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Graphene monoliths with high porosity inherit extraordinary properties of
graphene and establish a versatile platform to integrate diverse materials for

multifunctional applications. To date, many methods have been invented to
prepare graphene monoliths, including freeze-drying and templating, but
these predominantly rely on fluid-based process. Direct thermoplastic foam-
ing for graphene monoliths, as seen in the polymer industry, remains unde-
veloped. Here, we demonstrate a direct thermoplastic foaming strategy of a
graphene monolith with high elasticity and multifunctionality. The intercala-
tion of polymers enables the thermal plasticity of graphene oxide complex
solids and allows precise control of the cellular structure of the graphene
monolith. The direct thermoplastic foaming method is applicable to graphene
monolith bulks, 3D-printed structures, and other 2D-nanosheets monoliths.
This approach provides a facile, nontoxic, rapid and low-cost route for the
industrial production of monoliths comprising graphene and various

nanomaterials.

Two-dimensional sheets, such as graphene, MXene and boron nitride,
have emerged as fundamental building blocks for preparing macro-
scopic materials via assembly methods. Lightweight porous monoliths
(foams, sponges or aerogels) represent a critical class of macroscopic
material that inherit the extraordinary properties of 2D sheets, trans-
forming traditional monoliths and exhibiting exciting performances'™.
As a representative example of 2D sheets-based monolith, graphene
monoliths (GMs) have been engineered to exhibit ultralightness®,
highly compressible elasticity’, stretchability®, and exceptional elec-
trical and thermal conductivity’ . These properties make GMs highly
valuable for diverse applications, spanning functional polymer com-
posites, electromagnetic shielding, oil-water separation, and thermal
management”™". The developed methods for GMs have evolved to
include hydrothermal method', freeze drying"'** and air-bubble
templated method”*, mainly starting from the dispersions of gra-
phene oxide (GO) and featuring high cost of drying, solvent toxicity
and freezing structural defects in large bulks. The great application

prospects of GMs still call for reliable and facile preparation methods
for industrial production.

Polymer foams are produced by direct foaming processes,
reaching millions of tons every year®, establishing a paradigm for
producing porous monoliths. For 2D sheet solids, the strong planar
attraction between the interlayers defies the gradual growth of
expanding bubbles and usually leads to catastrophic fragments, or
even explodes into powders, such as when treating graphite oxide with
microwave irradiation®*°. The prerequisite to realize the direct plastic
foaming as in polymers is to turn rigid 2D sheet solids into a plastic
state. Recently, the intercalation of solvents and polymers has been
developed to plasticize 2D sheet solids and utilized to plastic
stretching for improving crystallinity of films and fibers, precise plastic
molding and hydroplastic foaming for monoliths” . In light of
enabling plasticity, the possibility to realize the direct thermoplastic
foaming of graphene without solvents as polymer species needs to be
explored.
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Here, a non-solvent thermoplastic foaming (TPF) method via
polymer intercalation is developed for the preparation of 2D nano-
material monoliths directly from solids. The intercalated thermo-
plastic polymer provides plasticity required for the expansion of the
foaming agent within GO composite solid. Tuning the content of the
intercalated polymer enables GO-intercalated solids to undergo a
thermally induced transition from rigidity to plasticity upon exceeding
a critical interlayer gallery spacing. Through adjusting the content of
foaming agent and foaming temperature, the graphene monolith with
precisely controlled cellular wall thickness and density was obtained.
The clustering bubbles form interconnected plateau borders char-
acteristic of 2D sheets. After annealing, the TPF-prepared graphene
monolith exhibits superelasticity (>95% strain), along with excellent
electrical and thermal conductivity. The TPF method is extended to
prepare MXene, MMT and BN monoliths and is compatible with bulks
and 3D-printing, directing a facile, nontoxic, rapid and low-cost
method for industrial production of monoliths.

Results

Fabrication and evolution of TPF process

The TPF GM was fabricated by a direct thermoplastic foaming method,
which involves into three steps: microsphere foaming, growth and
thermal annealing (Fig. 1a). The GO solid mixture was employed as
precursor, including micro-sized graphene oxide (average sheet size
~-10 pm, Fig. S1), expandable microsphere (transition temperature
~100 °C, Fig. S2) and polymer plasticizer. As a commercial foaming
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Fig. 1| Fabrication and mechanism of thermoplastic foaming graphene
monoliths (TPF GMs). a Schematic for TPF process. GO solid was directly trans-
formed to monolith via three steps: microsphere foaming, growth and thermal
annealing. b Mechanism diagram of intercalated bubble growth and impingement
through polymer plasticization. ¢ The structural model of multi-bubble connection.
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agent, the physical expanded microsphere with size of -25 pm can be
easily expanded to ~62 um by heat treatment of 100 °C, exhibiting
~250% increasement (Figure. S3). Due to the low phase transition
temperature and good affinity to GO, polyethylene glycol (PEG) was
selected as plasticizers to weaken the strong hydrogen bonds with GO,
providing the large enough free volume for the microsphere foaming
by plastic slippages of GO sheets.

In the microsphere growth process, adjacent microspheres
undergo the impinging effect due to unavoidable collisions according
to Young-Laplace law®, leading to the formation of Plateau borders
(Fig. 1b), which generated the classical honeycomb-like structure as
similar as the steady-state bubble clusters (Fig. 1c). The in-situ expan-
sion of GO solid during TPF procedure was further investigated by the
infrared (Supplementary Movie 1) and digital cameras (Supplementary
Movie 2), revealing this process was completed in a very short time less
than 1 min (Fig. 1d and Figure. S4). During this expansion, the initially
spherical pores in the GO solid gradually evolve into polygonal shapes
with an average size of ~-60 pum (Fig. 1e).The expansion ratio of GO solid
reached up to 900% in the vertical direction with nearly unchanged
lateral size (Figure. S5), demonstrating that the microsphere foaming
and growth processes did not disrupt the inherently continuous con-
nection of graphene sheets. Finally, residual microspheres and PEG
was etched by high-temperature annealing at 1600 °C to obtain highly
porous GM (Figures S6 and S7). The restoration of graphene structure
was accompanied in this process, which was testified by the low
In/Ic~ 0.3 (reduced defect density) and obvious 2D peak in Raman
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Every bubble cell was colored with different colors to visualize the impinging effect
and boundary during bubble collision. d, e IR snapshots of in-situ TPF process at
05,105, 50 s and corresponding SEM images. Source data are provided as a Source
Data file.
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Fig. 2 | Mechanism analysis of thermopalstic foaming. a Corresponding inter-
layer spacing and FWHM of weight ratio between plasticizer and GO. b Peak melting
temperature and its variation with different weight ratio of PEG/GO. ¢ Storage
modulus curves of GO composite at 100 °C with increasing interlayer spacing. The
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R-squared value of the fitting line is 0.98. d, e Schematic of plastic foaming feasi-
bility induced by the increased interlayer distance and corresponding morphology
inspection. f Expansion ratio of TPF GM at 100 °C with increasing interlayer spacing.
Source data are provided as a Source Data file.

spectrum’>*, small peak width at half height of (002) peak in XRD
pattern®¥, and high /O ratio in XPS spectrum (Figure. S8). The high-
consistent Raman spectra in ten selected regions further demon-
strated the structural uniformity of the annealed GM samples
(Figure. S9).

Mechanism and structural control of TPF GM

The increscent interlayer spacing of GO sheets is a critical factor to
enabling the fabrication of TPF GM by providing the plasticization for
brittle GO solid. We revealed the interlayer spacing (d) of GO com-
posite film and the weight ratio of PEG/GO (a) (Fig. 2a) represented a
linear correlation as

d =0.669a +0.842 @)
As depicted in Fig. 2a and Figure. S10a, the nearly unchanged full width
at half maximum (FWHM) indicated the high orientation of GO even
when a up to 1.5, demonstrating that the majority of GO sheets still
retain flat configuration in composite film. The melting peak of PEG/
GO film disappeared when a below 1, primarily due to increasing
interfacial interaction and finite space®** (Fig. 2b), resulting in reduced
mobility of polymer chains. However, the melting peak emerged when

a reached 1.5, indicating sufficient free interlayer space with high
plasticity to enable unrestricted mobility of PEG molecules at melting
temperature. We further revealed that the storage modulus (") of GO
composite exhibits an exponentially decreasing relationship with
increasing interlayer spacing of GO sheets (Fig. 2c). When the experi-
mental temperature over melting point (100 °C) of PEG molecules, the
E’” of GO composite (a=0.7) exhibited an order of magnitude lower
than that of GO film (Figure S10b). However, when the temperature
exceeded the decomposition point of PEG, the GO composite film
became stiff and brittle, causing the GO sheets to fracture and undergo
interlayer delamination due to the escape of decomposition gases
(Figures S11-14). Those results demonstrated that melting PEG is a
high-efficient choice to reduce the interlayer bonding and enable the
high plasticity in TPF process.

The foaming capability of GO solids with different a values was
further investigated to testify the critical role of plasticity in TPF. The
pristine GO film effectively suppressed microsphere expansion due to
strong sheet bonding, resulting in nearly unchanged microsphere size
after heat treatment (Fig. 2d). In contrast, those microspheres can be
easily expanded in the PEG intercalated GO film with high plasticity,
achieving high porosity (Fig. 2e). The expansion ratio was defined as
the final-state thickness divided by the initial thickness to determine
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Fig. 3 | Bubbling mechanism and structural control. a A conclusive bubble size
diagram with N, and foaming temperature of the TPF process. b Numerical cor-
relation of density of GO composite monoliths with temperature. ¢ Diagrams of
decreasing wall thickness with increasing foaming sites. d The tunable wall
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thickness by microsphere density and their corresponding HR-SEM images. The
R-squared value of the fitting line is 0.85. The x and y axes are logarithmic scales.
Source data are provided as a Source Data file.

the critical interlayer spacing for the microsphere foaming. As shown
in Fig. 2f and Figure. S10a, GO composite films with interlayer spacing
below 1.32 nm (a below 0.7) exhibited low expansion ratio (PEG con-
tent below 40%), proving that the GO solid still mainly exhibited the
brittle feature with strong binding interaction. The pore number and
pore size of the monolith with a of 0.7 are obviously lower than those
of the monolith with a of 1.0 (Figure. S15b, c). Therefore, the expansion
ratio increased up to ~-600% at the interlayer spacing of 1.44 nm (a=1),
and reached a steady state with nearly unchanged pore size, wall
thickness, pore number and density of monoliths (Figure. S15), which
demonstrated that this value is the lowest PEG content to guarantee
the complete foaming and growth of microspheres.

The pore size and wall thickness of the obtained monoliths were
easily regulated by adjusting the foaming temperature and micro-
sphere content, respectively (Fig. 3a). The expansion ratio of micro-
spheres was positively correlated with temperature. As a result, the
pore size of the monolith gradually increased from 49.7 to 75.1 pm as
the foaming temperature increased from 80 to 100 °C, and reached
the stable state at foaming temperature above 100 °C (Figure. S16).
The density of the monoliths, determined by their pore size, followed
the same trend with increasing foaming temperature and was regu-
lated from 70 to 145mgcm™ (Fig. 3b). While the pore size of the

monolith was minimally affected by microsphere content, the pore
number presented a positive correlation with microsphere content
(Figure S17). By controlling the microsphere size, the pore size of the
monoliths was tuned from 5.3 to 84.8 um (Figure S18). Higher micro-
sphere content led to more foaming sites, further decreasing the wall
thickness of monoliths (Fig. 3c). The foaming site density (N,,) in the
GO composite increased with microsphere content (Mgypere), following
an exponential relationship of N, ~ Msrere”® (Figure. S19). The wall
thickness (7) can be precisely tuned from 5.2 to 0.5um (Fig. 3d),
conforming to the exponential relationship (7~ N, %), which closely
approaches the theoretical scaling law of T-~N,”. Moreover, fewer
microsphere sites caused the lower expansion ratios of GO composite
film, resulting the higher monolith density (p) (Figure S20). The p
ranged from 89 to 736 mgcm™, being in accordance with the expo-
nential relation of p~N, 2% After thermal annealing at 1600 °C, the
pore size and morphology showed little change with variation less than
5% (Figure S21-26 and Table S1), exhibiting the same polygonal pores
with size from 9.0 to 74.6 um. The wall thicknesses of GMs become
thinner than that of GO composite monoliths due to the decomposi-
tion of PEG and microsphere (Figure. S27-29). The density of GMs
decreased significantly after thermal annealing at 1600 °C, while the
variation trend with temperature and microsphere density were as

Nature Communications | (2025)16:6087


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61123-3

go 100 { F100
1 —Cycle 1 = o\"\q e
450{ —— Cycle 10 s B ~
—— Cycle 100 o 51 E r75 §
© 200+ © —— Cycle 200 g K =
o o R = o
g £ 0. Cycle 1000 Y S 4 | E
=3 £ ] g 2
@ 2 ] s @
g 1009 o 2 |3 ©
& & 1% 251 8 L2s .2
= ] 7]
1 o, , | 5
04 o - 1 10 100 1000 o
T T T T T L T T T 09 2 3 20
0 20 40 60 80 0 30 60 90 1 10 100 1000
f Strain (%) g Strain (%) h Cycles
120 10* 10° 110°
1004 10/@y4¢? - - Reported
— ho? is worl o 50% —— - < 10°4 110°
X e o 90% A 0% | = e e 10 =]
= 90 ° o 60% so%| | & %07 ° g L
o ° o | © 80% |~ TPF GM < 10°4 110° X
c 4 90%| | o = ©
= o 10° (44) c 2] ol =
£ 10°(42) © ‘T 60d = 104 110° 3 [}
© 80 0 m A = . 5 2 3
g o wu | - 1o 8l s
5 s ! J
; 704 o 10° (47) 10° (1) 10 (49) &) 204 Melamine foam 1S , , e —
2 10° (45) a a g 1079 110 2
© 110"
5 10° (46) < g 5 10%4 100 S
60 10640 | ¢y o ie]
T T T T T 7/ T T T — 9 10° T T T T T —10°  -10°
0 3 6 9 12 0 12 4 6 8 10 400 0 100 200 300 400
Plastic deformation (%) Time (h) Temperature (°C)

Fig. 4 | Mechanical properties of TPF GMs. a The in-situ SEM observation of
recoverability of GM during a compressive cycle at 90% strain and b its micro-
structure evolution. ¢ Strain-stress curves of GM at different compressive strains.
Inset: in-situ optical images of compressive test at 90% strain. d Stress-strain curves
of GMs under high compression strain (90%) for 10° cycles and e stress remaining,
plastic deformation and energy loss coefficient during compressive cycles. f A

comparison chart of plastic deformation versus stress remaining during different
compression cycles for TPF GMs and previously reported FD GMs. The labelled
numbers correspond to the references. g Stress relaxation of GM and melamine
foam at 95% strain for 10 h. h The temperature dependence of storage modulus,
loss modulus and Tan delta of GMs by DMA measurements between —150 and
400 °C. Source data are provided as a Source Data file.

same as those before heat treatment. The well-established structural
regulation method provides a robust foundation for the practical
demands of TPF GM towards more multifunctional applications.

Mechanical performances of TPF GMs

The mechanical tests were performed to evaluate the resilience of TPF
GMs, determining their practical value in engineering applications. By
comparison, we found that GMs after heat treatment at 1600 °C
exhibited ultralow plastic deformation (Figure S30), attributed to the
complete decomposition of microsphere and restoration of graphene
structure. In-situ SEM inspections (Fig. 4a) revealed that the GM
structure could fully recover to the original state after 90% deforma-
tion without obvious plastic deformation. The compressive

deformation of polygon cells (Fig. 4b) was mainly divided into two
stages: closing of joints and bending of walls, consistent with the
behavior of typical honeycomb-like monoliths or foams. This defor-
mation feature is further supported by the classical quadratic expo-
nential relationship between compressive Young's modulus (F) and
monolith p (Figure S31)%°“°, Upon unloading, the polygon cells exhibit
almost no joint damage or wall cracks, with pore size remaining nearly
unchanged. The TPF GM exhibited superelasticity behavior with nearly
100% recovery, exhibiting the overlapping curves at different strains
from 10 to 90% (Fig. 4c). In spite of vertical direction, the GM at hor-
izonal direction also exhibited excellent mechanical elasticity at 90%
strain (Figure. S32). From longitudinal and cross-section SEM images of
TPF GM, we found that the inner polygonal cell structures were
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uniformly distributed and exhibited isotropic symmetry, as shown
in Fast Fourier transform (FFT) images (Figure S33). After high-
temperature graphitization, TPF GM featured high electrical
(8.0x10%*S m™) and thermal conductivity (44.9 Wm™ K™) in the hor-
izontal direction, which were 32 and 13 times higher than that in ver-
tical direction (2.5x10?S m™ and 8.2 W m™ K™) (Figure S34). We think
those differences in electrical and thermal conductivity may be caused
by the skin effect of TPF GM as arrow-marked in Figure. S33.

Figure 4d shows the fatigue curves of TPF GM at 90% compressive
strain for 1000 cycles. We demonstrated TPF GM retained minimal
plastic deformation (-0.6%), large stress remaining (-88%), low
energy loss efficiency variation (- 0.57) and nearly unchanged pore
structure (Figure. S35), possessing great anti-fatigue performance
(Fig. 4d, e). Our TPF GM elevated minimal plastic deformation and
maximal remaining stress compared with previous freeze-dried (FD)
monoliths*’#°*, (Fig. 4f). TPF GM also displayed superior dynamic
mechanical and environmental stability. Under long-term compression
for 10 h at 95% strain, TPF GM held a higher stress remaining than
polymer foam (Fig. 4g), because the elasticity of GM was energy-driven
rather than entropy-driven for that of polymer foam. Owing to the
structural stability of graphene at wide-temperature conditions, TPF
GM exhibited excellent viscoelastic stability over a wide temperature
range from -150 to 400 °C while both storage and loss modulus were
independent to temperature (Fig. 4h).

Structure controllability and materials universality of TPF
Benefiting from the fast and non-solvent process, a stack of large-sized
GMs (100 mm x 100 mm) can be easily fabricated (Fig. 5a), laying the
foundation for the large-scale fabrication. Meanwhile, the TPF GM can
be shaped adaptably to 2D and 3D structures, ranging from pre-
molded shapes to curved geometry with different Gaussian curvatures
(Fig. 5b), enabling special-shaped demands in applications. Further-
more, TPF GM microlattices of various shapes were fabricated by
integrating with 3D printing, achieving dimensional accuracy on the
order of hundreds of microns.

Apart from GM, the TPF method was also extended to other 2D
sheets monoliths, such as insulating boron nitride, montmorillonite,
and semiconducting MXene (Fig. 5¢). Taking a TizC, T based solid as
an example, the original film can directly expand from 83 um to
1.02 mm with a foaming ratio about 1200%, and as-prepared monolith
also possessed a typical honeycomb structure (Figures S36, S37). We
revealed our TPF 2D monoliths exhibited low BET surface area and
little micro- and meso- pores (Figure S38), resulted by the dense
micron-sized sheets were difficult to form nanoscale pores in their
overlapping network**%, In contrast, the TPF GM fabricated from
chemically etched 2D sheets**° exhibited high BET surface area of
271.6 m*/g with many micro- and meso- pores (Figure S38b). Further-
more, we demonstrated that those TPF 2D monoliths kept structural
integrity with 100-cycle compression at high strain of 90% (Fig-
ure S39), also exhibiting excellent mechanical recoverability, which
satisfied the most of practical mechanical demands. The TPF strategy
provides a facile and universal processing pathway for the preparation
of multi-material and multi-functional monoliths with high elasticity.

In summary, we developed a facile, non-solvent TPF method to
fabricate 2D monolith directly from solids. Exemplified by GM, the
intercalated polymer regulated the thermo-plasticity by enlarged
interlayer spacing, meeting the premise of foaming and forming
seamlessly connected 2D sheets. As-prepared GMs exhibited a hier-
archically honeycomb structure with easily regulated cellular wall
thickness and pores. The super-elasticity (>1000 compression-
recovery cycles at 90% strain), high electrical (8 x10*S m™) and ther-
mal conductivity (44.9Wm™ K?) of TPF GMs enables the multi-
functionality in wide engineering applications. This TPF method can be
extended to other 2D nanomaterials and is compatible with stereo
structures and microlattices. This work is expected to achieve large-

scale, rapid and low-cost industrial production of novel monoliths as in
the polymer industry.

Methods

Preparation of GO based composite solid

1g of PEG and 1g of expandable microsphere were dispersed into
10 ml of deionized water and stirred for ten minutes. The expandable
microspheres are acrylic polymer microspheres with enclosing liquid
alkane gas, which purchased from Nouryon (031DU40) with particle
size of 10-16 pm and foaming temperature range of 80-133°C. The
prepared dilute solution was then mixed with 100 ml of GO aqueous
dispersion (10 mgml™) and stirred for thirty minutes to obtain a
homogenous composite slurry with a foaming ratio of about 7. The GO
based composite solids were prepared by casting obtained solutions
with a thickness of 5 mm and the drying process was maintained at the
ambient temperature. Different contents of PEG (0%, 33%, 40%, 50%,
60%, 70%) and expandable microsphere (0%, 5%, 10%, 15%, 30%, 50%)
were prepared to control the foaming ratio.

Fabrication of GMs

For the direct TPF process, the composite solids were placed between
two platens of hot press. The temperature (90 °C, 100 °C, 110 °C,
120 °C, 150 °C) and time were tuned to control the foaming rate and
pore size. The GM was obtained after cooling down and annealing at
1600 °C***°%2, The annealing process was performed by programmed
temperature controlling. Firstly, the sample was heated to 1000 °C at a
rate of 5°C/min and maintained at that temperature for 1 h. And then,
the temperature was risen to 1600 °C at a rate of 10 °C/min and held at
this temperature for 2 h. Finally, the annealed graphene monolith was
fabricated after natural cooling.

Fabrication of BN, MMT, MXene monoliths

Firstly, 10 ml of BN aqueous dispersion (10 wt%) was mixed with 50 ml
of PVA solution (2wt%) and 1g of expandable microsphere, and then
stirred for 30 min to obtain a homogenous composite slurry. The BN
composite film was realized by casting method from the composite
slurry, and dried at the ambient temperature. Finally, the BN compo-
site film was directly placed on the hot plate with temperature of
100 °C for 10 min, to obtained BN monoliths. By the same way, the
MMT and MXene monoliths were also fabricated according to
aforementioned steps.

Fabrication of 3D print TPF GM

Firstly, the composite slurry was prepared by mixing PEG and
expandable microsphere with GO aqueous dispersion (20 mgml™).
The homogenous slurry was used as ink to fabricate microlattice
through 3D print and then dried at the ambient temperature. Finally,
the dried microlattice was directly placed on the hot plate with tem-
perature of 100 °C for 10 min, to obtain TPF GM microlattice.

Characterization
The structure and morphology of GMs were investigated by SEM and
HR-SEM on Zeiss EVO-10, Hitachi S4800 and Gemini SEM 300. The
microstructure and mapping of BN, MMT and Ti;C,T, monoliths were
characterized by Hitachi SU-8010 field emission system with energy
dispersive X-ray. The surface temperature profiles of in situ foaming
process were detected by an infrared imager (FLIR T630sc). Electrical
conductivity was measured by a standard four-probe method taken on
the Keithley 2400 Source Meter. Thermal diffusivities and specific heat
capacity were measured and calculated by NETZSCH LFA 467 and DSC
204HP, respectively. Nitrogen porosimetry results were measured by
Micromeritics ASAP 2460. Thermogravimetric curves were obtained
on NETZSCH STA 449 F3.

The peak melting temperature was measured by DSC using a TA
Q20 instrument. The DSC test was performed in nitrogen with two
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a  Size Scalability b Shape Adaptability

Fig. 5 | Extension of structure and material by TPF method. Digital images showing a size scalability and b structural adaptability of GMs. ¢ Digital images, cross-
sectional SEM and energy-dispersive spectrometer images of BN, MMT and Ti;C,T based monoliths. Source data are provided as a Source Data file.

consecutive heating cycles (0-300 °C, 10 °C min™). The first cycle was
used to eliminate the material’s thermal history, while the second cycle
provided stable thermodynamic data for analysis, with cooling rates
maintained at 10 °C min™ to match the heating rate throughout the
process, the peak is the peak melting temperature of PEG. The dynamic
mechanical analysis was performed on a DMA 242E (NETZSCH
Instruments). The film was cut into strips measuring 15 mm x 2 mm
(length x width) and clamped in the DMA fixture. A preload was
applied by adjusting the displacement to 15 um (equivalent to 0.1%
strain relative to the initial measured length), ensuring optimal speci-
men engagement while minimizing interfacial stress concentration at
the clamping regions. Testing was conducted under nitrogen
atmosphere, with heating from room temperature to 150 °C at a rate of
2°C minand a frequency of 1 Hz. Forces were monitored using a high-
resolution load cell (+ 4 N accuracy), and grip torque was standardized
to 0.6 N-m using a calibrated torque wrench to ensure mechanical
consistency. The compressive tests were taken on the Instron Legend
2344 machine. A high-precision Instron® load cell (50 N maximum
capacity) was utilized for force measurement. The monolith was cut
into a 10 mm x 10 mm (length x width) rectangular sample and com-
pressed to varying strain levels at room temperature, with a loading
velocity of 1 mm min™.

Raman spectra were obtained on Horiba LabRAM HR Evolution.
The Raman spectra of graphene include the G peak located at
~1580 cm™ and 2D peak at ~2700 cm™, caused by the in-plane optical
vibration (degenerate zone center E;, mode) and second-order zone
boundary phonons, respectively. The D peak, located at ~1350 cm™ due
to first-order zone boundary phonons, is absent from defect-free
graphene, but exists in defected graphene®. The progressive decrease
in the Ip/l; ratio with annealing temperature (Figure. S8a) directly
reflects the reduction of defect density. At 1600 °C, the low /p//; value
(-0.3) indicates the structural restoration of lattice imperfections, such
as the removal of residual oxygen groups (e.g., epoxy and hydroxyl)
and the recombination of carbon vacancies®. The 2D peak
(~2700 cm™) is a second-order overtone of the D peak, sensitive to the
electronic band structure and interlayer interactions. The spatial uni-
formity of the monolith’s structure is validated by the consistent
Raman spectra across ten distinct regions (Figure. S9).

XRD profiles were collected on a X'Pert Pro (PANalytical) dif-
fractometer using monochromatic Cu 17 KaZ radiation (1=1.5406 A) at
40 kV. The unannealed GO monolith exhibits a prominent diffraction
peak at 20 of 10.5°, corresponding to the (001) crystallographic plane
of oxidized graphene layers. This peak arises from the expanded
interlayer spacing ( ~ 0.84 nm) caused by oxygen-containing functional
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groups (e.g., hydroxyl, epoxy). The broad nature of this peak reflects
the disordered stacking of oxidized layers and the presence of amor-
phous domains, consistent with the structural heterogeneity of GO.
Upon thermal annealing, the (001) peak gradually diminishes, and a
new peak emerges at 20 of 26° which is assigned to the (002) plane of
graphitic carbon®. The shift to higher angles indicates a reduction in
interlayer spacing from 0.84 nm (GO) to 0.34 nm (annealed GM). This
transition confirms the effective removal of oxygen functional groups
and the restoration of sp*hybridized carbon networks through high-
temperature processes™*°. The narrowing of the (002) peak’s full
width at half maximum (FWHM) with increasing annealing temperature
directly correlates with enhanced crystallinity. This trend reflects the
growth of sp? domains and the reduction of lattice defects® (Figure S8).

Statistics and reproducibility

All experiments were repeated independently for three times with
similar results without specific annotations. The average pore size and
pore density were systematically analyzed from two independent
samples, with five randomly selected regions (each spanning
0.16 mm?) analyzed in each sample. The wall thickness was analyzed
from two independent samples, with five randomly selected walls
measured in each sample. All graphs were plotted and analyzed by the
Origin Pro 9, and the size statistics were conducted with Image J 1.54 g.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data generated in this study are provided in the Source Data file.
All data that support the findings of this study are available from the
corresponding author upon request. Source data are provided with
this paper.
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