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® Check for updates Ultralight, ultrastrong, and supertough graphene aerogel metamaterials
combining with multi-functionalities are promising for future military and
domestic applications. However, the unsatisfactory mechanical performances
and lack of the multiscale structural regulation still impede the development
of graphene aerogels. Herein, we demonstrate a laser-engraving strategy
toward graphene meta-aerogels (GmAs) with unusual characters. As the pre-
requisite, the nanofiber-reinforced networks convert the graphene walls’
deformation from the microscopic buckling to the bulk deformation during
the compression process, ensuring the highly elastic, robust, and stiff nature.
Accordingly, laser-engraving enables arbitrary regulation on the macro-
configurations of GmAs with rich geometries and appealing characteristics
such as large stretchability of 5400% reversible elongation, ultralight specific
weight as small as 0.1 mg cm3, and ultrawide Poisson’s ratio range from —0.95
to 1.64. Additionally, incorporating specific components into the pre-designed
meta-structures could further achieve diversified functionalities.

Graphene aerogels (GAs) integrating ultralight, unexpected mechan-
ical strength, and unprecedented fatigue resistance are promising
“3U” mechanical materials fitting harsh environments in aerospace,

On the shaping of macro-morphology, freeze-drying is a widely
used method to obtain GAs with the original appearance of molds®,
which can to some extent regulate the arrangements of graphene

defense, and energy-related fields' ™. However, pursuing the unique
“3U” properties for the materials community is still fraught with
challenges due to mutually exclusive qualities between strength
and resilience at low density’. Additionally, the lack of multiscale
structural regulation from tailorable macro to well-ordered micro
configurations also restricts GAs applications in multi-functional
scenarios such as wearable electrical circuits, soft robots, and
stimulus-responsive devices®’. Therefore, building strong and elastic
GAs with controllable macro and microarchitectures, as well as
understanding the mechanics that drives GAs’ superior mechanical
properties, are fascinating.

sheets, rendering cellular, porous, and hyperbolic networks®'2. How-
ever, it faces the difficulty to obtain precise and specific shapes with
high performances matching the variable application scenario®. Three-
dimensional (3D) printing is also a promising extrusion technique to
fabricate lattice and periodic GAs with customizable structures™'.
Nevertheless, the need to use a high concentration of graphene oxide
(GO) dispersion for sufficient viscosity becomes a restrictive condition
to downsize the printed structures”. The high viscosity makes GO
strenuous to adjust the microstructure, generally leading to a purely
stochastic network of GAs with weak sheet-to-sheet interactions and
unsatisfactory mechanical behaviors™'.
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On the other hand, the interior microstructure of GAs has a strong
influence on their macro-mechanical properties'®'*". Belonging to the
open cell model, the deformation of GAs follows three procedures in
the sequence of linear elasticity, collapse, and densification through-
out the compression process'® 2. The failure of GAs is accompanied by
the formation of microscopic hinges, which occur when the graphene
walls approach their maximum bending moment and then collapse.
Meanwhile, the elastic moduli of GAs are also associated primarily with
the bending stiffness of graphene walls*°. Hence, to attain high stiff-
ness and elasticity of the GAs, efforts have been made to improve the
bending stiffness of graphene walls through hydrothermal treatment,
molecule crosslinking, and polymer reinforcement? . However, the
specific elastic bending stiffness of a sheet-like structure is intrinsically
inferior to that of tubular and fibrillar materials®'®**%,

Herein, we present a laser-engraving strategy towards graphene
meta-aerogels (GmAs) possessing multi-functional macroscopic
structures and highly ordered micro-networks. GmAs can be rapidly
and precisely engineered into any configurations including line, plane,
3D lattices, and hole bulks, giving record high features such as super
stretchability (5400% elongation), low specific weight (0.1 mgcm™),
and ultrawide Poisson’s ratio (v) range (-0.95 <v <1.64). The micro-
structures of GmAs are composed of well interlocked sub-micron
fibers and graphene sheets. Benefiting from the 1D nanofiber-
reinforced 2D sheet structure, the bending stiffness of graphene
walls increases significantly. Thus, during the compression process,
the internal deformation mode of GmaAs is a stable bulk deformation
rather than the microscopic buckling for soft GAs, which results in the
good mechanical properties of GmAs including good robustness, high
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Fig. 1| Traditional engraving and laser-engraving for graphene aerogels (GAs)
with arbitrary geometries. a Schematic illustration of traditional engraving for
tools and artwork, such as a pair of chopsticks, a bowl, and a sculpture of steed.
b Schematic illustration of laser-engraving on GA with arbitrary shapes. ¢ The peony
flower pattern of GAs with fine structures as small as a fifty cents coin after laser-

strength and stiffness, and full shape recovery after arbitrary com-
pression, outperforming most carbon aerogels. Furthermore, the
simple manufacturing process allows the incorporation of other
functional components into the ordered structure, enabling the pro-
duction of objects with pre-defined geometry and functions. As pro-
totypes, ceramic aerogels and magnetically responsive aerogels were
prepared, indicating great potential for multi-functional applications.

Results

Macro-structural regulation of GAs

Traditional engraving has always been an important way for human
beings to sculpture objects with unique functions and rich values, such
as creating labor-saving tools and gorgeous artwork (Fig. 1a). Current
micro-nano structure regulation is facing a higher level of precision
requirements. Especially for the GA, its soft and weak attributes make it
difficult to manipulate its shape. Laser-engraving refers to utilizing the
micron-sized laser beam, which can induce the local thermal effect to
break the covalent bonds, thereby accurately cutting and modifying
the micro or nanomaterials, even if it is a soft material®®**’. Under the
digital laser engraving on the target surfaces of GAs, specific structures
unavailable previously can be obtained facilely (Fig. 1b), e.g., the peony
flower structures (Fig. 1c). Moreover, the pieces can be patterned with
well-designed shapes and rabbets, which can even be assembled into a
stereoscopic eagle (Fig. 1d), demonstrating immense possibilities of
laser-induced morphology design. Furthermore, when combined with
the mechanical structure design’®, the serpentine structure, re-entrant
structure, and spiral structure, can be tailored on-demand, endowing
them with 1200%, 133%, and 5400% elongation, respectively (Fig. 1e-g).
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engraving. d The pieces of GAs with elaborate shapes and rabbets can be reversibly
assembled into a stereoscopic eagle. e The GAs with serpentine structure, stretched
reversibly with 1200% tensile strain. f The GAs with re-entrant structure, showing

reversible strains of 133%. g The spiral GAs stretched reversibly with 900% and even
up to 5400% tensile strain.
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Fig. 2 | Fabrication and structure of graphene meta-aerogels (GmAs).

a Schematic illustrations of fabrication procedures of the GmAs and a leaf with the
optical photograph of the leaf skeleton. b TEM image of the graphene oxide (GO)
sheets covering polyimide (PI) nanofibers. c-e The cross-section SEM images of

éo%\ﬁ‘g PInanofibers p o reinforced structure Leaf skeleton
()

GmAs at different scales. f Three GmAs support weight over 6000 times their
weight without any macroscopic deformation. g A GmA (2cm x 2 cm x 1.8 cm)
stands on Setaria viridis.

It is difficult to achieve for pristine GAs due to the brittleness of the
graphene sheets®. GAs are generally soft, making them unable to tol-
erate large deformations while maintaining their functional shapes.
Constructing the GAs with excellent mechanical performances is the
critical prerequisite to fulfill the excellent characteristics and mor-
phologic design.

Design principal and micro-structural regulation of GmAs

To enhance mechanical performances of GA, one dimensional (1D)
nanofibers were introduced to GA framework. Polyimide (PI) nanofi-
bers were optimally selected because of their rigid aromatic chain
structure and good processability, advantageous to firmly bind all the
graphene sheets through the - interaction (Supplementary Figs. 1,
2)*. Fig. 2a illustrates the fabrication procedures of GmAs. The Pl mat
was prepared by electrospinning and thermal imidization®. And fol-
lowed by a high-speed shearing, the cutting-off Pl nanofibers with an
average diameter of 207 nm and an average length of 88 um were
prepared (Supplementary Fig. 3), which were favorably encapsulated
by GO sheets (Fig. 2b). The mixture of PI nanofibers with GO was
freeze-dried, followed by annealing reduction treatment to obtain
conductive GmAs (Supplementary Fig. 4). The cross-section SEM
images display the hierarchical microarchitectures of GmAs at dis-
tinct scales: (i) on the surface of graphene, nanofibers cover on the
graphene sheets and entangle with each other (Fig. 2c). Just like a leaf
skeleton (Fig. 2a and Supplementary Fig. 5), it is the naturally opti-
mized strategy for structural strengthening at the minimum cost,
which can support the shape of the main body even under severe
conditions. (ii) in each cellular unit, nanofibers firmly bind the whole
graphene sheets forming a continuous network (Fig. 2d), and (iii) at

the outline, the GmA exhibits a long-range aligned lamella archi-
tecture up to several centimeters (Fig. 2e and Supplementary Fig. 6).
Accordingly, these multiscale configurations, which include inter-
locking 1D nanofiber and 2D sheets building blocks, continuously
binding network units, and highly ordered graphene wall frameworks,
provide GmAs with solid appearances in the case of nearly 100%
porosity, while allowing them to support a weight of 6000 times their
own weight without any macroscopic deformation (Fig. 2f), and
possess featherlight density (3 mgcm™), stably standing on slimsy
Setaria viridis (Fig. 2g).

Mechanical performances of GmAs

To investigate the effects of 1D nanofiber-reinforced 2D graphene
sheet structure on the mechanical performances, the compressive
experiments were conducted on the as-prepared GAs (Supplementary
Fig. 7), including the GmA and the pristine GA (PGA). Figure 3a exhibits
the high elasticity of the GmA under uniaxial plane compression at
increasing strain (). Even with a loading & up to 90%, the unloading € of
GmA can return 0%, proving its full recovery capabilities under large
deformation (Supplementary Fig. 8). The cycling loading-unloading
tests reveal the fatigue resistance of GmA, which can maintain 100% &
retention and over 95% stress (o) retention after 1000 cycles of 50%
compression ¢ (Fig. 3b and Supplementary Fig. 7b). The long-term
cycling with 82% stress retention at a large compressive ¢ of 80% fur-
ther confirms the durability of GmA throughout the wide compression
range (Supplementary Fig. 9). Furthermore, after pre-compression
treatment, the stress retention of GmA can be significantly enhanced to
99% and 90% for the 50% and 80% compression &, respectively. These
performances outperform most carbon-based aerogels at similar

Nature Communications | (2022)13:4561



Article

https://doi.org/10.1038/s41467-022-32200-8

S
a s b: C
$09 2 ~ 100 o 0,0 %k
601 <06 E 1004 o:g;ggﬁzg:gz—o-om = o o % B %% o
< gos 2 e S 954 o
& & 00 < 901 —o—GmA 2 o a8 o o
& 40 0 10 20 30 40 50 8 —o—PGA E_) 90 * Ourwork
8 rain (%) Qg\ 100 o % Our work
= 10% 20 30 ™ 1 O~ga- O <45%
0 201 40 50 —— 60 < BRI 0.5 00— 0-0 00t £ 851 © O i565%
——70 —80 —— 90 S 90 ~o. = o A >65%
ol £ 00, @ 8o A
0 20 40 60 80 e q 10 100 1000 60 70 80 90 100
Strain (%) o Cycle number Stress retention (%)
»

®

1 cycle Recovery

R 1 Oth
— 100"
—— 500"

tress (KPa)
N
N

0 10 20 30 40 50

Strain (%)

0 10 20 30 40
Strain (%)

50

Fig. 3 | Superior mechanical performances of GmAs. a Compressive stress-strain
curves of GmA at strain up to 90%, inset the zoom-up curve of 90% strain. b The
strain and stress retention of GmA and pristine graphene aerogel (PGA) during
1000 cycles at 50% strain. ¢ Extensive comparison of the strain retention and stress
retention of GmA and reported carbon based aerogels®”'*?372634"%3 Stars represent
the results in this work, and the open stars represent the GmA after pre-
compression. d Stress-strain curves of GmA at 50% strain for 500 cycles under
metal rod compression with a compressive area of only 3.1 mm?. The insets are the
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photographs of GmA under compression and after recovery. e SEM image of the
GmA under the metal rod compression. f SEM image of GmA after release of the
metal rod compression. g Stress-strain curves of GmA at 50% strain for 500 cycles
under sharp blade compression with a narrow compressive area of 0.12 mm> The
insets are the photographs of GmA under compression and after recovery. h SEM
image of the GmA under blade cutting. The black circle marks the blade edge width
is only 15 pum. i Histogram of compression stress for different compressive mode at
50% strain. Source data are provided as a Source Data file.

compressive ¢ (Fig. 3¢ and Supplementary Table 1)3%111423-263443 ‘inj-
cating the good resilience and structural robustness of GmA. In con-
trast, PGA exhibits a severe collapse of 16% stress loss with an
irreversible deformation over 5% after only 100 cycles of compression
with 50% ¢ (Fig. 3b and Supplementary Fig. 7a).

GmAs with long-range continuous frameworks can withstand
severe compression deformation. Figure 3d-h displays that the GmA
bears the repeated compression applied by a metal rod and a blade,
which compress the GmAs with the small area of 3.1 mm? and 0.12 mm?
Especially for the blade cutting, the sharp edge is only 15 pm. At these
harsh compression conditions, the GmA can still maintain its original
shape and well survive after 500 cycles at 50% ¢ (Fig. 3d, g) and even
80% ¢ (Supplementary Fig. 10), which benefits from the connected
graphene walls weaved by 1D nanofibers that can efficiently dissipate
the locally concentrated energy (Fig. 3e, f, h). Notably, the stresses at
50% ¢ of the rod compression and blade cutting significantly increase
to 37 KPa and 1.2 MPa, which are 10 times and 320 times higher than
that of the plane compression (Fig. 3i), demonstrating the structural
stiffness and good tolerance of GmA. Moreover, the GmA can with-
stand stretching with a breaking elongation of up to 6% (Supplemen-
tary Fig. 11), which offers the GmA with more deformation possibilities

such as bending and folding behaviors (Supplementary Fig. 12).
Additionally, Ashby charts of strength and modulus versus density for
various types of materials were depicted in Supplementary Fig. 13a, b,
which further confirm the unique properties of ultralight GmA. Con-
sidering the great tolerance and elasticity, GmAs are promising for
further processability (Supplementary Fig. 13c).

Mechanism investigation of mechanical properties

The compression and release of GmA and PGA were in-situ monitored
to track the deformation processes. As displayed in Fig. 4 and Sup-
plementary Fig. 14, the PGA possesses the similar parallel structure to
the GmA. During the loading-unloading process, the graphene walls
in PGA firstly undergo local instability and microscopic buckling
(arrows in Fig. 4b), subsequently sharp fold (arrows in Fig. 4c), as well
as fractures at large deformation (circle in Fig. 4a-d). The unsatisfying
compression behavior is mainly due to the poor connectivity of gra-
phene sheets, which can only bend solely in the absence of the sup-
port of the whole frameworks. When the graphene walls exceed their
yield stress, they will be microscopic buckled permanently (Fig. 4a
and Supplementary Fig. 14b)*. For the GmA, its 1D nanofibers rein-
forced 2D sheet structure binds the whole graphene sheets into one
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Fig. 4 | Strengthen mechanism analysis of SEM observation and ARRDF.

a-d SEM images of PGA under different compression state, a 0%, b 50%, ¢ 80%, d
release. Arrows in b mark the local instability parts. Arrows in ¢ mark the extreme
bending parts. Circles points out the fracture process of the graphene wall.

e-h SEM images of GmA under different compression state, e 0%, f 50%, g 80%,
h release. Arrows in fand g mark the stable bulk deformation process. i The scheme
and functions of angle-resolved radial distribution function (ARRDF) describe how

50% compression
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80% compression
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density varies as a function of distance from a reference particle (blue one).

j—-m SEM images of PGA and GmA under compression conditions with corre-
sponding texture recognition ellipses, j PGA, I GmA, part of which are zoomed in
k and m. n, o The normalized frequency of g(r, 6) at the pixel distance of 500
extracted to show the relative distribution, n GmA, o PGA. Source data are provided
as a Source Data file.

entirety (Fig. 4e-h and Supplementary Figs. 6 and 14c). During the
compression process, this strong framework prefers to a stable bulk
deformation (arrows in Fig. 4f, g) instead of the local bending, which
can resist the stress concentration, thus protecting the graphene
walls from buckling failure, even for the bridge skeletons between the
lateral lamellas (Supplementary Fig. 14d). Therefore, the GmA can

fully spring back to its original state after load releasing (Supple-
mentary Fig. 14c).

Herein, to further confirm the difference of the deformation
process rather than personal inclination in visual observation, an
angle-resolved radial distribution function (ARRDF, g(r, 6)) is estab-
lished and directly extracted from the SEM images to statistically
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Fig. 5 | Molecular dynamic simulations of strengthen mechanism. a Calculation
model, where different graphene sheets and fibers are marked in different colors.
b Relative strain energy versus strain, where three experimental samples with

typical thicknesses of 0.62, 1.86 and 3.09 um, are compared with the simulation
results with their skeleton thicknesses (0.35,1.05, 1.75 um). For experimental data,
the strain energy under 50% compression with typical thicknesses of 0.62 pm is
chosen to normalize strain energy, and correspondingly the strain energy under
50% compression with skeleton thickness of 0.35 pm for simulation results. ¢ The
simulation deformation process of PGA. d The simulation deformation process of

Bulk deformation

GmA. The A is the offset of the horizontal distance between the junction of

the lateral skeletons and bridge skeleton under compression state. e Initial
nanofiber density dependence of bending stiffness of graphene skeleton. Blue
circle marks the growth rate where only one dimensional (1D) and two dimen-
sional (2D) layer reinforcement is considered, while orange line with ‘+" marks
the additional enhancement from thickness is included. The black triangle marks
the PGA without nanofibers. The schematic diagram of the 1D nanofibers rein-
forced 2D structure is shown in the inset. Source data are provided as a Source
Data file.

depict orientation frequency of graphene walls (Fig. 4i and the details
in Supplementary note 1 and Fig. 15).

8r.6)= }) ( 5 — ro) M

>
i#0,6,—6| <5°
where p is the density and r is the radius. In the SEM images of the
compression process, each piece of texture is recognized by an ellipse
according to the orientation of the texture (Fig. 4j-m and Supple-
mentary Fig. 16). Taking the vertical axis as the reference orientation of
ellipse (Supplementary Fig. 17), the orientation variational tendencies
of all the ellipses can be statistically recorded by the g, 8), which can
further reflect the variational trend of the bending angle of graphene
walls during the compression process. Specifically, under the initial
state, the statistical curves for GmA and PGA exhibit the similar
mountain-like shapes with the highest frequency at 90° orientation,
representing the most frequent horizontal graphene walls (Fig. 4n, o
and Supplementary Figs. 18, 19). As the compression progressing to
20%, 50%, and 80%, the curves for PGA are still almost unchanged.
While in GmA, the frequency of other orientation relative to 90°
increases significantly, suggesting the bridged graphene walls between
the parallel lamellas prefer tilt rather than the severe folding in PGA
during the compression process. Thus, a tilt-induced bulk deformation
instead of microscopic buckling takes place with 1D nanofibers
reinforced 2D structure.

Molecular dynamic simulations validate the strengthen mechan-
ism of deformation transformation derived from the increasing of
bending modulus. A GmA model composing of 2D graphene sheets

and 1D nanofibers was constructed according to experimental obser-
vations (model details in Supplementary note 2 and Fig. 5a). In order to
verify the validity of the established model, a series of GmAs with
different graphene wall thicknesses of 0.62, 1.86 and 3.09 pm were
experimentally prepared and their compressive performances were
recorded (Supplementary Figs. 20, 21). Meanwhile, the GmAs models
with similar thickness increase trends of 0.35,1.05, 1.75 pm (about 1: 3:
5) were simulated. After normalizing the experiment and simulation
results, the experimental relative strain energy curves nearly overlap
with the simulation results, indicating this model could well describe
the inner microstructures of GmA (Fig. 5b). Moreover, on the basis of
theoretical model, the bulk deformation process can also be observed
(Fig. 5¢c, d), being consistent with the SEM observation and ARRDF
statistics. For convenient observation, the transverse offset (A) of
bridge trusses was marked. During the process of gradual compres-
sion, the frameworks of GmA tend to integrally deform along with the
larger A rather than the straight up and down buckling of the PGA
(Fig. 5¢, d). This mode could optimize the deformation process
globally and decrease the elastic energy to avoid its failing. It should
be noted that the changed deformation mode mainly resulted from
the increasing bending stiffness (D) of graphene walls. Generally, for a
plate material, its buckling occurs whenit is stressed beyond the yield
stress, which is in direct proportion to the D of materials®. According
to the free energy density equation established by the GmA model
(Supplementary Fig. 22), the D is found to be proportional to the
initial density of nanofiber (Fig. 5e), which mainly benefited from the
combination of 1D and 2D nanostructures. The introduction of 1D
nanofibers into 2D structure not only strengthened the stability of

Nature Communications | (2022)13:4561



Article

https://doi.org/10.1038/s41467-022-32200-8

a

-3
2.6 mgcm™3 - 7 MICM= " 0.46 mg cm=
. ' @ 0.10 mg cm™3
-3
2.3mgcm3 1:2mg cm 0.24mgcm= 1cm i E
1 0.1

Specific weight mg cm™®

GmA_ 12

' -
\ wsen

ey 0’8 4?19

-
= —0.3% —05% 1.2%"

G A,
“.'l”tu) . .

23.3% 30. 1% 39. 7°/ 46. 9°/

6. 9%

0% 0%

1

0%

€41 20% 40%  60%

80%

Fig. 6 | Laser engineering meta-structures of GmAs with appealing properties.
a The specific weight distributions of GmAs after laser-engraving. The pictures give
specific weight and shapes of different GmAs. b a GmA (3.3 cm x 2.7 cm x 1 cm) with
the ultralight specific weight of 0.1 mg cm™ can overcome the gravity relying on the
electrostatic force. ¢ Photographs of the GmA (3.3 cm x 2.7 cm x 1 cm) with specific
weight of 0.1 mg cm™ before and after 50 compression cycles at 80% strain. d The
snapshots of GmAs (0.8 cm x 0.5 cm x 0.8 cm) with different configurations during
uniaxial compression, The snapshots of GmAs (0.8 cm x 0.5 cm x 0.8 cm) with
different configurations during uniaxial compression, concave-shaped configura-
tion (GmA_;,) (upper row), pristine configuration (GmA) (middle row), and convex-
shaped configuration (GmA.¢) (lower row). e The finite element calculation shows
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the compression process of samples of concave-shaped (GmA_; ) and convex-
shaped (GmA,) configurations, and the color reflects the distribution of dis-
placement magnitude. f The Poisson’s ratio variations of GmA., during uniaxial
compression. + represents the positive or negative Poisson’s ratio behavior of GmA.
n means the n mm of major axis of the ellipses in the GmA, representing the
changing hole size. g The snapshots of cross-section views of the GmA (0.8 cm x
0.5cm x 0.8 cm) of the left and right asymmetry configuration and the finite ele-
ment simulation process during compression process. h The snapshots of cross-
section views of GmA (0.8 cm x 0.5 cm x 0.8 cm) of the upper and lower asymmetry
configuration and the finite element simulation process during compression pro-
cess. Source data are provided as a Source Data file.

every single layer, but also bound all the layer units into a whole to
increase effective thickness. Thus, a rapid bending stiffness
enhancement for local graphene skeleton with addition of nanofibers
was demonstrated, leading to the more stable bulk deformation
mode of the GmA.

Meta-structure design of GmAs

Such characteristics of GmAs as good elastic, robust, and stiff prop-
erties pave the way to build up the unique meta-structures through
laser-engraving technique. Laser-engraving can endow GmA with
ultralight properties without sacrificing its high elasticity. Figure 6a

Nature Communications | (2022)13:4561



Article

https://doi.org/10.1038/s41467-022-32200-8

shows the GmA with configurations from the lattice-like patterns to
the completely hollow frames while remaining the structure integra-
tion. The specific weight (the ratio of the mass to the space
taken by the frame of GmA) can decrease to a record low value of
0.1mgcm>, and it can overcome the gravity and firmly attach
to the printing paper by electrostatic force (Fig. 6b and Supplemen-
tary Movie 1). Even more, such an ultralight architecture can fully-
spring back to its original height under 80% compression after
50 cycles (Fig. 6¢c and Supplementary Movie 2), demonstrating
the lowest specific weight of GAs along with presenting the
excellent fatigue resistance over the light GAs so far (Supplementary
Table 1)8,9,11,14,23*26,34*43.

Structural materials with different Poisson’s ratio (v) are of great
influence on their mechanical behaviors that drive different motions,
deformations, stresses and mechanical energy variations and promise
applications in various fields”***. However, it still lacks the suitable
method to effectively adjust v for GAs. Pristine GA is a near-zero v
material owing to its lamella architectures (Supplementary Movie 3),
which almost never causes the transverse deformation (e,,) under
longitude applied strain (gy;), and the v is calculated by v = —€,,/e;;.
Beyond the ultralight yet robust skeleton, GmA meta-structures by
laser-engraving realize the ultrawide v range. The anisotropic hole
patterns on the GmA engrave with the concave or convex shapes,
which form the inward or outward protrusion frameworks. When
compressed, the longitude stress is divided into transverse stress
along the skeleton structure, causing the skeleton to bend inward or
outward (Fig. 6d and Supplementary Movies 4 and 5). By changing the
size of the holes, the concave or convex effects on GmA are enhanced
or weaken accordingly, which will control v behaviors by a large mar-
gin from negative to positive regions (Supplementary Table 2). Finite
element calculation further confirms the deformation processes con-
sistent with the corresponding multi-hole samples (Fig. 6e and Sup-
plementary Fig. 23-25, simulation details in Supplementary note 3).
Thus, an ultrawide v peak value range of —0.95 < Upeq < 1.64 is achieved
(Fig. 6f). To the best of our knowledge, this is also the widest v range
for GAs reported so far (Supplementary Table 3)*!02526404145°47 "I
addition, after rational integration of the concave-shaped and convex-
shaped configurations in one GmA block, more diverse and complex
deformation under compression can be prepared (Fig. 6g, h), such as
the left and right asymmetry, upper and lower asymmetry, largely
expanding unique properties with arbitrary designability of the GmA
under laser manufacturing. On the basis of the rich structures of GmAs,
more applications such as actuators, strain sensors, and protection are
expected (Supplementary Fig. 26).

Additionally, we can further incorporate the magnetic nano-
particles into the GmAs to fabricate various magnetically responsive
actuator with high shape fidelity (Supplementary Fig. 27). Such a
graphene column array (Supplementary Fig. 27a) exhibits a flexible
wave-like deformation along with the movement of magnetic
field (Supplementary Movie 6) and a graphene stair spring (Supple-
mentary Fig. 27b) can carry the lightweight objects step by step under
the alternating magnetic field (Supplementary Movie 7). In addition,
the highly stable GmA provides a promising thermal barrier
and protects a paper boat upon exposure to flame (Supplementary
Fig. 28 and Supplementary Movie 8). After open-flame test, the PI
nanofibers are still retained with ordered structure (Supplementary
Fig. 29). GmA platforms can also be used as the templates to precisely
prepare the ceramic aerogels with different shape (e.g., anatase TiO,
JCPDS 21-1272 and baddeleyite ZrO, JCPDS 37-1484) (Supplementary
Fig. 30). After removing of the templates, the ceramic aerogels
remained the controllable inner patterns and good mechanical per-
formances (Supplementary Fig. 30), providing key opportunities for
thermal and energy management where space is limited such as in
battery, wearable devices, electronics and micro-electromechanical
systems.

Discussion

Combining with the effective strengthened structures of 1D nanofibers
reinforced 2D sheets, a laser-engraving strategy was proposed to
construct GmAs with unique characters and rich functionalities, which
opens up a super easy way to precisely regulate the GA structures from
tailorable macro to well-ordered micro configurations. Specifically, the
internal 1D nanofibers reinforced 2D frameworks ensure a stable bulk
deformation process, leading to a significant improvement of its
elasticity, robustness, and stiffness. Accordingly, laser-engraving
achieves arbitrary structures of GmAs with record characteristics,
such as the super stretchability (5400% reversible tensile strain),
ultralight specific weight (0.1 mgcm™), and ultrawide Poisson’s ratio
range (-0.95 < vpeak <1.64). Moreover, the easy procedure can incor-
porate polymer and particles into the ordered structure enabling the
yield of objects with pre-defined geometry and functions. With these
impressive properties of GmAs, this work sheds light on future
developing of the multi-functional aerogels with tunable meta-
structure.

Methods

Synthesis of GO

GOs were prepared by a water-enhanced oxidation method under low
temperature of 0-5°C*. The basic physical and chemical structure
characterizations of GO sheets are listed in Supplementary Figs. 4,
31, 32.

Synthesis of PI nanofibers

PI nanofibers were fabricated by an electrospinning strategy, which
consists of the precursor fabrication, electrospinning, and thermal
imidization. The precursor is poly(amic acid) (PAA), which is prepared
by condensation polymerization reaction of dianhydride and diamine.
Specifically, 2 g 4,4’-oxybisbenzenamine and 30 mL N,N-Dimethylace-
tamide were added into a 250 mL round-bottom flask with mechanical
agitation at 250 rpm to dissolve the diamine and form a transparent
solution. Then setting the round-bottom flask in a cold bath to main-
tain the temperature below 5°C, 2.25 g 1,2,4,5-Benzenetetracarboxylic
anhydride was added to the solution in small portions within 1 h. The
reaction was then stirred for 12h, and a viscous PAA solution was
prepared. The electrospinning was conducted on a HD-2335 electro-
static spinning machine (Yongkang Co. Ltd, China). The light yellow
PAA solution was added into a S5mL disposable syringe with a 22-G
needle. The feed rate was set as 1.5 mL h™%. A plane covered Al foil as the
collector to collect the PAA nanofibers, and the distance between the
collector and needle is 15 cm. The applied positive voltage is 12 kV and
the applied negative voltage is -2 kV. After electrospinning, a milk
white PAA mat was prepared (Supplementary Fig. 2). The thermal
imidization process was performed on a programmed heating tube
furnace (KJ Group, China). Specifically, the PAA mat was put into a
ceramic boat setting at the middle of the tube furnace. The tempera-
ture was gradually increased in the following sequence: 100, 150, 200,
250, and 300 °C, and each temperature holds 0.5 h. The heating rate is
5 °C min™ Finally, the yellow Pl mats with nanofibers structure were
prepared (Supplementary Figs. 2, 3).

Synthesis of GmA

The as-prepared Pl mats were cut into small pieces with an area below
0.25 cm?. Then PI pieces and dioxane were added into a beaker, and
subsequently with a high-speed shearing treatment over 2 h by a D-130
homogenizer (Wiggens, German), a homogeneous PI dispersion was
prepared. Noted that, the dioxane can be moderately added during the
shearing process to avoid the aggregation of the PI nanofibers. For
preparing the GmA, the 10 mgmL™ GO dispersion was mixed with
15 mgmL™ PI dispersion with a continuous agitation, and the amount
can be tuned according to the weight ratio of PI to GO. Here, three
different weight ratio was prepared including 1:10, 3:10, and 5:10,
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which were nominated as 0.1-GmA, 0.3-GmA, and 0.5-GmA, respec-
tively. After mixing uniformly, the mixture was added into a home-
made mold to conduct the directional freezing. The mold was a hollow
cube (2.0 cm x 2.0 cm x 2.0 cm) with two open opposite face. Before
using one open face was sealed by 2 mm thick polydimethylsiloxane
(PDMS) (Supplementary Fig. 33). Then, the mold was put on a metal
block with PDMS face contacting on the metal. Meanwhile, liquid
nitrogen as the cold source to cool down the metal block to direct
control ice growth. Following the freeze-drying and thermal annealing
at 500 °C for an hour at Ar, the GmA was prepared (Supplementary
Fig. 34). The GmAs with different graphene wall thicknesses were
prepared according to the addition amount of GO and PI. Specifically,
the amount of graphene oxide is fixed at 5 mg mL™, and the amount of
PI nanofibers is increased in a series of 0.5, 15, and 2.5mgmL",
respectively. Thus, the wall thickness would gradually change. The
laser-engraving GmA was manufactured by a LSU3EA UV laser machine
(HGTECH, China) with a 355 nm laser beam at a spot size of 10 um. The
laser power was controlled to be 3+ 0.1W with a pulse repetition fre-
quency of 20 kHz, and a marking velocity of 1000 mm ™. The patterns
were prepared in advance by software. The laser-engraving process is a
rapid localized heating and combustion of graphene and PI. The gases
generated from combustion would tear graphene layer. Residues from
insufficient combustion remain on the edge of graphene. The related
process was shown in Supplementary Figs. 35 and 36.

Synthesis of magnetically responsive GmA and ceramic aerogels
For the preparation of magnetically responsive GmA, Fe;04 nano-
particles (25 wt% in water, 10-30 nm, Supplementary Fig. 37) of equal
mass to GO were added into the GO and PI mixture before the
directional freeze. The following procedure was similar with GmA
preparation. For preparation of ceramic aerogels. the GmA was
immersed in the aqueous solution which contains 0.3M Ti(SO,4)»
(Zr(SOy), for ZrO,-GmA) and 1.8 M urea. Assisted by the vacuum
system, the gas was excluded from the GmA. And the immersed GmAs
were put in 90 °C water bath for 3 h, followed by freeze-drying and an
800 °C annealing treatment at air, the TiO,-GmA was prepared. The
density of TiO,-GmA and ZrO,-GmA was 46 mg cm™ and 36 mg cm™,
respectively.

Characterizations

Scanning electron micrographs (SEM) were performed by using a Field
Emission Zeiss Gemini300 with an accelerating voltage range from
5.0kV to 10.0kV (Zeiss, German). Transmission electron microscopy
(TEM) images were taken by the Tecnai F20 transmission electron
microscope (FEI Corporation, USA), which is operated at 200 kV. XPS
spectra were conducted on an Escalab 250 photoelectron spectro-
meter (Thermo Fisher Scientific, USA). The Raman spectra of GO and
rGO were studied by means of a LabRAM HR Evolution with a 532 nm
excitation laser (HORIBA Jobin Yvon, France). The photos were taken
by an iPhone 7 mobile phone (Apple Inc., USA). Attenuated total
reflection Fourier transform infrared (ATR-FTIR) spectra were recor-
ded on an UATR Two FT-IR spectrometer (Perkin Elmer, USA). X-ray
diffraction (XRD) patterns were collected by the use of a D8 Advance
X-ray diffractometer with Cu Ka radiation (A = 0.15418 nm, Bruker,
Germany) at scanning rate of 5 degree min™. Thermogravimetric
analysis (TGA) was characterized a TA-Q50 TGA (Netzsch, Germany)
under a heating rate of 10 K min™, the protect gas include air and N,.
Dynamical mechanical analysis (DMA) were conducted a Q800
mechanical analyzer (TA instruments, USA). Mechanical tests were
conducted on an Instron 3342 universal testing machine (Instron, USA)
equipped with a 100 N load cell. Specifically, the tensile test was per-
formed with a constant loading rate of 1mmmin™ and a gauge length
of 10 mm. For the compressive test, the samples were shaped into
cubic appearance (8 mm x 8 mm x 8 mm). The compressive rate was
set 8 mmmin™.

Data availability

The data generated in this study are provided in the Supplementary
Information and Source Data file. Source data are provided with
this paper.

Code availability
The code supporting this study is available from the corresponding
author upon request.

References

1. Qiu, L., He, Z. & Li, D. Multifunctional cellular materials based on 2D
nanomaterials: prospects and challenges. Adv. Mater. 30,
1704850 (2018).

2. Yeo, S.J., Oh, M. J. & Yoo, P. J. Structurally controlled cellular
architectures for high-performance ultra-lightweight materials.
Adv. Mater. 31, 1803670 (2019).

3. Zhao, K. et al. Super-elasticity of three-dimensionally cross-linked
graphene materials all the way to deep cryogenic temperatures.
Sci. Adv. 5, eaav2589 (2019).

4. Yang, H. et al. Reconstruction of inherent graphene oxide liquid
crystals for large-scale fabrication of structure-intact graphene
aerogel bulk toward practical applications. ACS Nano 12,
11407-11416 (2018).

5. Zheng, X. et al. Ultralight, ultrastiff mechanical metamaterials.
Science 344, 1373-1377 (2014).

6. Zhang, Q., Zhang, F., Xu, X., Zhou, C. & Lin, D. Three-dimensional
printing hollow polymer template-mediated graphene lattices with
tailorable architectures and multifunctional properties. ACS Nano
12, 1096-1106 (2018).

7. Bertoldi, K., Vitelli, V., Christensen, J. & van Hecke, M. Flexible
mechanical metamaterials. Nat. Rev. Mater. 2, 17066 (2017).

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

9. Yang, M. et al. Biomimetic architectured graphene aerogel with
exceptional strength and resilience. ACS Nano 11,

6817-6824 (2017).

10. Zhang, Q. et al. Hyperbolically patterned 3D graphene metama-
terial with negative Poisson’s ratio and superelasticity. Adv. Mater.
28, 2229-2237 (2016).

1. Gao, H. L. et al. Super-elastic and fatigue resistant carbon material
with lamellar multi-arch microstructure. Nat. Commun. 7,

12920 (2016).

12. Lv, L. et al. Solution-processed ultraelastic and strong air-bubbled
graphene foams. Small 12, 3229-3234 (2016).

13. Zhu, C. et al. Highly compressible 3D periodic graphene aerogel
microlattices. Nat. Commun. 6, 6962 (2015).

14. Zhang, Q. et al. 3D printing of graphene aerogels. Small 12,
1702-1708 (2016).

15. Naficy, S. et al. Graphene oxide dispersions: tuning rheology to
enable fabrication. Mater. Horiz. 1, 326-331 (2014).

16. Bi, H., Chen, . W., Lin, T. & Huang, F. A new tubular graphene form of
a tetrahedrally connected cellular structure. Adv. Mater. 27,
5943-5949 (2015).

17. Qin, Z., Jung, G. S., Kang, M. J. & Buehler, M. J. The mechanics and
design of a lightweight three-dimensional graphene assembly. Sci.
Adv. 3, €1601536 (2017).

18. Friis, E. A., Lakes, R. S. & Park, J. B. Negative Poisson’s ratio poly-
meric and metallic foams. J. Mater. Sci. 23, 4406-4414 (1988).

19. Gibson, L. J., Ashby, M. F., Schajer, G. S. & Robertson, C. I. The
mechanics of two-dimensional cellular materials. Proc. R. Soc.
Lond. A 382, 25-42 (1982).

20. Gibson, L. J. & Ashby, M. F. The mechanics of three-dimensional
cellular materials. Proc. R. Soc. Lond. A 382, 43-59 (1982).

21. Ashby, M. F. & Mehl Medalist, R. F. The mechanical properties of
cellular solids. Metall. Trans. 14A, 1755-1769 (1983).

Nature Communications | (2022)13:4561



Article

https://doi.org/10.1038/s41467-022-32200-8

22. Wu, Y. et al. Three-dimensionally bonded spongy graphene mate-
rial with super compressive elasticity and near-zero Poisson'’s ratio.
Nat. Commun. 6, 6141 (2015).

23. Yao, B., Chen, J., Huang, L., Zhou, Q. & Shi, G. Base-induced liquid
crystals of graphene oxide for preparing elastic graphene foams
with long-range ordered microstructures. Adv. Mater. 28,
1623-1629 (2016).

24. Zhuo, H. et al. A supercompressible, elastic, and bendable carbon
aerogel with ultrasensitive detection limits for compression strain,
pressure, and bending angle. Adv. Mater. 30, 1706705 (2018).

25. Liu, J. et al. Superelastic and multifunctional graphene-based
aerogels by interfacial reinforcement with graphitized carbon at
high temperatures. Carbon 132, 95-103 (2018).

26. Sun, H., Xu, Z. & Gao, C. Multifunctional, ultra-flyweight, synergis-
tically assembled carbon aerogels. Adv. Mater. 25,

2554-2560 (2013).

27. Gere, J. M. & Timoshenko, S. Mechanics of Materials (Stanley
Thornes, 1999).

28. Dutta, M. J. & Manna, |. Laser processing of materials. Sadhana 28,
495-562 (2003).

29. Malinauskas, M. et al. Ultrafast laser processing of materials: from
science to industry. Light Sci. Appl. 5, €16133 (2016).

30. Rogers, J. A, Someya, T. & Huang, Y. Materials and mechanics for
stretchable electronics. Science 327, 1603-1607 (2010).

31. Guo, F. et al. Highly stretchable carbon aerogels. Nat. Commun. 9,
881 (2018).

32. Sroog, C. E. Polyimides. Prog. Polym. Sci. 16, 561-694 (1991).

33. Ding, Y., Hou, H., Zhao, Y., Zhu, Z. & Fong, H. Electrospun polyimide
nanofibers and their applications. Prog. Polym. Sci. 61,

67-1083 (2016).

34. Yu, Z.-L. et al. Superelastic hard carbon nanofiber aerogels. Adv.
Mater. 31, 1900651 (2019).

35. Li, C. et al. Temperature-invariant superelastic and fatigue resistant
carbon nanofiber aerogels. Adv. Mater. 32, 1904331 (2020).

36. Zhang, R. et al. A bubble-derived strategy to prepare multiple
graphene-based porous materials. Adv. Funct. Mater. 28,

1705879 (2018).

37. Liu, T. et al. Highly compressible anisotropic graphene aerogels
fabricated by directional freezing for efficient absorption of organic
liquids. Carbon 100, 456-464 (2016).

38. Wang, C. et al. Freeze-casting produces a graphene oxide aerogel
with a radial and centrosymmetric structure. ACS Nano 12,
5816-5825 (2018).

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

40. Zhao, X., Yao, W., Gao, W., Chen, H. & Gao, C. Wet-spun superelastic
graphene aerogel millispheres with group effect. Adv. Mater. 29,
1701482 (2017).

41. Si, Y. et al. Ultralight biomass-derived carbonaceous nanofibrous
aerogels with superelasticity and high pressure-sensitivity. Adv.
Mater. 28, 9512-9518 (2016).

42. Liu, Y. et al. Highly flexible and resilient elastin hybrid cryogels with
shape memory, injectability, conductivity, and magnetic responsive
properties. Adv. Mater. 28, 7758-7767 (2016).

43. Qiu, L. et al. Extremely low density and super-compressible gra-
phene cellular materials. Adv. Mater. 29, 1701553 (2017).

44. Lakes, R. Foam structures with a negative poisson’s ratio. Science
235, 1038-1040 (1987).

45. Xu, X. et al. Naturally dried graphene aerogels with superelasticity
and tunable poisson’s ratio. Adv. Mater. 28, 9223-9230 (2016).

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

47. Yang, J. et al. Air-dried, high-density graphene hybrid aerogels for
phase change composites with exceptional thermal conductivity
and shape stability. J. Mater. Chem. A 4, 18067-18074 (2016).

48. Chen, J. et al. Water-enhanced oxidation of graphite to graphene
oxide with controlled species of oxygenated groups. Chem. Sci. 7,
1874-1881 (2016).

Acknowledgements

L.Q. acknowledges the financial support from the National Science
Foundation of China (Nos. 52073159, 22035005, 21774015, 52022051,
22075165, 52090030), NSFC-MAECI (51861135202), NSFC-STINT
(21911530143), State Key Laboratory of Tribology (SKLT2021B03), and
Tsinghua-Foshan Innovation Special Fund (2021THFS0501). M.W. is
grateful for financial support from the National Science Foundation of
China (No. 22105040), the Fujian Science & Technology Innovation
Laboratory for Optoelectronic Information of China (20212Z127), Natural
Science Foundation of Fujian Province of China (2021J01588), and Fuz-
hou University Testing Fund of precious apparatus (2022T005). F.L. also
acknowledges the support from the National Science Foundation of
China (11972349, 11790292) and the Strategic Priority Research Program
of the Chinese Academy of Sciences (Grant No. XDB22040503).

Author contributions

L.Q. and M.W. designed the experiments. M.W. performed the experi-
ments. F.L. conducted the computational studies. Y.W. assisted in the
design of figures. H.G., Y.H., HM., C.Y.,, HW.C., HH.C,, C.L., and L.J.
participated and gave advice on experiments. L.Q. supervised the entire
project. All authors discussed the results and reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-32200-8.

Correspondence and requests for materials should be addressed to
Liangti Qu.

Peer review information Nature Communications thanks Zishun Liu and
the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. Peer reviewer reports are available.

Reprints and permission information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended use
is not permitted by statutory regulation or exceeds the permitted use, you
will need to obtain permission directly from the copyright holder. To view
a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Nature Communications | (2022)13:4561

10


https://doi.org/10.1038/s41467-022-32200-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Superelastic graphene aerogel-based metamaterials
	Results
	Macro-structural regulation of GAs
	Design principal and micro-structural regulation of GmAs
	Mechanical performances of GmAs
	Mechanism investigation of mechanical properties
	Meta-structure design of GmAs

	Discussion
	Methods
	Synthesis of GO
	Synthesis of PI nanofibers
	Synthesis of GmA
	Synthesis of magnetically responsive GmA and ceramic aerogels
	Characterizations

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




