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Fig. 5. Simulation of the mechanical properties of the 3DGraphene foam in a wide temperature range down to the cryogenic region. (A) Overlays of the in situ
SEM images for the full compress-release cycles of the same sample at 4 and 1273 K and enlargements for the labeled areas, showing that the structural stability and the
reversible deformations of graphene sheets at microscopic scale are wide temperature independent. Green and red arrows mark the same graphene sheets at 4 and
1273 K. Scale bars, 100 um (top row) and 25 um (bottom row). (B and C) The theoretically simulated stress-strain curves agree well with the experimental results for the
compression process of the 3DGraphene foam at 4K (B) and 1273 K (C) and also with the well-matched simulated Young’s modulus—engineering strain curves for 4K
[inset of (B)] and 1273 K [inset of (C)]. (D and E) Theoretically simulated temperature dependence curves of stress (D) and Young'’s modulus (E) fit well with the experimen-
tal data, suggesting almost negligible temperature influence on the stress-strain behavior and Young's modulus in the compression process of the 3DGraphene foam
down to cryogenic temperatures. All error bars represent SDs for the repeated measurements.
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Discussion). As a result, the unique atomic structure of graphene
endues its temperature-invariant and highly reversible elastic bending/
buckling behaviors as the cell walls even at very large bending/
buckling without any yield/breakdown at extreme temperatures,
which ensures highly reversible (also temperature-invariant) elastic
compress/release of the cell/framework. Second, the chemically cross-
linked nodes also seem to be stable enough in the entire investigated
temperature range, which is partially due to the highly thermal sta-
bility of C—O/C—C/C=C bonds (Supplementary Discussion). In
addition, on the basis of the literature result (48), its bond length
and, consequently, the force constants of elastic torsion and angle
bending have negligible changes in the investigated temperature
range (Supplementary Discussion). With these results, the cross-
linking covalent bonds are intrinsically thermally stable and have
temperature-invariant mechanical/elastic properties. Furthermore,
the unique highly porous structure that endues the 3DGraphene
foam can be seen and treated as a sum of many individual graphene
sheets, but without exhibiting the strong coupling properties of the
graphene sheets (as is the case for graphite) (35). This unique mate-
rial structure allows the intrinsic mechanical properties of graphene
to be translated into the bulk 3DGraphene foam built from it (even
at deep cryogenic temperatures), even with the large number of co-
valent interconnections between the graphene sheets. In addition,
from a structural view, the large void space between the walls offers
the compress/release cushion space (Supplementary Discussion)
and avoids local stress concentration at weak points (2, 14). Thus,
the observations of such excellent temperature-invariant super-
elasticity and other mechanical properties even down to liquid helium
temperature indicate the high stability of the covalently bonded
graphene network (architecture) that was proposed theoretically a
long time ago (37, 38). Note that the elastic moduli of most metals
and ceramics generally depend on temperature (T) because of an-
harmonic atomic vibration and thermal expansion/contraction, as
T* at sufficiently low temperatures (e.g., far below the Debye tem-
perature), and linearly with T at higher temperatures (56). High
elastic materials, such as silicone rubbers and polymeric foams, also
have temperature-dependent elasticity (10, 21). Typically, below their
glass transition temperatures, they become hardened and even brittle
(57). Thus, the temperature-invariant elasticity of our 3DGraphene
foam is completely different from conventional materials such as
metals, ceramics, and polymers (7). Our results also offer a direct
experimental proof that graphene shows negligible temperature de-
pendence for its mechanical properties over the investigated wide
temperature range here (26, 27, 47). This could be due to the unique
bonding of carbon in the sp*-hybridized planar graphene sheets with
soft out-of-plane bending modes and strong in-plane stretching
modes with very high energy for defect formation (34). This cou-
pling is crucial for the strong anharmonic behavior of graphene and
leads to the unusual temperature independence of the mechanical
properties (27). Moreover, it is believed that the overall structure
and building blocks (covalently bonded single-layer graphene) are
thermally stable within the tested temperature range, without any
kinetic phenomena such as temperature-assisted atomic diffusion,
mass transport, and phase transition (44). Thus, there are no kinetic
phenomena that athermally control the mechanical response of
these graphene foams.

Last, it is observed that the Young’s modulus of our material
nonlinearly increases from ~0.58 to ~100 kPa with an increasing
material density (from ~1.5 to ~15 mg cm ™) in this process (fig.
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S30A). This means that the specific Young’s modulus (the ratio of
Young’s modulus to density) of our material is about 0.4 to 6.7 MPa/
(g cm™). As an ultralight foam material, the specific Young’s mod-
ulus is superior/comparable to other graphene foams, including the
experimental results (39) and theoretical simulated results (43) or
even those polymer foams (2), nanoporous silica (58), CNT aerogel
(21), and ultralight metallic microlattices (14). As indicated above,
the superior/compatible specific modulus originated from bending/
buckling deformation of the graphene cell wall. It should also be
noted that our 3DGraphene foam has a specific stress (the ratio of
compressive stress to density) reaching ~0.30 and ~4.50 MPa/(g cm™)
at 45 and 90% strain, respectively, and the specific Young’s modulus
(the ratio of Young’s modulus to density) is about 1.48 and 6.67 MPa/
(g cm™) at 45 and 90% strain, respectively. For the ideal graphene
(cell wall) under out-of-plane deformation (bending and buckling)
(47), the specific stress is ~0.47 and ~5.70 MPa/(g cm™) at the 45
and 90% vertical deflection ratio, respectively, and the bending stiff-
nessis 16.1 and 7.11 MPa/(g cm™>) at the 45 and 90% vertical deflec-
tion ratio, respectively. For the ideal §raphene under in-plane stress
(59), the specific strength is 5.75 x 10™ MPa/(g cm ) and the specific
Young’s modulus is 48.7 x 10* MPa/(g cm ). These indicate that
the specific stress and specific Young’s modulus of our 3DGraphene
foam are close to those of the ideal graphene under bending and
buckling deformation, although far lower than those of ideal graphene
under in-plane stress. With these results, we derived the modulus
(E)-density (p) relationship of our 3DGraphene foam and com-
pared it with that of other literature reports (fig. S30B). For our
3DGraphene foam, the Young’s modulus (E) depends approximately
quadratically on the compressed density (p), as E ~ p°. This scaling
law indicates efficient load transfer to graphene cell walls and bending-
dominated deformation (2, 14) during reversible buckling, similar
to open cell stochastic foams. These results are consistent with the
in situ SEM observation zoom-in at the graphene cell wall deforma-
tion (Figs. 3 and 5A, figs. S18 and S23, and movies S3 and S4) and
support the bending/buckling deformation mechanism (Supple-
mentary Discussion). In contrast, some other low-density foam
materials, such as aerogels and CNT foams, exhibit a steeper scaling
of E ~ p” (14) because of inefficient load transfer between ligaments.
Considering the low-density and random cross-linking nature be-
tween the graphene sheets at the edges in this material, the similarity
of specific stress and specific Young’s modulus of our material to
those of an individual graphene sheet is actually quite unexpected.
This is because during compression of the macroscopic sample, the
deformations of the graphene cell walls are mainly out-of-plane
bending and buckling rather than in-plane compression/tension.
In summary, we have demonstrated highly reversible and ro-
bust compressive elasticity in 3DGraphene foam with up to 90%
strain at the deep cryogenic temperature of 4 K, a property that has
not been observed previously for any bulk material. Other mechanical
properties, including the Young’s modulus and near-zero Poisson’s ratio
for the graphene-only-based material, are also preserved down to
liquid helium temperatures. Furthermore, all of these remarkable
mechanical properties were demonstrated across a wide range of tem-
peratures, from 4 to 1273 K, and are thus independent of tempera-
ture. These unique behaviors have never been reported for any other
material. Temperature-independent reversible deformations of the
structure and even building blocks (graphene sheets) were also
directly observed at a microscopic scale using a modified tempera-
ture invariable in situ SEM. Our simulated mechanical properties
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and their relationships with temperature matched well with the ex-
perimental results, proving that the properties of 3DGraphene foam
arise because of both the unique cross-linked graphene network
architecture of the material and the temperature-independent mechan-
ical properties of graphene building blocks and their flexible covalent
interconnections in the investigated temperature range. The observed
mechanical properties of this unique graphene bulk material (and also
graphene sheets) at extreme temperatures indicate the potential for
applications in outer space and other extremely low-temperature or
harsh environments. Last, but maybe more excitingly, if similar bulk
materials could be made from other 2D building blocks, using the
same assembly strategy, some unexpected and fascinating properties,
not only the mechanical aspect, might be discovered.

MATERIALS AND METHODS

Synthesis of 3DGraphene

Commercial materials were used directly for general chemicals unless
otherwise indicated. GO was prepared by the oxidation of natural
graphite powder using a modified Hummers’ method, as described
elsewhere (25). A previously reported solvothermal method (25) was
carried out by using GO ethanol solution (0.5 mg ml™") in a Teflon-
lined autoclave at 180°C for 12 hours; then, the ethanol-filled inter-
mediate solid was carefully removed from the autoclave to have a slow
exchange of ethanol completely with deionized water. The water-filled
intermediate was then freeze-dried. Last, it was annealed at 400°C for
an hour in argon atmosphere to obtain the final 3DGraphene foam.
The as-prepared 3DGraphene foam sample is shown in fig. S13.

Preparation of 3DGraphene samples

The as-prepared 3DGraphene foam, with a density of ~1.5 mg cm >,
was cut using a continuous laser (450 nm and 2 W) into the desired
shapes and sizes (cylinder shape or cubic shape with smooth surface
for mechanical measurements and thin slides for the micro-real-
time in situ SEM observation of mechanical properties). Before
mechanical measurements or SEM observation, the samples were
thoroughly dried in vacuum at 150°C for more than 2 hours. If
using the density of graphite, pg =2.25 g cm™, as the reference, the
relative density of the material (p; = pa/pg) was ~6.67 x 10~* and the
porosity of the 3DGraphene foam was ~99.93% (1 — py).

Methods for statistical analysis and error bars

In Figs. 2D and 4C (and Fig. 4D), the Young’s modulus (Poisson’s
ratio) at each test temperature was obtained using the above stan-
dard measuring method, and this procedure was repeated on five
samples (five times for each sample). Then, the average values and
SDs of the 25 sets of data were plotted as the Young’s moduli (Poisson’s
ratios) and corresponding error bars at this temperature. The error
bars in the insets of Fig. 5 (B, C, and E) and figs. S16, S17, S19, and
S20 were obtained using the same procedure. The error bars for
Young’s modulus data from the standard method in the insets of
figs. S26 and S27 were also obtained following this method.

For Fig. 2F (and figs. S21B and S29B), at each test temperature,
the sample first completed the above standard process for Young’s
modulus measurement (same as fig. S3) and then was compressed-
released between 0 and 90% strain at a rate of 90% strain s~' for
19 cycles. Next, those (1 + 19) measurement cycles were repeated
until a total of 100 cycles were completed. The whole process was re-
peated on five samples. Then, the average values and SDs of the five
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sets of data were plotted as the Young’s modulus and corresponding
error bars at this temperature. The error bars in Fig. 2G (and figs.
S21C and S29C) were obtained using a similar procedure except that
the standard cycles for Young’s modulus measurement were replaced
by standard cycles for Poisson’s ratio measurement.

For Fig. 5 (B to D), at each test temperature, the sample was cy-
clically compressed between 0 and 90% strain at a rate of 0.1% strain
s~ for five cycles, and this procedure was repeated for five samples.
Then, the stress values and SDs were statistically calculated from the
25 cycles.

Because of the isotropy of the 3DGraphene foam, all data and
results in the figures and texts were obtained from the axial direc-
tion of the samples except those results with specific statements
and/or annotations, such as figs. S14, S16, S17, S22, and S24, which
show the mechanical properties of the 3DGraphene foam along the
different directions.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/4/eaav2589/DC1

Supplementary Methods

Supplementary Discussion

Fig. S1. The schematic of the sample platform with precise positioner and temperature control
in the SEM for in situ and variable-temperature characterization.

Fig. S2. Schematic of the homemade apparatus for mechanical property measurement

from 4 to 1273 K.

Fig. S3. Measurements of the Young’s modulus of the 3DGraphene foam at 4 K.

Fig. S4. Measurements of the Poisson’s ratio of the 3DGraphene foam at 4 K.

Fig. S5. The schematic of the nodes under compression.

Fig. S6. The modeling architecture of the plane perpendicular to the compression direction.
Fig. S7. Schematic of the proposed elastic deformation of the 3DGraphene foam under
compressive stress.

Fig. S8. The schematic of the periodic honeycomb-like cell architecture for modeling the
3DGraphene foam and enlargement of one unit cell under the applied compressive stress.
Fig. S9. The schematic of a cell node under the applied compressive stress.

Fig. S10. The schematic of elastic bending of the graphene cell wall under the applied
compressive stress.

Fig. S11. The schematic of elastic buckling of the graphene cell wall under the applied
compressive stress.

Fig. S12. The schematic of deeply elastic bending of the graphene cell wall at large strain of
the sample.

Fig. S13. The photograph of the 3DGraphene foam samples.

Fig. S14. Cross-sectional SEM images of the 3DGraphene foam.

Fig. S15. Energy dissipation mechanism.

Fig. S16. Young's modulus-engineering strain plots along the axial and radial directions at
different temperatures.

Fig. S17. Poisson’s ratio at different engineering strain of the 3DGraphene foam along the axial
and radial directions at different temperatures.

Fig. $18. In situ SEM observations of the 3DGraphene foam during compress-release

cycles at4K.

Fig. $19. The Young’s modulus versus applied engineering strain at different temperatures.
Fig. S20. The Poisson’s ratio versus applied engineering strain at different temperatures.

Fig. S21. The cyclic stability at different temperatures.

Fig. S22. The stepwise compress-release cycles with increasing maximum strain along both the
axial and radial directions at different temperatures.

Fig. 523. Comparison of the in situ SEM images of the same sample under 0, 45, and 90%
strains in the compress process.

Fig. S24. Thermal expansion of the 3DGraphene foam in both axial and radial directions.
Fig. S25. A typical AFM image of GO sheets.

Fig. S26. The simulated stress-strain curve at 298 K.

Fig. S27. The simulated Young’s modulus-engineering strain curves at different temperatures.
Fig. 528. The simulated tangent modulus-strain curves at different temperatures.

Fig. $29. Results of cyclic mechanical test at 1273 K and that of the following test at other
temperatures for the same samples.

Fig. $30. The relationship between compressed density and Young’s modulus with strain.
Movie S1. In situ optical observation for compress-release cycles of the 3DGraphene foam at
4K and corresponding stress-strain transient curves.
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Movie S2. In situ optical observation for compress-release cycles of the 3DGraphene foam at
1273 K and corresponding stress-strain transient curves.

Movie S3. In situ SEM observation for compress-release cycles of the 3DGraphene foam at 4 K.
Movie S4. In situ SEM observation for compress-release cycles of the 3DGraphene foam at
1273K.
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