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Abstract: Typically, solid materials exhibit transverse contraction in response to stretching in the
orthogonal direction and transverse expansion under compression conditions. However, when
flexible graphene nanosheets are assembled into three-dimensional (3D) porous architecture, the
orientation arrangement delivered directional deformation of micro-nanosheets may induce
anomalous mechanical properties. In this study, a 3D hierarchical graphene metamaterial (GTM)
with twin-structured morphologies is assembled by manipulating the temperature gradient for the
ice growth during in situ freeze-casting procedures. GTM has demonstrated anomalous anisotropic
compression performance with programable Poisson’s ratios (PRs) and improved mechanical
properties (e.g., elasticity, strength, modulus and fatigue resistance) along different directions.
Owing to the designed three-phase deformation (elastic bending, out-of-plane buckling, and large
deflection) of two-dimensional graphene sheets as basic elements in the microscale, the twin-
structure GTM delivers distinctive characteristics of compressive curves with an apparent stress
plateau and follows a strengthening tendency. This multiscale deformation behavior facilitates the
enhancement of energy loss coefficient under large compression. In addition, a finite element theory
based numerical model is established to optimize the structural design, and validate the multiscale
tunable PR mechanism and oriented structural evolution. The mechanical and thermal applications
of GTM indicate that the rational manipulation-driven design of meta-structures paves the way for

exploring graphene-based multifunctional materials with anomalous properties.

1. Introduction
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Materials generally exhibit transverse contraction in response to stretching in the orthogonal
direction and transverse expansion under compression conditions.™ The deformation performance
in the transverse direction is governed by material attribution, referred to as the engineering
Poisson’s ratio (PR), v;;, which is defined asv;; = —sii/sjj.[zl PRs of most naturally existing or
artificial materials are positive, with a few exceptions, such as 0.5 for rubber, 0.1-0.4 for polymer

foam, and nearly zero for cork.> Theoretically, to ensure a positive value for the shear modulus

E
(6= ) and volume modulus (K = ), the permissible PR ranges from -1.0 to 0.5 based

E
T 2(14v) 3(1-2v)

on the elasticity theory of solid mechanics.'®”

The as-reported functional materials with different PRs have demonstrated entirely different
deformation behaviors, such as global contraction or expansion.[s"”] For instance, the negative PR
(NPR) effect causes materials to display a distinct mechanical constitutive model with the anomalous
three-stage characteristic of strain vs. stress curves, including linear elasticity, stress plateau, and
nonlinear hardening stage.™>™** NPR materials are expected to significantly improve the mechanical
properties by ensuring larger compressive strength, better elasticity, more robust structure, and
higher fatigue resistance.****® Fundamentally, the deformation performance of porous materials is
dominated by the alignment and orientation of basic micro-elements. Therefore, the related global
mechanical properties and PR performance can be modulated using a microstructural multiscale

design and artificial manufacturing process.*®*°!

Three-dimensional (3D) lightweight graphene monoliths with high electrical conductivities, low

thermal conductivities, and large energy dissipation capacities have demonstrated their potential as

[22,23] [24]

sensors,?®*! thermal barriers, conductors, dampers * and functional network in advanced
composites.” To maintain the stability of these reported extraordinary performances, the priority is
to warrant the structural robustness of 3D graphene monoliths under inevitable deformation
induced by either mechanical compression or thermal excitation in diverse applications.[2°’21'26]
Several researchers have attempted to fabricate 3D graphene monoliths with NPR to improve the
mechanical properties using a rationally designed architecture.”! Previously reported 3D graphene
monoliths primarily focus on isotropic performance derived from symmetric structures.!?®7%
However, the materials predominantly undergo anisotropic loading, which manifests as complex
stress and strain distributions. Although the anisotropic design of microstructures with unique
patterns can ensure effective programmable regulation of mechanical properties, such as twin
crystals rather than long-period ordered stacking structures, it has not been sufficiently investigated

in 3D graphene monoliths.
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In this study, a 3D twin-structured graphene metamaterial (GTM) is constructed with two-
dimensional (2D) graphene sheets, which serve as basic assembling units in the directional freeze-
casting manipulation. Based on the elastic deformation (bending or buckling) in a specifically
designed orientation of 2D graphene sheets in the microscale, the developed GTM demonstrates
programmable mechanical properties, including anisotropic compression behaviors corresponding
to different PRs in different directions. A numerical model was established to reveal the correlation
mechanism between global deformation behavior and microstructural evolution under different
loading transfer formats. This validates that oriented bending followed by elastic buckling of the
main branches in the twin structure induces the anisotropic deformation and high resilience of GTM.
The distinctive mechanical properties and thermal conductivity corresponding to different
internetworks along three orthogonal directions further demonstrate the promising applications of
GTM as a potential candidate for dampers, thermal insulators, and functional composites (e.g.,

metal, polymer or ceramic matrixes).

2. Results and Discussion

2.1. Design and Fabrication of GTM

/// N !
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7 /ff\\\\\\ 3
//ﬁ/////l\\\\\ :

This article is protected by copyright. All rights reserved.

4



Accepted Article

WILEY-VCH

Figure 1. (a) The multiscale design of a twin-structured graphene metamaterial (GTM). The
anisotropic deformation behaviors of three compressive schemes along y-, x-, and z-axes. (b) The
theoretical schema of icing growth orientation under different freezing process-induced
temperature gradients. (c) Fabrication of GTM via oriented freezing and post-processing

involvement of drying and thermal reduction.

Owing to the symmetric alignment of atoms in the microstructure rather than the long-period
stacking structure, twin crystals normally exhibit unique deformation characteristics and improved
mechanical properties, such as compression strength, fracture toughness, and fatigue resistance.
This increases the potential of applying twin crystals in multiple fields.®" Inspired by the excellent
performance of crystals with twin structure, we designed a hierarchically ordered meta-architecture
with a symmetric twin-like pattern in the x—y plane constructed from graphene sheets of a few
layers as basic cell walls at a certain orientation angle of 8 (Figure 1a). The finite element numerical
simulation conducted by Abaqus 6.10 indicates that GTM exhibits entirely anisotropic mechanical
properties with programmable deformation behaviors under unidirectional compression, such as
symmetric NPR, antisymmetric positive PR (PPR)-NPR, and near-zero PR performances along the y-,
x-, and z-axes, respectively. This can be attributed to the unique orientation characteristics of the

multiscale twin-structure.

To obtain the designed twin-patterned structures, we propose a directional freeze-casting method
for constructing a GTM from a graphene oxide (GO) aqueous precursor. Theoretically, the phase
transition of materials is physically accompanied by an endothermic or exothermic phenomenon.®?
As depicted in Figure 1b, heat energy generally flows from a higher- to lower-temperature regions
among the isothermal lines at the moving boundary of the water-to-ice phase transition. This reveals
that the freezing process of the GO aqueous precursor can be manipulated by controlling the heat
transfer routines. According to Fourier’s law, the temperature gradient is antiparallel to the direction
of the heat flux, which intrinsically dominates the growth orientation (6) of ice crystals (Equation 1
and 2).[33] Consequently, the twin-patterned microstructure of GTM can be created accurately
through a directional freeze-casting process under the rational manipulation of the temperature
gradient in two orthogonal directions. The structural orientation can be designed using the critical
parameter 6, as indicated in Equation 3.

aT , ,
grad T (x, y, t)zal+5 (1)
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aT .  oT .
g=-hgrad T(x,y, t) = —}\(al + 51) (2)
127
aT\2  (dT\?
) +&)

where T (x, y, t) denotes the temperature field (°C), grad T indicates the temperature gradient (°C

6 = sin™(

) (3)

mm™), A represents the thermal conductivity (W m™-K™), g denotes the heat flow density (W m™),

and ¢ indicates the oblique angle of both the ice growth and graphene sheet orientation (°).

Figure 1c and S1 depict the schematic and actual freeze-casting process, respectively. The device
comprises lateral metal plates (stainless steel (SS), aluminum alloy (AA), copper (Cu)) and a bottom
cooling stage (-25 °C). It was established for a controlled construction of GTM under a dual
temperature gradient-derived directional freezing process along two orthogonal directions (x-y
plane). GTM with the designed twin microstructure was prepared through directional freeze-casting
and subsequent processes involved in situ drying and chemical reduction (Figure S2a—c). During this
process, the GO sheets were orderly aligned as basic units into a twin-oriented structure under ice
crystal-induced assembly. The anisotropic characteristics (pattern feature, sheet orientation, and
pore size) of the GTM structure in the three directions can be controlled by different freezing

pathways. More details of the GTM fabrication process are provided in the Supporting Information.
2.2. Microstructural Characterizations of GTM

As depicted in Figure 2a, the freeze-casting device with different lateral metal plates exhibits
different freezing transitions of the GO precursor based on the diverse temperature distribution. Ice
crystals develop along the normal direction of the isothermal interface during liquid-to-solid phase
changes. The freezing plates with a higher thermal conductivity, $S: 15.1 W m™-K™ > AA: 130.0 W m"
LK? > Cu: 386.4 W m™K", reveal that a faster cooling procedure results in larger curvatures of
isothermal surface (solution-to-ice boundary) (Figure S3). This enables optimization of the icing
orientation by manipulating the heat flow between the vertical and horizontal directions based on

the compromised regulation of the dual temperature gradient.

As presented in Figure 2b and c and Table 1, the temperature changes (g—z and g—;,°C/mm) and

freezing direction (&, °) along the x- and y-axes are extracted from the profile curves of the
temperature contours in the x—y plane. The freezing process significantly relies on the thermal

diffusion capacity of the lateral metal plate (SS < AA < Cu). The orientation of the ice growth is

strongly dominated by either bottom-up cooling for the SS device (g—i =0.42 >>Z—; =0.14) or

This article is protected by copyright. All rights reserved.
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lateral-to-inside freezing for the Cu device (g—i = 0.07 K Z—; =0.35). Conversely, the AA device

. . . L aTr _ aT
realizes compromised freezing between the two orthogonal directions (5 =3 = 0.27).

Figure 2d-f indicate that the GTM structure presents the expected anisotropic characteristics as a
symmetrical twin pattern in the x—y plane (front), whereas a uniform porous-lamellar internetwork is
observed in the y-z (lateral) and x—z planes (top) (Figure S4-5). Owing to the different orientations
of ice growth, the GO sheets were squeezed among the interfaces of ice crystals to assemble into a
3D twin-like architecture. The corresponding angles (8) between the major cell wall and the
symmetric plane were 18.4 °£0.92, 45 °+2.25, and 78.7 °+3.93 for GTM-SS, -AA, and -Cu, respectively.
As the size of the ice nucleus significantly relies on the temperature variation, a lower temperature

facilitates uniform nucleation and growth of ice crystals with finer diameters.” Statistically,
corresponding to different freezing plates of SS, AA, and Cu, GTM exhibits the totally different pore

dimensions of the hierarchical microstructure as depicted in Figure 2g, h, and i, respectively. For
instance, the pore dimensions of GTM-SS clusters at 150 to 400 um (Figure 2j), while GTM-AA
demonstrates the typical normal distribution feature from 200 to 875 um with average size about
400 um (Figure 2k). Comparatively, the pore dimensions for GTM—Cu separately distributes at two
intervals as 100 to 300 um and 800 to 1300 um. The diverse distribution of pore dimension being
less than 1 um is further demonstrated in Figure S6 with the BET surface area as large as 7.481043,

7.70+0.34 and 8.49+0.24 m’ g* for GTM-SS, -AA, and -Cu, respectively.
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Figure 2. Structural characterizations of graphene metamaterial (GTM). (a) Infrared mappings in the

x—y plane of graphene oxide (GO) precursor within the device during freezing at 30 min. The
changing temperature profiles along (b) x- and (c) y-axes. The twin patterned structure and oriented
graphene sheet of GTM generated by different freezing plates, namely (d) stainless steel (SS), (e)
aluminum alloy (AA), and (f) copper (Cu). The microstructural evolution from porous to lamellar

morphologies corresponding to GTM- (g) SS, (h) AA, and (i) Cu. The statistics of pore dimensions

Accepted Article

from SEM observation to GTM- (j) SS, (k) AA, and (l) Cu.

Table 1 Temperature gradient and icing orientation for different freezing formats.

Index GTM-SS GTM-AA GTM-Cu

Z—; [°C/mm] 0.42+0.021 0.27+0.014 0.07+0.004

This article is protected by copyright. All rights reserved.
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Z_: [°C/mm] 0.14+0.007 0.270.014 0.35+0.018

0 [°] 18.440.92 45.0£2.25 78.7+3.93

Accepted Article

Furthermore, the change in the chemical component during GTM fabrication is characterized by
an X-ray diffraction (XRD) pattern. As depicted in Figure S2d, the oxide GTM exhibits an apparent
peak at 11.1 °,[35] which originates from GO with an interlayer spacing of 8.6 A for the (002) plane.
After using N,H,;-H,0O for the chemical reduction, the shifted peak at 22.4 ° indicates significant
graphitization of reduced GO with an interlayer spacing of 3.9 A. The removal of oxygenated
functional groups implies the effective recovery of m—m conjugate domains, which is further
validated by the intensified G-band of the Raman spectrum as an indication of the symmetry and

order of the reduced GO lattice (Figure S2e).

2.3. Programmable Properties of GTM

The twin structure is known to result in an anomalous performance beyond that of the traditional
system owing to the unique response to external loads.BY As depicted in Figure 3a, GTM exhibits a
significant NPR effect, with the transverse contraction appearing along the x-axis under uniaxial
compression in the y-direction. Furthermore, &, linearly depends on &, ranging from 0 to 50% with a
NPR (vy,) of -0.2 (Figure 3b). The numerical simulation indicates that the macroscopic NPR behavior
of GTM is symmetrically driven by the reentrant deformation of the twin structure (Figure 3c).
Additionally, as depicted in Figure S7, elastic slip regions formed in the twin structure facilitate the
compression—shear coupling deformation of basic cells at the multiscale. Fundamentally, the highly
elastic compressibility of GTM originates from the microscale dislocation slip oriented inward among
the primary thicker walls (A—B and C—B) under the constraint of a symmetric plane. A lateral thinner
wall (A—C) with more complex buckling modes, such as the S-shaped second-order mode, offers a
larger internal resilience to overcome the van der Waals force among the micro-interfaces of

graphene walls within the GTM at large compressive strains.

As depicted in Figure 3d and e, the GTM displays distinguished deforming features as
antisymmetric PR performance with the right contraction but left expansion. However, the values of
PR (vy,) are -0.2 and 0.14 corresponding to the y-z plane at right and left sides, respectively. In the
microstructure, the horizontal cell walls (D-E) adjacent to the twin boundaries exhibit directional
immigration toward the left side, which induces an anti-symmetrically oriented deformation along
the x-axis. The other walls are squished together under compression—bending coupling deformation

(Figure S8), and the resilience force for GTM recovery mostly affords by main thicker walls (D—F and

This article is protected by copyright. All rights reserved.
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D-G). When GTM is compressed along the x-axis (Figure 3g), neither expanding or shrinking
deformation occurs in the transverse direction, which indicates a near-zero PR (v,, = 0) (Figure 3h
and i). This is because the vertically aligned graphene cell wall generally exhibits pure compression-
induced out-of-plane bending and buckling without a specific orientation. Overall, among the three
different loading schemes depicted in Figure 3a, d, and g, the basic micro-wall typically exhibits
three-stage deformation features, such as out-of-plane deformation, buckling, and large deflection.
This affects the macroscopic mechanical properties (e.g., elasticity, modulus and fatigue resistance)
with a distinct tendency of the strain vs. stress curves.

Figure 4a—c and S9 illustrate the anisotropic mechanical properties exhibited by GTM. The
compression curves of strain vs. stress demonstrate the typical three-stage nonlinear characteristics
of lightweight monoliths, namely the linear elasticity, stress plateau, and solidification, enabling a
superplastic capacity with recoverable compression strain of over 50%. Compared with three
different GTM, the twin-ordered structure along y-axis further enhances the strength from
2.3+0.115 kPa (GTM-SS) to 3.4+0.170 kPa (GTM-Cu) during compression along z-axis due to the
increase of graphene walls stability. According to the numerical modeling depicted in Figure 1a, the
macroscopic super-elasticity of GTM originates from elastic buckling caused by a large deflection and
small strain of graphene cell walls at the microscale. This indicates that directional freezing strategy-

derived structural manipulation can potentially regulate the mechanical properties of GTMs.

lﬂlnﬂﬂlﬂxﬂlﬂlg
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Figure 3. Different deforming behaviors of the graphene metamaterial (GTM). (a—c) The

symmetrically negative Poisson’s ratio (NPR) along the y-axis. (d—f) The antisymmetric PR along the
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x-axis (positive and negative PRs on the left and right side, respectively.) (g—i) The near-zero PR along

the z-axis.

Both Table 2 and 3 list the results of maximum stress (50% strain) and Young’s modulus (1.2%
strain) of GTMs fabricated using different freezing formats. The vertically aligned structure produced
by SS exhibits the highest compression strength of 3.620.180 kPa along the y—axis (top view) at a
compressive strain of 50%. The maximum Young’s modulus at linear—elastic stage (1.2% strain) is
about 31+1.550 kPa. In comparison, these two parameters for twin—structured GTM are much
higher than that of some randomly ordered 3D graphene monoliths. (28] By contrast, GTM-Cu exhibits
nearly antithetical performance with the lowest stress and Young’s modulus of 1.9+.095 and
11.7+0.585 kPa. This is because vertically oriented cell walls predominantly exhibit out-of-plane
bending with higher critical stress rather than a compacting deformation of the lamellar structure or
disordered network (Figure 4d). (28] Equation 4 is obtained by considering the theory of thin-wall
buckling; the calculated critical stress ( a.,) of the vertical wall (8 = 2) is substantially higher than

that of either the inclined (f = 2cos8) or horizontal wall (8 — 0) under vertical loading.

m - N

Figure 4. Mechanical properties of the graphene metamaterial (GTM). The compression curves of
strain vs. stress along different directions for samples produced in freezing devices of (a) stainless

steel (SS), (b) aluminum alloy (AA), and (c) copper (Cu). (d) The comparative buckling modes for
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differently oriented cell walls at the microscale. The residual plastic deformations under cyclic
compression along the (e) x-, (f) z-, and (g) y-axes for a sample fabricated using three different

freezing devices.

Additionally, owing to the positive dependence of the critical stress ( o,,-) on sin 8, the maximum
stress along the x-axis (side view) increases from 2.1+0.105 (GTM-SS) to 2.94+0.145 kPa (GTM-Cu)
with the increase of 8 from 18.4+0.92 to 78.7+3.93°. Unlike the similar mechanical properties of
GTM-SS and -AA along either the x- or z-axis, the maximum stress and Young’s modulus in the GTM-
Cu are the largest (2.9+0.145 and 30+1.500 kPa) along the z-axis because of the hierarchical arch
structure in the x—z plane (top view) (Figure S6éa—c). Furthermore, as illustrated in Figure 4e—g, the
plastic deformation is less than 0.5% for GTM with 8 > 45 ° during 20 cyclic compressions along the
y-axis, whereas the vertically aligned structure in the GTM-AA exhibits lower robustness with a
plastic deformation as large as 3.8%. The apparent twin structure enables a significant improvement
in structural fatigue resistance by regulating the multiscale deformation behaviors and internal

stress distributions.

Table 2. Maximum stress at a strain of 50% for the GTM fabricated using different freezing styles.

Compression strength at the Compression strength at the front Compression strength at the

Freezing style top (x—z plane) (x—y plane) side (y—z plane)
[kPa] [kPa] [kPa]
SS 3.6+0.180 2.3+0.115 2.1£0.105
AA 2.7+0.135 2.7+0.135 2.4+0.120
Cu 1.9+.095 3.4£0.170 2.9+0.145

Table 3. Young’s modulus at a strain of 1.2% for the GTM fabricated using different freezing styles.

Accepted Article

Compression strength at the Compression strength at the front Compression strength at the
Freezing style top (x—z plane) (x—y plane) side (y—z plane)
[kPa] [kPa] [kPa]
SS 31.0£1.550 15.0+0.750 16.7+0.835
AA 25.0+1.250 15.840.790 21.7+1.085
Cu 11.74£0.585 16.7+0.835 30.0+1.500

This article is protected by copyright. All rights reserved.

12



Accepted Article

WILEY-VCH

k m?Et?
Ocr =P 12(1-v2) b2 (4)

where g, denotes the critical stress of buckling deformation; 8 indicates the correction factor
corresponding to different compression schemes; k represents the buckling coefficient; vgy and
Egw denote PR and Young’s modulus of graphene wall (GW), respectively; and b and t indicate the

width and thickness of the GW, respectively.
2.4. Potential Applications of GTM

Owing to the anisotropic structural characteristics of twin patterns created by different freeze-
casting processes, GTM has distinctive mechanical properties. During compression along different
directions, the GTM exhibits diverse hysteretic behavior with strain and stress, following a typical
nonlinear dependence. This enables the use of GTM as a damper, ensuring sufficient capacity for
energy absorption or vibration isolation during either quasistatic or dynamic deformation. As
depicted in Figure 5a, the energy loss coefficient of the GTM ranges from 281.0+14.05 to
443.2+22.16 J m*, which is quantitively calculated using Equation 5 considering the integral of the
strain vs. stress curves in Figure 4a—c. This reveals that twin-structured GTM has the larger energy
dissipation capacity at strain of 50% than some other reported 3D graphene monoliths with
randomly oriented structure. ® Furthermore, the arch-like architecture along the z-axis in GTM-Cu
and the vertically aligned structure along the x-axis in GTM-SS exhibit the highest energy dissipation
owing to the higher buckling stress and larger deflection of the small cell wall (Figure 2d). The

lamellar-oriented structures in GTM-Cu and -SS along the x- and y-axes, respectively, exhibit the

lowest energy-dissipating capacities.

Figure 5. Investigation of graphene metamaterial (GTM) for potential applications. (a) The energy

loss coefficient and (b) thermal conductivity of a sample fabricated using three different freezing
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formats along the x-, y-, and z-axes, respectively. The symbol * indicates a significant difference

between sample groups with P < 0.05.

= $ode (5)

w
14

Typically, different networks in the microstructure reveal diverse pathways for energy
transformation, which is viable to regulate thermal conductivity along different directions. As
depicted in Figure 5b, the thermal conductivities under vacuum conditions for GTM-SS, -AA, and -Cu
along the y-axis are 5.30+0.76, 5.73+0.67 and 4.78 +0.70 mW m™ K corresponding to the
orientation angle 6 of 18.4 °+0.92, 45 °+2.25, and 78.7 °+3.93, respectively. It demonstrates the
much more excellent thermal insulating ability rather than those of reported 3D graphene
monoliths. ¢! By contrast, the thermal conductive behavior exhibits the different dependence along
the x- and z-axes rather than in the y-axis. The vertically oriented graphene sheet can directly
conduct the in-plane heat through the shortest pathway, whereas the lamellar structure is
dominated by the out-of-plane thermal transfer with a larger interface thermal resistance. As
depicted in Figure 2, GTM-Cu also exhibits programmable thermal conductive capabilities of
4.78+0.70, 4.89+0. 65, and 7.33t0.67 mW m™* K* along the y-, z-, and x-axes, respectively.
Accordingly, the distinctive performance of the GTM on thermal conductivity is highly coincident
with the specific orientation of the microstructure along different directions. The directional freeze-
induced structural manipulation indicates an accessible method for the controllable design and
fabrication of functional conductors or insulators with anisotropic thermal conductivity along

corresponding directions.

3. Conclusion

In this study, we proposed a 3D twin-structured GTM constructed using quantitative manipulation of
icing orientation and temperature gradient. Both experimental observations and numerical
simulations reveal the evolution mechanism of multiscale hierarchical structures. The GTM
demonstrates a unique dependence between compression curve (strain vs. stress) and deformation
features of hierarchical structure. The twin-structure delivered orientation bending and elastic
buckling formats of the cell wall were validated to generate anisotropic compression behavior and
offer high resilience to enable super-elastic deformation. Furthermore, the twin-structured GTM
exhibits a sequence of anomalous performance, including the programable PR effect (v:-0.2 to

+0.14), super-elasticity (elastic strain: &, > 50%), high fatigue resistance (plastic strain: &, < 0.5%),
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large elastic modulus (E = 31 kPa) and ultra-low thermal conductivity (4.78+0.70 mW m™ K™).
Therefore, GTM can serve as an excellent candidate for a programmable damper, thermal insulator
and functional composites beyond rational design and structural regulation-derived performance

optimizations depending on different directions.

4. Experimental Section

Material Fabrication: The GTM was fabricated using an oriented freezing process under controllable
manipulation of the temperature field using a directional freezing device. The expected temperature
gradient was generated using lateral metal plates with different thermal conductivities. Under
controlled ice growth, the 3D architecture was constructed using a GO aqueous precursor
(concentration: 5 mg ml?) in the device with the temperature of the bottom cooling stage
maintaining at -25 °CSubsequently, the frozen GO bulk was treated using a freeze-drying procedure
to realize a 3D porous architecture with ice component sublimated completely. The twin-structured
lightweight GTM was eventually obtained after chemical reduction using hydrazine hydrate at 95 °C

for 24 h.

Numerical Calculation: The structural design of the GTM was implemented by finite element-
based numerical methods using commercial software of Abaqus 6.1.0 with an ideal elastoplastic
model. The analysis step sets as dynamic explicit process. The geometric size of macroscopic GTM
model was 20x20x20 mm? with the thickness ratio between the thick and thin walls being 2:1. A 8-
node linear hexahedron element (C3D8R) was selected as the basic unit. There are totally 621330
elements generated after meshed by the basic size of 0.5mm. The more details of parameter
selection in simulation can be found in Supporting Information. The hierarchical structure was
constructed with morphological similarity to the twin-patterned GTM. The compressive deformation
behavior was calculated based on the large deflection theory of the thin wall, wherein the
association mechanism of multiscale structural evolution was extracted during the vertical strain
loading of up to 30%. General contact was implemented to avoid mutual impaling among walls

during large deformations.

Characterization and Measurements: Scanning electron microscopy (SEM, Hitachi S-4800) was used
to characterize the morphology of GTM. Powder XRD patterns were acquired on a Shimadzu XRD-
7000s diffractometer. The reduction of the GO sheets was detected using Raman spectra

determined using LabRAM HR800 (JY Horiba). The pore structure and BET surface area were
This article is protected by copyright. All rights reserved.
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detected by a Micromeritics ASAP 2020 PLUS. The thermal conductivity was measured via a one-
dimensional reference bar system modified from ASTM D-5470 under vacuum conditions as
illustrated in Figure S10. B” Fourier transform infrared spectroscopy was conducted by a TENSOR 27
machine (Bruker). The compression properties were measured using an Instron 5944 universal

testing machine at a loading rate of 1 mm min™.

Supporting Information

Supporting Information is available online.
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A 3D graphene metamaterial with twin-structured morphology was constructed via orientated
manipulation of icing growth and temperature gradient, which has demonstrated the anomalous
physical properties such as programable Poisson’s ratio, super-elasticity and high resilience. Both
experimental investigation and numerical simulation have cooperatively validated the triggering
mechanism depending on the oriented evolution of hierarchical microstructure and elastic buckling

of the cell walls.
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