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Aerogels are known for their high porosity and very low density 
and can be made from a range of materials, but are limited by 
structural instability under extreme thermomechanical 
conditions. We report on 194 types of dome-celled ultralight 
aerogels that maintain superior elasticity spanning from  
4.2 kelvin (K) to 2273 K, realized by a two-dimensional  
channel–confined chemistry method. Such aerogels exhibit 
superelasticity under 99% strain for 20,000 cycles and thermal 
shock resistance at 2273 K over 100 cycles. The high- 
entropy carbide aerogel achieves a thermal conductivity of  
53.4 mW·m−1·K−1 at 1273 K and 171.1 mW·m−1·K−1 at 2273 K. The 
combination of temperature-invariant elasticity and chemical 
diversity makes such aerogels highly promising for extreme 
thermomechanics, from heat-insulated industries to deep 
space exploration.

Aerogels have emerged as an important family of materials that 
feature high porosity and low density, which enables a wide range of 
applications in space exploration, sensing, thermal management, and 
chemical catalysis (1–4). Various aerogels have been progressively syn-
thesized using the conventional sol-gel method, spanning metals, 
oxides, chalcogenides, carbides, carbons, organics, and multinary com-
pounds (4–13) (table S1). However, most sol-gel aerogels tend to exhibit 
mechanical brittleness and poor elasticity due to their intrinsic weak 
zero-dimensional granular connections (4, 5).

To overcome the intrinsic weakness of aerogels, a geometrical design 
of structures has been developed to achieve outstanding mechanical 
elasticity at high porosity, typically through intertwining one-
dimensional fibers or nanotubes (14–20), and assembling two-
dimensional (2D) nanosheets to honeycomb and arched cell structures, 
as well as the formation of macroscopic hyperbolic meta-patterns 
(21–26) (table S2). Despite these advances, aerogels still face challenges 
in maintaining thermomechanical stability under extreme thermal 
and mechanical conditions due to unstable crystalline structure at 
high temperatures and the structural fragility under large mechanical 
deformation (4, 27).

The flexible amorphous domain is a crucial component for main-
taining the elasticity of ceramic aerogels at normal conditions, but its 
presence considerably lowers their thermal stability compared with 
bulk crystalline ceramics. Previous efforts to improve thermal stability 
of elastic ceramic aerogels have primarily focused on restricting the 
migration of amorphous domains, which achieved a maximum 
working temperature of 1973 K (27). Although graphene materials 
exhibit melting points exceeding 3000 K, their mechanical softening 
temperature is limited to below 2273 K (28), precluding stable ther-
momechanical performance under such extreme conditions.

Aerogel fabrication
We report a general 2D channel–confined chemistry method to syn-
thesize a series of ultralight dome-celled aerogels across hundreds 
material species, covering 121 oxide, 38 carbide, and 35 metal species, 
with compositions tunable to high-entropy states containing up to 30 
elements. We propose a dome microstructure with two nonzero prin-
cipal curvatures (κ1 and κ2, fig. S1) as basic cells, introducing curvature 
as an alternative structural parameter for aerogel design. The dome 
structure, commonly found in biology and architectural engineering, 
is well known for its excellent load-bearing capacity and mechanical 
stability (fig. S2). Finite element analysis reveals that a dome exhibits 
a capability for storing elastic strain energy that is at least 10 times 
greater than that of conventional honeycomb and arch structures 
(fig. S3). This becomes more pronounced for aerogels with thinner cell 
walls, as it generates richly recoverable wrinkles to store elastic energy 
(fig. S4), due to its undevelopable surface characteristics. This com-
parative analysis demonstrates that the dome structure is a preferable 
geometric design for ultralight aerogels, potentially enabling superior 
elasticity under large deformation.

Experimentally, we used a general 2D channel–confined chemistry 
method to prepare dome-celled aerogels, starting from macroscopic 
assembled graphene oxide (GO) films. The method is continuously 
processed by three steps: ion capturing, bubbling, and heat conversion 
(Fig. 1A). GO was chosen as a 2D channel precursor because of its 
abundant chemical moieties, atomic thickness, and large-scale com-
mercial availability (29), exhibiting high compatibility for fabricating 
dome-celled aerogels. Water easily penetrates into GO interlayer chan-
nels, forming a 2D confined nanospace with distance (d) from 0.97 to 
2.14 nm (fig. S6A). When immersed in salt solutions (single or multiple 
ion species up to 30 kinds), the diffused ions are captured into GO 
interlayer channels by chelation interaction with oxygen functional 
groups (29) and the 2D barrier effect allows avoidance leakage of ions 
(30), forming confined precursor hybrids. The GO-ion hybrid exhibited 
an atomic uniformity in hybridization, as shown by x-ray diffraction 
(XRD) (single peak at 6.2°; fig. S6B) and homogeneous elemental 
distribution in interlamination, whether single or multiple ions 
(figs. S7 and S8).

Decomposing gas from the foaming reagent generates bubbles in 
the GO interlayer gallery (31), forming cells with a dome shape that 
contribute to the flexibility of GO-ion laminates. The dome cells inherit 
the non-Euclidean curvature of spherical bubbles, distinct from the regu-
lar polyhedral cell formed by the conventional ice templating method 
(16, 23–26). By controlling the pressure by bubbling time, the average 
curvature (Ka) of dome cells is tuned from 0.045 to 0.122 μm−1 (fig. S9). 
Our hybrid aerogels were prepared by direct drying in air, avoiding 
the complex and costly freeze or supercritical drying methods (4).

We thermally treated the hybrid aerogels at 600°C for 4 hours with 
air to remove GO and yield neat oxide aerogels with dome-celled mi-
crostructures, extending from unary to high-entropy constituents. We 
used XRD, x-ray photoelectron spectroscopy, energy dispersive spec-
troscopy, special aberration correlated transmission electron micros-
copy (AC-TEM), and atomic mapping to demonstrate the confined 
formation mechanism that preserves the dome shape (figs. S6 to S8). 
Taking the Al2O3 aerogel as an example, atomically dispersed Al3+ ions 
in 2D confined channels gradually transform into polycrystalline oxide 
lamella by forming interconnected nanocrystals (fig. S10), instead of 
large-sized crystallite aggregates without confinement (32). For com-
plex combinations of elements, local confined ions (such as Al, Ti, Cr, 
Co, and Ni) form polycrystalline oxide lamellae with high mixing homo
geneity across a micrometer scale at minimum (fig. S11). By con-
trast, annealing ions only absorbed on GO surface forms coarse oxide 
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crystallites, leading to the collapse of dome cells (fig. S12). By pairing 
species and controlling proportion of captured ions, we obtained high-
entropy oxide aerogels (fig. S13 and table S3). Subsequently, the oxide 
aerogels were thermally reduced into metal ones by hydrogen at 450°C 
for 2 hours. Additionally, thermal annealing of second-step hybrid 
aerogels at 2000°C for 2 hours in argon activated the reaction between 
oxide and graphene, resulting in carbide aerogels. Alternatively, the 
graphene framework can be retained in these aforementioned aerogels 
by controlling the GO/ion ratio and heating atmosphere.

Based on the GO films, we prepared aerogel bricks of oxide, carbide, 
and metal members. To meet more practical application demands, 
other macroscopic aerogel forms of large-scale plates (~50×20×0.5 cm3) 
and continuous rolls (>2 m) (Fig.  1, B and C, and fig.  S14), 
were obtained.

We performed 3D optical profilometer and x-ray nano-computed 
tomography (nano-CT) to validate the dome shape of the cells. A 
representative cell unit was extracted to illustrate the geometrical 
nature of the dome shape. The dome vertex has two orthometric 
positive Gaussian curvatures, interconnected by saddle-shaped edges 
(Fig. 1D, fig. S15, and movie S1). After heat treatment, the dome-celled 
aerogels maintained seamless contact between structural cells 

(fig. S16), ensuring their structural sta-
bility and integrity. When extended to 
the macroscale (Fig. 1, E and F), vertical 
(X-Z and Y-Z planes) and horizontal 
(X-Y plane) slicing of aerogel using both 
scanning electron microscope (SEM) 
and nano-CT confirmed the dome shape 
of cells. Dome cell sizes range from tens 
to hundreds of microns. Layer-by-
layer nano-CT slicing further reveals 
that the interconnected dome cells are 
homogeneous across the millimeter 
scale (movie S2).

Broad chemical diversity
We synthesized hundreds of dome-
celled aerogels (194 types) with broad 
chemical diversity, encompassing oxide, 
metal and carbide components, and in-
volving more than 30 elements (Fig. 2A). 
The aerogels are sufficiently diverse to 
form a comprehensive library, including 
20 unary, 30 binary, 30 ternary, and 41 
high-entropy oxides; 8 unary, 10 binary, 
10 ternary, and 10 high-entropy car-
bides; and 5 unary, 10 binary, 10 ternary, 
and 10 high-entropy metals (figs. S17 
to S22). These aerogels feature ultra-
low density (ρ), ranging from 0.35 to 
13.78 mg·cm−3, irrespective of elemental 
composition. In the density spectrum, most 
of our aerogels fall within the extralight 
(ρ < 1.29 mg·cm−3 of air) and ultralight 
(ρ < 10 mg·cm−3) ranges (fig. S23).

Figure 2, B to F shows representative 
oxide, carbide, metal, and high-entropy 
aerogels with hydrolytic stability (fig. 
S24), which can float on flower buds as 
a result of their lightness. All aerogels 
possess dome-celled structures, compris-
ing 2D curved walls and micro-sized 
pores (70 to 140 μm; fig. S25), as ob-
served in SEM vertical sections. The thin 
walls are composed of planar intercon-

nected nanosized crystal grains (AC-TEM) and have a thickness <10 nm 
(fig. S26) resulting from the confined growth of the crystals (33). The 
ultrathin wall thickness contributes to the ultralow density of our 
aerogels. Detailed examinations reveal that oxide, carbide, and metal 
aerogels generally exhibit structural and compositional uniformity 
(figs. S27 to S34). To confirm the atomic-scale homogeneity in high-
entropy cases, we used high-angle annular dark-field (HAADF) imag-
ing and atomic mapping, finding that up to 30 arbitrary elements 
were thoroughly mixed at the atomic scale (figs. S21, S22, and S35 to 
S37). In these high-entropy aerogels (figs. S38 to S40), three similar 
elements at minimum were preferentially chosen to minimize the 
mixing enthalpy, and other additional elements were incorporated to 
further increase the mixing entropy (34, 35).

Extreme thermomechanics
All aerogels in the library exhibited exceptional elasticity, regardless 
of chemical species, elemental compositions, and density. We first 
investigated the mechanical elasticity of our aerogels under quasistatic 
compression. Intuitively, a stack of oxide, carbide, and metal aerogels 
with ~30% retained graphene—ranging from unary to high-entropy 
components—was compressed at an extreme strain of 99% and fully 
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Fig. 1. Graphene-based 2D channel–confined chemistry for dome-celled aerogels. (A) Preparation of aerogels from 
the 2D channel precursor in three steps: (i) Salt ions are captured by the tunable GO channels; (ii) the solvent bubbling 
with foaming agent is adopted to fabricate a dome-celled hybrid; and (iii) the heat conversion process is conducted at 
600°C in air for 4 hours, 2000°C in an argon atmosphere for 2 hours, or 450°C in a hydrogen atmosphere for 1 hour, to 
fabricate oxide, carbide, or metal aerogels, respectively. (B and C) Digital photos of as-prepared carbide plate and oxide 
roll aerogels. (D) 3D optical image of a dome cell model made by bubbling an ultrathin GO film (~500-nm thickness).  
(E and F) SEM analysis of dome-celled aerogel from slicing images in three directions (the X-Z, Y-Z, and X-Y planes).
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recovered to the original height after the pressure was released (Fig. 3A 
and movie S3). These aerogels could be repeatedly compressed at 99% 
strain for 20,000 cycles with nearly unchanged sample height (residual 
strain <3%) and minimal stress degradation (<20%). Extralight oxide 
aerogels (ρ of 0.35 to 1.24 mg·cm−3) with compositions (Y2O3 and InSn, 
AlCrYLaCe, and MgAlCrMnFeCoNiCuSrYIn oxides) exhibiting stable 
elasticity and little strain degradation (<8%) at 80% strain up to 10,000 
cycles (figs. S41 and S42 and movie S4), indicating excellent fatigue 
resistance.

We investigated the deformation behavior of the dome cell by in situ 
compression experiments. Under a 3D optical profilometer, the dome 
cell underwent doubly curved deformation in two principal directions 
(fig. S43), demonstrating the typical undevelopable surface nature of 
dome structures (fig. S1). In situ SEM observation shows that mas-
sive fine wrinkles emerged at higher strain (80%), which avoids the 
smooth and compact contact between nanowalls and favors the elastic 

recovery (Fig. 3B and movie S5). These 
experimental results validate the design 
rationale behind the dome cell as the 
expected aerogel structure for achieving 
high elasticity at ultralow density. By 
contrast, the flat walls of the honeycomb 
aerogel control sample were deformed 
along the longitudinal direction to form a 
smooth compact contact, resulting in its 
limited resilience (fig. S44, A to D). When 
scaled up, these dome cells became in-
terconnected through a surface contact 
(Fig. 1 and fig. S15), efficiently transfer-
ring the load across the network (31) and 
enhancing the macroscopic elasticity of 
our aerogels, regardless of material com-
ponents or heat treatment processes (fig. 
S44, E and F). By controlling cell curvature, 
we detected that larger curvature gen-
erates better mechanical resilience (fig. S45). 
When plotted on the elasticity-density 
map of aerogels (Fig. 3C and table S2), 
our aerogels not only exhibit exceptional 
mechanical recoverability under large 
strains (99%) but also break through the 
limits of elasticity at extreme lightness 
(4, 16–19, 22–26, 36–43).

We investigated the crystalline struc-
ture of dome-celled carbide aerogels. On 
the dome wall, the carbide sheet nano
grains are tightly inserted into graphene 
planar sheets in a mosaic pattern, (figs. 
S46 and S47). Below a carbide content of 
88 weight percent (wt%), the carbide mo-
saic grains maintain a planar shape with 
lateral size increasing from the nano
scale (~5 nm) to the microscale (~50 nm), 
exhibiting confinement by graphene. 
Further mechanical tests (fig. S48, A to 
D) demonstrated dome-celled carbide 
aerogel with a carbide content <88 wt% 
displayed excellent mechanical recover-
ability under compressive strain of 90% 
in the vertical direction, surpassing its 
performance in the horizontal direc-
tion (fig. S49). By contrast, the freeze-
dried honeycomb carbide aerogel (63 wt% 
carbide content) failed to recover to its origi-
nal height at 90% strain after 10 cycles 

(fig. S48E), further highlighting the mechanical superiority of the 
dome-celled structure.

Under extreme thermomechanical working conditions, the carbide 
dome-celled aerogel demonstrated superelasticity across an ultrawide 
temperature range, spanning from 4.2 to 2273 K. We stacked six car-
bide aerogel plates (average density ρ, 9.24 mg·cm−3) and tested their 
compressive elasticity at 99% strain under liquid helium (4.2 K) 
(Fig. 3D and movie S6). The stack exhibited nearly identical compres-
sive curves at both the 1st and 100th cycles, with no change in height. 
To explore the elasticity under extreme heat conditions, we transferred 
the same aerogel stack to an ultrahigh-temperature furnace and per-
formed cycling compression tests in a vacuum. At 2273 K, the stack—
compressed to 99% strain—recovered to its original state for 100 cycles 
(~2 hours). The coincident stress-strain curves at the 1st and 100th 
cycles confirmed the superior recoverability of our aerogels at ultra-
high temperature (Fig. 3E and movie S7) and excellent structural 
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stability (fig. S50). By contrast, neat graphene aerogels exhibited 
substantial plastic deformation at 2273 K (fig. S48F) due to the soften-
ing effect of graphene sheets at such high temperatures (28).

Our carbide aerogels demonstrate superelasticity at both extremely 
high temperatures and ultralow densities (<10 mg·cm−3). We further 
evaluated the elasticity of these aerogels by exposing them to bilateral 
butane blowtorch flames in air (over 1573 K) and observed no apparent 
structural collapse (movie S8). The nearly coincident compressive 
curves at different strains (20 to 99%) and 100 repeated cycles (99% 
strain) confirm their excellent ablative-resisting and superelasticity 
(Fig. 3F and fig. S51).

Thermal superinsulation at ultrahigh temperatures
The chemical diversity of our aerogels also imparts a broad spectrum 
of functions (figs. S52 to S56). With their excellent high-temperature 
stability, our carbide aerogels offer attractive thermal superinsulation 
under extreme conditions. A peak anisotropic ratio (λhorizontal/λvertical) 
of thermal conductivity (λ) was found at ~70% carbide content, en-
abling the lowest λ in the vertical direction (fig. S57). This trend can 
be attributed to the anisotropy of 2D topology of ultrathin walls, which 
facilitates the heat transport along the vertical direction and retards 
the thermal transport in the other horizontal direction. Our carbide 
aerogels presented the low λ from 173 to 2273 K (Fig. 4A) due to the 
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diluted solid transport (ultralow density and nanograin boundaries), 
restrained gas transport with nanopores (~30 nm), and 2D anisotropy 
effect (figs. S58 and S59). Additionally, we found that the high-entropy 
(ZrTaNbTiHf)C aerogel possessed a lower λ than that of unary, binary, 
and ternary carbide aerogel (fig. S58D), with values of 53.4 mW·m−1·K−1 
at 1273 K and 171.1 mW·m−1·K−1 at 2273 K. This high-entropy ef-
fect (44–46) was also shown by dome-celled oxide aerogels, which 
exhibited ultralow thermal conductivity (λ~13.4 mW·m−1K−1) of 
(YTiLaCeNdSmGdDyEuHf oxide) in the vertical direction (fig. S52, C 
and D), surpassing benchmark silica aerogel and most reported insulat-
ing aerogels (4, 16, 38, 39, 47).

We further demonstrated that our carbide aerogels exhibit high 
mechanical and thermal stability. Even after mechanical fatigue tests 
for 10,000 cycles at room temperature and 100 cycles at 2273 K, the 
λ of these insulating aerogels remained stable at the ultralow level 
(Fig. 4B and fig. S60A), demonstrating the excellent structural stabil-
ity and resistance to deformation. At 1573 K, our aerogel showed a 
much smaller thermal expansion coefficient (TEC) of ~1.8 × 10−6 K−1, 
compared with a neat ceramic bulk (TEC~12.4 × 10−6 K−1) (fig. S60B), 
further indicating the high-temperature structural stability. We then 
measured its thermal stability under rapid thermal shocks at an 
ultrahigh temperature (2273 K) using a pulse-heating furnace. The 
sample retained its original morphology after 100 thermal shock 
cycles, with nearly unchanged thermal conductivity (Fig. 4C). As a 
demonstration, an 8-mm-thick plate of carbide aerogel effectively 
protected a fresh rose when exposed to butane blowtorch flames for 
5 min at temperatures exceeding 1573 K (Fig. 4D and movie S9). The 
mass retention ratio of carbide aerogels was ~97% after exposure to 
air for four hours (fig.  S60C). Compared with reported high-
temperature ceramic aerogels (25, 42, 48), our synthesized aerogels 
present a much lower λ at elevated operating temperatures up to 
2273 K (Fig. 4E). The λ of carbide aerogel at high temperature is far 
below other aerogels and conventional insulators (Fig. 4F) (18, 49, 50), 
demonstrating exceptional high-temperature thermal insulating per-
formance and reliability in extreme service environments.

In conclusion, a general graphene-based 2D channel-confined 
chemistry is demonstrated to fabricate a library of ultralight super-
elastic aerogels (194 species) with diverse materials, 35 elements, and 
arbitrary elemental combinations. The dome-celled microstructure 
imparts superelasticity even at apparent densities lower than that of 
air, allowing the aerogels to withstand more than 20,000 fatigue 
cycles at 99% strain. This ultralight aerogel library achieves both 
superior mechanical elasticity and ultralow thermal conductivity in 
a wide temperature range from 4.2 to 2273 K, considerably extending 
space of aerogels for extreme thermomechanics. The broad chemical 
diversity enables substantial design flexibility, facilitating the inte-
gration of optical, thermal, electrical, and magnetic properties.
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