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Cellular materials of ultralow density hold the potential to enable new properties that 

traditional cellular materials cannot offer and have received growing interest recently.[1] A 

range of ultralow density (≤ 10 mg/cm3) of ceramic-, metallic- and carbon-based cellular 

materials have recently been synthesized.[2] Some of the ceramic ultralow density cellular 

materials were found to be able to recover from large deformation and behave very 

differently from their dense counterparts which are intrinsically brittle.[2] These ultralow-

density cellular materials are hence also called mechanical metamaterials.[3] Cellular 

materials within the extremely low density range (around or below 1 mg/cm3 ) have also been 

fabricated: metallic lattices (≥ 0.9 mg/cm3), polymer aerogels (≥ 0.12 mg/cm3) and carbon 

aerogels (≥ 0.14 mg/cm3).[2b, 4] Unfortunately, when the density of cellular materials is 

substantially reduced, their struts (cell walls) contain a very small amount of molecular 

building blocks and hence have very limited intermolecular connections. When compressed, 

most of the reported extremely low density cellular materials are found to have poor 

mechanical resilience and collapse irreversibly, making them incompetent for real-world 

applications.   

We and others have recently demonstrated that graphene presents a unique 2D nanoscale 

building block for assembly of ultralow density cellular materials because of its exceptional 

mechanical properties, low density nature of carbon, and its high aspect ratio.[2c, 5]  A range of 

superelastic graphene-based cellular elastomers (GEs) have been prepared by controlling the 

cellular architecture of graphene-based foams.[2c, 5] Thanks to their unique superelasticity, 

GEs have been exploited for a number of emerging applications, such as ultrafast and 



     

ultrasensitive pressure sensors, tunable microwave absorbers, magnetic field sensors and 

multifunctional reinforcing scaffolds.[6] However, existing graphene foams with extremely 

low density were generally found to have very poor mechanical resilience. Whether and how 

the density limit of this class of cellular materials, recently known as the world’s most 

lightweight materials,[2c, 5] could be further pushed down while their mechanical resilience 

being retained is scientifically intriguing but remains unresolved. In this work, we show that 

in addition to their hierarchical structure, the intersheet interaction in GEs plays a substantial 

role in maintaining their resilience. Extremely low density GEs (as low as 0.16 mg/cm3) with 

a high level of mechanical resilience are indeed able to be fabricated simply by reinforcing 

the intersheet interactions. The resultant GEs are found to exhibit a range of exceptional 

mechanical, electromechanical and optical properties.  

Because cellular materials including GEs usually have a very complex architecture, it is often 

difficult to establish a well-defined structure-property relationship when multiple structural 

parameters are varied simultaneously. This poses a key challenge to research on these 

materials. To exclusively ascertain the role of intersheet interactions in the formation of 

graphene cellular structures, it is necessary to keep their overall architecture unchanged when 

the intersheet interactions are altered. In this study, we chose the GEs prepared using the 

freeze-casting technique as a model system.[2c] To tune the intersheet interactions, the 

samples were annealed at 200 °C, 500 °C and 1000 °C, respectively. The resultant samples 

were denoted as GE-200, GE-500 and GE-1000, respectively. The scanning electron 

microscopy (SEM) analysis shows that the GEs annealed at different temperatures have 

similar three-dimensional interconnected cellular networks with a pore size range of tens of 

micrometres (Figures 1a,b and S1). Figure 1c presents the X-ray diffraction (XRD) patterns 

of the GE samples annealed at different temperatures. The GE-200 displays a weak and broad 

diffraction peak at 24.9º (2), corresponding to a layer-to-layer distance (d-spacing) of about 

0.357 nm. After being annealed at 1000 °C, the d-spacing was reduced to 0.340 nm. The X-

ray photoelectron spectroscopy analysis reveal that the carbon/oxygen atomic ratio (C/O)  of 

the GE was increased from 7.52 to 20.41 after annealing at 1000 °C (see Table S1 and 

Figure S2), indicative of the removal of some residual oxygen-containing functional groups 

during the annealing process. The removal of these groups were further evidenced by and 

Fourier transform infrared spectra (Figure S3). These results indicate that the face-to-face 

stacking of graphene sheets within the struts has been enhanced upon thermal annealing (see 



     

a schematic in Figure 1d) and these GE samples indeed provide an appropriate system to 

allow us to investigate the effect of intersheet interactions on their mechanical properties. 

 

Figure 1. Structural characterization of the annealed GE. (a, b) Scanning electron microscopy images of (a) GE-

1000 (2.32 mg/cm3) and (b) GE-200 (2.65 mg/cm3). Scale bar: 20 µm. (c) XRD patterns of GE-200, GE-500, 

GE-1000 and as prepared GE. The high angle shifted sharp peak of the GE annealed at high temperature 

suggests densely packed graphene sheets. (d) Schematic of the change of packing behavior of multilayered 

graphene sheets before and after high temperature annealing. The interlayer distance between graphene sheets is 

reduced after the annealing process.   

Our compression tests reveal that the GEs annealed at high temperatures exhibit much 

improved compressibility in both air and liquids. As shown in Figure 2a, the GE-1000 with 

density of the 1.64 mg/cm3 was able to fully recover from extremely large deformation of 

98% strain for multiple cycles (Movie S1). For comparison, other GEs with similar density 

were unable to fully recover from such extreme compressions. For example, the GE-500 

showed around 90% strain recovery and GE-200 and as-prepared GE showed almost no 

recovery (Figure 2b and Figure S4). We further examined the compressibility of the GE in 

ethanol. It was found that the ultralow density GE-1000 and GE-500 with similar density 



     

around 0.6 mg/cm3 were able to fully recover from 98% compressive strain (Figure 2c and 

Movie S2). In comparison, the GE-200 and as-prepared GE with a similar density were 

largely deformed under the same strain (Figure 2d and Figure S4). Further reducing the 

density of GE-1000 still resulted in a decent recovery ratio. While the GE-200 sample with 

density of 0.27 mg/cm3 was found to suffer permanent deformation even after the first 

compressive cycle (Figure 2f), the sample annealed at 1000 °C was able to recover from 80% 

compressive strain for multiple cycles (Figure 2e). The lowest density of GE-1000 (with 

excellent recovery from 50% compressive strain) we have successfully made is around 0.16 

mg/cm3 (Figure S5). To the best of our knowledge, this is the lowest density solid with good 

compressibility ever reported (Table S2).  

 

Figure 2. Mechanical properties of the GEs annealed at high temperatures. (a, b) Multicycle compressive stress-

strain curves of loading and unloading of a) GE-1000 with a density of 1.64 mg/cm3 and b) GE-200 with a 

density of 1.60 mg/cm3. (c, d) Multicycle compressive stress-strain curves of loading and unloading in ethanol 



     
of c) GE-1000 with a density of 0.62 mg/cm3 and d) GE-200 with density of 0.60 mg/cm3. (e, f) Multicycle 

compressive stress-strain curves of loading and unloading at 80% strain of e) GE-1000 with a density of 0.27 

mg/cm3 and f) GE-200 with a density of 0.37 mg/cm3. All the inserts show the GEs before (left) and after (right) 

compression. 

To ascertain the origin of the excellent compressibility of the GE annealed at high 

temperature, we have performed 80% strain multicycle compression test to analyse the 

mechanical property of the annealed samples. As shown in Figure 3a,b, the GE annealed at 

higher temperatures shows remarkable improvement of strength and modulus in all 

compressive cycles. Specifically, in the first compression cycle, the Young’s modulus of GE-

1000 is 0.43 kPa, which is 115% and 230% higher than that of GE-500 and GE-200 

respectively. And the compressive strength at 80% compressive strain of GE-1000 is 0.44 

kPa, which is 20% and 75% higher than that of GE-500 and GE-200, respectively. We have 

also analysed the density-modulus relationship between GEs annealed at different 

temperatures. As shown in Figure 3d, the modulus of GE-200 shows a significant drop at the 

density range lower than 0.5 mg/cm3. Thus, the extremely low density GE-200s were unable 

to follow the relationship of E~ρ2. In comparison, the GE-1000s still maintained the similar 

density-modulus relationship of E~ρ2 at the low density range (< 0.5 mg/cm3). These results 

suggest the strength and modulus of the graphene struts are much improved by the annealing 

process. Strong intersheet interactions within the graphene struts are crucial for realising 

improved compressibility, especially at extremely low density range (< 0.5 mg/cm3). We 

speculate that the strengthened graphene struts provide a strong recovery force to overcome 

the van der Waals adhesions when they are tightly squeezed together and further minimize 

the fracture of the network under extreme compression.[2c, 7]  

The importance of the annealing process for enabling super-compressibility of GEs can be 

further confirmed by the analysis of their energy loss coefficient. The energy dissipation 

during compression of GE occurs mainly through two mechanisms: the friction induced by 

sliding between graphene sheets in the struts and the permanent fracture of the struts.[2c, 7]  As 

shown in Figure 3c, the energy loss coefficient of the GE-1000 was much smaller than that 

of GE-500 and GE-200. This result is indeed in agreement with the speculation that the 

enhanced intersheet interactions sheets within GE-1000 would alleviate the chance of 

intersheet sliding and permanent deformation of the struts. Additionally, the less energy 

dissipation during the compression process suggests that more energy was stored as elastic 

energy, facilitating the recovery of GE from an extreme compression strain.  



     

 

Figure 3. Mechanical characterization of the annealed GEs. (a) Compressive strength, (b) Young’s modulus and 

(c) energy loss coefficient of GE-200, GE-500 and GE-1000 for the first 10 compression cycles of GEs at 80% 

strain. (d) The relationships between Young’s modulus and the density of the GE-200, GE-500 and GE-1000. 

To further investigate the structural integrity of extremely low density GEs loaded with 

solvents, we examined their solvent adsorption behaviour and capacity for different solvents. 

In general, the low density foam material shows high absorption capacity, as the adsorption 

capacity (Q) is defined by the ratio between weight of the foam materials before and after 

adsorption (Q=Wf/Wo, where Wo is the original weight of the foam and the Wf is the final 

weight of the foam with absorbed solvent). Nevertheless, because the mechanical property of 

the cellular materials is reduced significantly with density (Young’s modulus generally 

exponentially decreases with density),[1] the extremely low density foams are often too weak 

to support the weight of absorbed solvents, leading to the collapse of the network and also 

reduced adsorption capacity. For comparison, GE-200 and GE-1000 with a similar density of 

0.70 mg/cm3 were tested by adsorption of different organic solvents. The GE-200 exhibited a 

poor loading capacity on viscous and heavy solvents (see Figure S6), which is consistent 

with its lower mechanical strength and poorer elasticity. In contrast, GE-1000 can maintain 

its bulk structure under saturated absorption of different solvents, resulting in a linear 

relationship between the adsorption capacity and the density of different solvents (Figure 



     

4a). Thus, the GE-1000 has a much higher adsorption capacity than GE-200. To the best of 

our knowledge, GE-1000 showed highest adsorption capacity for chloroform among the 

existing foam materials (Figure 4b).  

 

Figure 4. Unique features of extremely low density GEs. (a) The adsorption capacity of the GE-200 and GE-

1000 for a range of solvents with different densities, including hexane, ethanol, pump oil, chloroform and 

propylene carbonate. (b) Comparison of adsorption capacity of chloroform for several reported high-

performance absorbing materials, including GE-1000, 3D bonded graphene sponge[5e], graphene/CNT aerogel[8], 

enhanced graphene foam[9], CNT sponge[10] and carbon microbelt aerogel[11]. (c) Piezoresistive response of GE-

1000 and GE-200. The slope of each curve indicates the sensitivity of GE to pressure. The steeper slope of GE-

1000 suggests its higher sensitivity than that of GE-200. (d) Comparison of sensitivity of recent reported elastic 

carbon foam-based pressure sensors, including GE-1000, graphene elastomer[6b], carbonaceous aerogel[4b], laser-

scribed graphene foam[12] and graphene-polyurethane sponge[13]. (e, f) GE-1000 cube with an edge length of 10 

mm and density of 0.18 mg/cm3 under a touch light, e) light off and f) light on. 



     

We have also examined the electromechanical and optical properties of the extremely low 

density GEs. It has been previously reported that the electrical resistance of elastic graphene 

cellular materials will change with pressure.[2c, 6b, 12-13] The GE-1000 exhibits extremely low 

modulus and yet maintain good compressibility and electrical conductivity, highly promising 

for high sensitivity pressure sensors. Indeed, our experiments reveal that the sensitivity of the 

GE-1000 with a density of 0.25 mg/cm3 (calculated from the linear section of the pressure-

current curve) is 15 kPa-1, much higher than that of GE-200 and other existing elastic carbon 

foam-based pressure sensors (see Figure 4c and d). The ultrahigh sensitivity is originated 

from its extremely low modulus GE-1000, which makes it possible to be deformed under a 

very small pressure, leading to the large change of resistance. Additionally, given that the 

GEs contains a very small amount of graphene, the GE was found to transmit light rather well 

(Figure 4e and f). This is because the ultralow density GE possesses extremely low volume 

fraction of the graphene and highly porous network structure, allowing transmittance of the 

light. To our knowledge, this is the first demonstration that such a large block of graphene 

foam (10 mm x 10 mm x 10 mm) can be made translucent.   

Additionally, we have found that this simple interaction enhancement strategy can be further 

used to improve the mechanical resilience of other graphene foams. GO foams prepared by 

freeze-casting of GO dispersion were previously reported to have little compressibility due to 

their random hierarchical structure.[2c] We found that the compressibility of the GO foams 

could be greatly improved by annealing them at high temperature. The sample annealed at 

1000 °C was able to fully recover from the 50% compressive strain while the one annealed at 

200 °C was permanently deformed under the same compression condition (see Figure S7). It 

is worth noting that the GO foam annealed at 1000 °C was permanently damaged when 

compressed over 50%, indicating that the proper engineering of both the intersheet 

interactions and the hierarchical assembly structure is crucial to realise super-compressibility 

for graphene foams. 

In summary, we have designed a simple strategy to investigate the role of intersheet 

interactions in the formation of low-density of graphene-based cellular materials and 

discovered that the density limit of mechanically resilient cellular materials can be further 

pushed down as low as 0.16 mg/cm3 via thermal annealing. The resultant extremely low 

density cellular elastomers exhibited a range of unprecedented properties, including ultrahigh 

solvent adsorption capacity, ultrahigh piezoresistive sensitivity, and light transmitting 



     

properties. This work demonstrates that coupling the architecture design with intersheet 

interaction engineering provides an effective approach to fabricate extremely low-density yet 

super-compressible metamaterials. 

 

Experimental Section 

Fabrication of high temperature annealed GEs and GO foams: The GEs were fabricated by 

using a freeze-casting process we reported previously[2c]. The graphene oxide dispersions 

were fabricated using a modified Hummers method and further dispersed using a bath 

sonicator (Branson, B2500R). In a typical fabrication procedure for GE samples, 1.5 ml of 

graphene oxide dispersion was mixed with ascorbic acid (1:2 weight ratio) in a cylindrical 

glass tube. The mixture was then placed in a boiling water bath for 30 min to partially reduce 

the graphene oxide. The glass tube was further placed in a dry ice bath for 30 min to freeze 

the mixture. After being thawed at the ambient condition, the mixture was then placed in a 

boiling water bath for additional 4 hr to further reduce the graphene oxide. The resultant 

graphene hydrogel was then subjected to dialysis and freeze drying. The obtained GEs were 

annealed at different temperatures in air (≤ 200 °C) or in argon (>200 °C). The GE cube used 

for light transmission experiments was cut with a laser cutter. 

The GO foams were fabricated using a direct freeze-casting process. Typically, a 1.5 ml 

graphene oxide dispersions (5 mg/ml) was put in a glass tube and placed in a dry ice bath for 

30 min to freeze the dispersion. The frozen dispersion was directly freeze dried. The resultant 

foams were then annealed at different temperatures in air (≤ 200 °C) or in argon (>200 °C).  

Characterization: The dimensions and weight of graphene foams were determined with a 

vernier (Stamvick) with an accuracy of 0.01 mm and a balance (AND GH-252) with an 

accuracy of 0.01 mg. Following the standard practice in the field of cellular materials,[2b] the 

density of the monoliths was calculated by the weight of the solid content without including 

the weight of air entrapped (as the samples were weighted in air, the weight of air was 

extracted). 

The SEM images were obtained using a JOEL 7001F SEM. The XRD patterns were recorded 

on a Bruker D8 Advance eco (40 kV, 25 mA, Cu Kα radiation, λ=1.5418 Å). The data were 

collected from 20º to 30º with a step size of 0.02º and scan rate of 2 seconds per step. For 

compression tests, the GEs were prepared in the cylindrical shape (~12 mm in diameter and 8 



     

mm in height). The compression tests were performed on an Instron (MicroTester, 5848, 

Instron) using a 10 N load cell in the strain control mode. To measure the loading capacity of 

the GE for various solvents, GEs were placed inside the solvents for a period of time (~1 

min) and then were taken out for measurements. The weights of GE before and after 

absorption were measured for calculating the loading capacity.  
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