Y. & Islam, M. F. Graphene coating makes carbon
nanotube aerogels superelastic and resistant to fatigue. Nat. Nanotech. 7,
562–566 (2012).

4. Zhao, Y. et al. A versatile, ultralight, nitrogen-doped graphene framework.
Angew. Chem. Int. Ed. 51, 11371–11375 (2012).

5. Hu, H., Zhao, Z., Wan, W., Gogotsi, Y. & Qiu, J. Ultralight and highly
compressible graphene aerogels. Adv. Mater. 25, 2219–2223 (2013).

6. Wu, C., Huang, X., Wu, X., Qian, R. & Jiang, P. Mechanically flexible and
multifunctional polymer-based graphene foams for elastic conductors and
oil-water separators. Adv. Mater. 25, 5658–5662 (2013).

7. Qiu, L., Liu, J. Z., Chang, S. L., Wu, Y. & Li, D. Biomimetic superelastic
graphene-based cellular monoliths. Nat. Commun. 3, 1241 (2012).

8. Bi, H. et al. Highly enhanced performance of spongy graphene as an oil
sorbent. J. Mater. Chem. A 2, 1652–1656 (2014).

9. Gui, X. et al. Carbon nanotube sponges. Adv. Mater. 22, 617–621 (2010).
10. Knorr, D. B. J., Widjaja, P., Acton, O. & Overney, R. M. Molecular friction

dissipation and mode coupling in organic monolayers and polymer films.
J. Chem. Phys. 134, 104502 (2011).

11. Veld, P. J. & Rutledge, G. C. Temperature-dependent elasticity of a
semicrystalline interphase composed of freely rotating chains. Macromolecules
36, 7358–7365 (2003).

12. Gibson, L. J., Easterling, K. E. & Ashby, M. F. The structure and mechanics of
cork. Proc. R. Soc. Lond. A 377, 99–117 (1981).

13. Xu, Y., Sheng, K., Li, C. & Shi, G. Self-assembled graphene hydrogel via a one-
step hydrothermal process. ACS Nano 4, 4324–4330 (2010).

14. Bi, H. et al. Low temperature casting of graphene with high compressive
strength. Adv. Mater. 24, 5124–5129 (2012).

15. Xie, X. et al. Large-range control of the microstructures and properties of
three-dimensional porous graphene. Sci. Rep. 3, 2117 (2013).

16. Zhou, Y., Bao, Q., Tang, L. A., Zhong, Y. & Loh, K. P. Hydrothermal
dehydration for the ‘green’ reduction of exfoliated graphene oxide to graphene
and demonstration of tunable optical limiting properties. Chem. Mater. 21,
2950–2956 (2009).

17. Tjeerdsma, B. F. & Militz, H. Chemical changes in hydrothermal treated wood:
FTIR analysis of combined hydrothermal and dry heat-treated wood. Holz als
Roh- und Werkstoff 63, 102–111 (2005).

18. Becerril, H. A. et al. Evaluation of solution-processed reduced graphene oxide
films as transparent conductors. ACS Nano 2, 463–470 (2008).

19. Huang, L., Huang, Y., Liang, J., Wan, X. & Chen, Y. Graphene-based
conducting inks for direct inkjet printing of flexible conductive patterns and

their applications in electric circuits and chemical sensors. Nano. Res. 4,
675–684 (2011).

20. Zhu, Y. et al. Carbon-based supercapacitors produced by activation of
graphene. Science 332, 1537–1541 (2011).

21. Stankovich, S., Piner, R. D., Nguyen, S. T. & Ruoff, R. S. Synthesis and
exfoliation of isocyanate-treated graphene oxide nanoplatelets. Carbon 44,

3342–3347 (2006).
22. Acik, M. et al. The role of intercalated water in multilayered graphene oxide.

ACS Nano 4, 5861–5868 (2010).
23. Wu, Z. et al. Three-dimensional nitrogen and boron co-doped graphene for

high-performance all-solid-state supercapacitors. Adv. Mater. 24, 5130–5135
(2012).

24. Cherepanov, G. P. Mechanics of Brittle Fracture (McGraw-Hill International
Book Co., 1979).

25. Murray, G. T. Introduction to Engineering Materials (Marcel Dekker, Inc.,
1993).

26. Sudeep, P. M. et al. Covalently interconnected three-dimensional graphene
oxide solids. ACS Nano 7, 7034–7040 (2013).

27. Aliev, A. E. et al. Giant-stroke, superelastic carbon nanotube aerogel muscles.
Science 323, 1575–1578 (2009).

28. Hall, L. J. et al. Sign change of Poisson’s ratio for carbon nanotube sheets.
Science 320, 504–507 (2008).

29. Lakes, R. Foam structures with a negative Poisson’s ratio. Science 235,
1038–1040 (1987).

30. Gibson, L. J. Biomechanics of cellular solids. J. Biomech. 38, 377–399 (2005).
31. Li, D., Jaglinski, T., Stone, D. S. & Lakes, R. S. Temperature insensitive negative

Poisson’s ratios in isotropic alloys near a morphotropic phase boundary. Appl.
Phys. Lett. 101, 251903 (2012).

32. Silva, S. P. et al. Cork: properties, capabilities and applications. Int. Mater. Rev.
50, 345–365 (2005).

33. Meccklenburg, M. et al. Aerographite: ultra lightweight, flexible nanowall,
carbon microtube material with outstanding mechanical performance. Adv.
Mater. 24, 3486–3490 (2012).

34. Kim, K. H., Oh, J. & Islam, M. F. Mechanical and thermal management
characteristics of ultrahigh surface area single-walled carbon nanotube aerogels.
Adv. Funct. Mater. 23, 377–383 (2013).

35. Ma, Y. J. et al. Carbon nanotube films change Poisson’s ratios from negative to
positive. Appl. Phys. Lett. 97, 061909 (2010).

36. Smith, C. W., Wootton, R. J. & Evans, K. E. Interpretation of experimental data
for Poisson’s ratio of highly nonlinear materials. Exp. Mech. 39, 356–362
(1999).

37. Li, K., Goa, X.-L. & Roy, A. K. Micromechanics model for three-dimensional
open-cell foams using a tetrakaidecahedral unit cell and Castigliano’s second
theorem. Comp. Sci. Tech. 63, 1769–1781 (2003).

38. Mott, P. H. & Roland, C. M. Limits to Poisson’s ratio in isotropic materials.
Phys. Rev. B 80, 132104 (2009).

39. Terrones, H. & Terrones, M. Curved nanostructured materials. New J. Phy. 5,
126 (2003).

40. Brenner, D. W. Empirical potential for hydrocarbons for use in simulating the
chemical vapor deposition of diamond films. Phys. Rev. B 42, 9458–9471
(1990).

41. Goldstein, R. V., Gorodtsov, V. A. & Lisovenko, D. S. Relation of Poisson’s ratio
on average with Young’s modulus. Auxetics on average. Dokl. Phys. 57,
174–178 (2012).

42. Li, Y. et al. Highly compressible macroporous graphene monoliths via an
improved hydrothermal process. Adv. Mater. 26, 4789–4793 (2014).

43. Schaedler, T. A. et al. Ultralight metallic microlattices. Science 334, 962–965
(2011).

44. Cheung, K. C. & Gershenfeld, N. Reversibly assembled cellular composite
materials. Science 341, 1219–1221 (2013).

45. Schaedler, T. A., Jacobsen, A. J. & Carter, W. B. Toward lighter, stiffer
materials. Science 341, 1181–1182 (2013).

46. Xu, M., Futaba, D. N., Yamada, T., Yumura, M. & Hata, K. Carbon nanotubes
with temperature-invariant viscoelasticity from –196� to 1000 �C. Science
330, 1364–1368 (2010).

Acknowledgements
This work was supported by MoST (Grants 2012CB933401 and 2014CB643502) and

NSFC (Grants 51273093 and 21374050) and MoE (B12015) in China, the U.S. Air Force

Office of Scientific Research MURI grant FA9550-12-1-0035 in the United States, and the

Creative Research Initiative Center for Bio-Artificial Muscle of the Ministry of Education,

Science and Technology (MEST) and the MEST-US Air Force Cooperation Program

(Grant No.2012-00074) in Korea. We thank Professor Xu Chen and Mr Shouwen Shi of

the Tianjin University, HORIBA Scientific, Professor Qiang Zhang and Mr Yinghao

Zhang of the Tsinghua University for their important contributions for DMA, polarized

Raman and SEM.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms7141

8 NATURE COMMUNICATIONS | 6:6141 | DOI: 10.1038/ncomms7141 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


Author contributions
Y.C. and R.H.B conceived and directed the study. Y.W.,N.Y. and L.H. contributed equally

to this work and carried out most of the experiments; T.Z., H.C., P.X., F.Z. and Y.H.

participated in the experiments for sample preparation, XRD, mechanical and thermal

expansion measurements and the related data analysis. L.Z., C.H. and X.L. performed

X-ray photoelectron spectroscopy and XRD analysis. S.F., M.K., N.L. and J.O. performed

some of the mechanical testing and data analysis. A.A. conducted some thermal

conductivity testing. A.C.C., M.D.L., N.T.N and P.M.A. conducted the compression

testing at 900 �C and some DMA testing. J.A.L. and S.J.K. performed some Poisson’s ratio

data analysis. H.T, N.P.L., L.P.R., A.L.E, S.F. G.L. and M.T. carried out the structural

modelling. P.C. and Z.Z. helped with the cyclic compression testing. All authors

participated in the interpretation of the data and production of the final manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/

naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/

reprintsandpermissions/

How to cite this article: Wu, Y. et al. Three-dimensionally bonded spongy graphene

material with super compressive elasticity and near-zero Poisson’s ratio. Nat. Commun.

6:6141 doi: 10.1038/ncomms7141 (2015).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms7141 ARTICLE

NATURE COMMUNICATIONS | 6:6141 | DOI: 10.1038/ncomms7141 | www.nature.com/naturecommunications 9

& 2015 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://www.nature.com/naturecommunications


Reproduced with permission of the copyright owner. Further reproduction prohibited without

permission.


	c.ncomms7141.pdf
	title_link
	Results
	Synthesis
	Structure and morphology analysis

	Figure™1The synthesis and structure of graphene sponges.(a) Illustration of the solvothermal conversion of ethanol-dispersed GO platelets into a graphene sponge. (b) Photographs of rectangular (left) and cylindrical (right) graphene sponges. (c) An optica
	Near-zero PoissonCloseCurlyQuotes ratio in both directions

	Figure™2Sponge anisotropy and PoissonCloseCurlyQuotes ratios.(a) The normalized intensity of the Raman G band (for 633thinspnm excitation) as a function of polarization angle for a strain cycle between 0 strain and 90percnt strain and back to 0percnt stra
	Super compressive elasticity
	Dynamic mechanical analysis

	Discussion
	Figure™3The mechanical behaviour when compressed along the axial direction.(a) The compressive stress to reach 90percnt strain at an engineering strain rate of 40percnt strain s-1 is plotted as a function of cycle number for 1,000 cycles in air. The inset
	Methods
	Fabrication of the graphene sponge

	Figure™4The liquid absorption capabilities of the graphene sponge.(a) The liquid adsorption capacity in (percent weight gain during liquid absorption) of the graphene sponge for pump oil, compared with that of other absorbents2,9 for either pump or engine
	ChenZ. P.Three-dimensional flexible and conductive interconnected graphene networks grown by chemical vapour depositionNat. Mater.104244282011SunH. Y.XuZ.GaoC.Multifunctional, ultra-flyweight, synergistically assembled carbon aerogelsAdv. Mater.2525542560
	This work was supported by MoST (Grants 2012CB933401 and 2014CB643502) and NSFC (Grants 51273093 and 21374050) and MoE (B12015) in China, the U.S. Air Force Office of Scientific Research MURI grant FA9550dash12dash1dash0035 in the United States, and the C
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information



