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Tables and Figures

Characterization of Graphene Oxide

Figure S1. Atomic force microscopy (AFM) image (a) and its corresponding height profile 

(the dotted line) (b) show that the graphene oxide (GO) sheets are monolayer (~ 0.8 nm thick) 

with the average size less than 5 μm.
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Images of t-GA-500 with Different Shapes

Figure S2. Digital images of t-GA-500 with different shapes.
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SEM Images of GA and t-GA-500

Figure S3. SEM images of GA (a) and t-GA-500 (b) at high magnification.
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The Ratios of the Density of GA after annealing at 500 °C to that of GA
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Figure S4. The ratios of the density of t-GA-500 to that of GA. It can be seen that after 

thermal-treatment, the density of t-GA-500 decreased by about 30 percent. The densities of t-

GA-500 and GA are obtained from the data shown in Figure 1f.
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The Densities of GA and t-GA-500 as a Function of GO Concentration
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Figure S5. The densities of GA and t-GA-500 as a function of GO concentration.
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Cyclic Compressive Tests of t-GA-500 with the Increasing Strains 
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Figure S6. The stress-strain curve of t-GA-500 (6.7 mg cm-3) at different compressive strains. 

Compared to stress-strain curve with 20% strain, the slope of stress-strain curve with 40% 

strain decreased slightly, indicating that slight damage of the graphene network structures 

during compression at 20% strain.
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Compressive Stress-Strain Curves of GA with the Strain of 90%

Figure S7. Compressive stress-strain curves of GA of 10 cycles of loading (black lines) and 

unloading (orange lines) with the maximum strain of 90%.
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Physical Properties of t-GA-500 with Different Densities

Table S1. Physical properties of t-GA-500 with different densities in the first compression 

cycle. The compression tests was performed using the ARES-G2 with a 20 N force sensor.

Density 
[mg cm-3]

Young’s modulus
[MPa]

Compressive strength at 80% 
strain [MPa]

Compressive strength at 90% 
strain [MPa]

4.1 0.022 0.025 0.038

4.5 0.032 0.028 0.064

5.0 0.032 0.035 0.096

5.8 0.048 0.042 0.117

6.0 0.057 0.042 0.125

6.3 0.050 0.047 0.129

6.8 0.083 0.059 0.157

7.0 0.062 0.054 0.145

7.4 0.071 0.061 0.178

7.5 0.093 0.073 0.180

7.9 0.094 0.072 0.190
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The Dependence of Compressive Stress and Young’s Modulus on Density

Figure S8. The mechanical properties of t-GA-500 in this work compared with other 

graphene-based aerogels: (a) comparison of the ultimate compressive stress at 80% strains, (b) 

comparison of the Young’s modulus. 
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Compressive Stress-strain Curves of t-GA-500 at Different Compress/release Rates
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Figure S9. The stress-strain curves of t-GA-500 at different compress/release rates. The 

crossover in the stress-strain curves when the strain exceeded 99% was induced by fast 

compressive rates (50 mm/min) and grow bigger with the increasing of compressive rates.
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SEM and HRTEM Images of t-GA-500 with Different Densities

Figure S10. SEM (left) and HRTEM (right) images of t-GA-500 with a density of ~2 (a), ~4 

(b), ~6 (c) and ~8 mg cm3 (d). The thinkness of cell wall of t-GA-500 was directly measured 

by using HRTEM technique. And the number of graphene layers obtain from HRTEM images 

are consistent with the values which are the thinkness of cell wall divided by the average d-

spacing obtained from the XRD spectra (Figure 1e). T-GA-500 with the density of ~2 mg cm3 

had thinner cell walls (~15 layers) which were composed of lesser graphene sheets than those 

of t-GA-500 (the cell walls composed of above 20 layers) with high density (4~8 mg cm3). 

Therefore, the network structures of the t-GA-500 (~2 mg cm3) were easily broken due to 

thinner cell walls during severe compression. 
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The SEM Images of GA after the Ultimate Compression (100,000 N, 60 min)

Figure S11. SEM images of GA after the ultimate compression (100,000 N, 60 min) and the 

selected area (red square) was enlarged.
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The SEM Images of t-GA-500 after the Ultimate Compression (100,000 N, 60 min)

Figure S12. SEM images of t-GA-500 after the ultimate compression (100,000 N, 60 min) 

and the selected area (red square) was enlarged.
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Schematic Illustration of the t-GA-500 and Lead-Tin Alloy during the Compress/release 

Cycle

Figure S13. The illustration of the t-GA-500 and lead-tin alloy deformation during the 

ultimate compress/release cycle. The thickness of t-GA-500 under 100,000 N was measured 

according to the average thickness of lead-tin alloy foils.

The Thickness and Maximum Strain of t-GA-500 during the Extreme Compression
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Table S2. The thickness and maximum strain of t-GA-500 during the extreme compression 

(100,000 N, 60 min).

Sample Density
[mg cm-3]

Height
[mm]

Thickness a) 
[mm]

Maximum strain 
[%]

t-GA-500 7.4 11.08 0.035 99.7

t-GA-500 5.8 11.68 0.025 99.8

t-GA-500 6.0 11.72 0.037 99.7

t-GA-500 5.8 12.80 0.023 99.8

t-GA-500 4.5 12.04 0.024 99.8

t-GA-500 4.5 11.85 0.022 99.8

a) The thickness of t-GA-500 during the extreme compression (100,000 N for 60 min) was measured by the 
average thickness of three lead-tin alloy foils.

Physical Properties of t-GA-500 Compared with Other Superelastic Graphene Aerogels
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Table S3. Compressive properties of other reported superelastic graphene aerogels, the 

maximum strain, maximum stress, and the maximum stress normalized by density.

Sample Density
[mg cm-3]

Maximum
strain [%]

Ultimate stress
[MPa]

Ultimate stress / 
Density

[MPa / mg cm-3]

Ref

Graphene monolith 5.1 80 0.019 0.004 S1

G1P1-f 5.8 80 0.044 0.008 S2

Nanocarbon aerogel 
complexes

~5 80 0.003 0.001 S3

RF–GO–metal compressible 
aerogel

31.2 80 0.09 0.003 S4

Carbonaceous nanofibers 
aerogel

21.34 80 0.078 0.004 S5

rGO-porous network 11 80 ~0.13 0.012 S6

Graphene-coated nanotube 
aerogel

14 80 ~0.3 0.020 S7

Graphene aerogels ~16 90 0.017 0.001 S8

Ultralight graphene aerogels 
(ULGAs)

~3 90 0.02 0.007 S9

C-G Monolith 13.8 90 0.105 0.008 S10

Graphene / CNTs hybird 
foams ~8 90 ~0.072 0.009 S11

Fe3O4/graphene aerogels 5.8 95 0.01 0.002 S12

Graphene aerogels 10 95 0.028 0.003 S13

3D graphene 3.3 95 ~3 0.909 S14

Graphene sponge ~1 98 0.085 0.085 S15

Graphene Metamaterial 8 99 0.7 0.088 S16

NDGA 9.25 99 1.5 0.162 S17

SGF-0.3 25.45 99 5.4 0.212 S18

t-GA-500 a) 7.6 99.0 31.16 4.10 This work

t-GA-500 a) 6.3 99.2 32.89 5.22 This work

t-GA-500 a) 5.4 99.5 39.96 7.40 This work

t-GA-500 a,b) 6.8 99.6 57.12 8.40 This work

t-GA-500 a) 5.2 99.6 36.76 7.07 This work

t-GA-500 a) 4.3 99.7 35.91 8.35 This work

t-GA-500 c) 7.4 99.7 d) 725 98 This work

t-GA-500 c) 5.8 99.8 d) 647 112 This work

t-GA-500 b,c) 6.0 99.7 d) 1047 174 This work

t-GA-500 b,c) 5.8 99.8 d) 1057 182 This work

t-GA-500 c) 4.5 99.8 d) 609 135 This work
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t-GA-500 c) 4.5 99.8 d) 649 144 This work

a)The compression test for t-GA-500 was carried out under the maximum weight of 5000 N.
b) t-GAs cube samples (height: 1.0~1.5 cm, side length: ~1.0 cm).
c)The compression test for t-GA-500 was carried out under the maximum weight of 100,000 N.
d)The thickness of t-GA-500 during the extreme compression (100,000 N for 60 min) was measured by the average thickness of 
lead-tin alloy foils (The specific illustration was shown in Figure S12).

Physical Properties of t-GA-500 Compared with Other Elastic Porous Materials
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Table S4. Compressive properties of other reported elastic porous materials, the maximum 

strain, maximum stress, and the maximum stress normalized by density.

Sample Density
[mg cm-3]

Maximum
strain [%]

Ultimate 
stress [MPa]

Ultimate stress / Density
[MPa / mg cm-3]

Ref

Silsesquioxane aerogel 64 56 0.038 0.0006 S19

Silsesquioxane aerogel 74 65 0.162 0.0021 S19

Silsesquioxane aerogel 85 62 0.212 0.0025 S19

SiO2 aerogel 1.5 80 0.00135 0.0009 S20

SiO2 aerogel 5.0 80 0.00433 0.0009 S20

Ternary silicone sponge 104.7 80 0.145 0.0014 S21

Ni foam 14 50 0.0111 0.0008 S22

Ni foam 43 50 0.143 0.0033 S22

Ni-P foam 10.2 50 0.109 0.0107 S23

Al foam 12 50 1.2 0.1 S24

PVA/Cellulose nanofibril aerogel 16 85 0.24 0.015 S25

Chitosan aerogel 20 50 0.044 0.0022 S26

Bacterial cellulose aerogel 6.69 95 0.125 0.0187 S27

Bacterial cellulose aerogel 6.77 95 0.138 0.0204 S27

Bacterial cellulose aerogel 6.75 95 0.152 0.0225 S27

Epoxy/graphene oxide (97/3) aerogel 90 99.2 0.021 0.0002 S28

Epoxy/graphene oxide (95/5)  aerogel 89 99.5 0.065 0.0007 S28

Epoxy/graphene oxide (93/7) aerogel 93 99.6 0.148 0.0016 S28

Epoxy/graphene oxide (91/9) aerogel 92 99.6 0.231 0.0025 S28

PAA(20%)/graphene aerogel 5.3 80 0.034 0.00657 S29

PAA(30%)/graphene aerogel 6.4 80 0.041 0.00641 S29

PAA(50%)/graphene aerogel 6.7 80 0.058 0.00867 S20

Graphene-wrapped melamine sponge 10 75 0.030 0.003 S30

Polyurethane/graphene aerogel 24.6 80 0.145 0.0059 S31

CNT sponge 11.88 80 0.115 0.0097 S32

Aerogel with sacrificial template of PU 4.8 50 0.002 0.00042 S33

Aerogel with sacrificial template of 
melamine foam

3.3 95 0.134 0.041 S34

Aerogel with sacrificial template of 
melamine foam

4.5 95 0.192 0.043 S34

Aerogel with sacrificial template of 
melamine foam

6.1 95 0.324 0.053 S34
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Aerogel with sacrificial template of 
melamine foam

7.4 94 0.54 0.073 S34

Aerogel with sacrificial template of PU 8.8 80 0.00004 0.000005 S35

Aerogel with sacrificial template of 
melamine foam

16.3 90 0.7 0.043 S36

Aerogel with sacrificial template of Ni 
foam

5.5 40 0.000013 0.0000024 S37

t-GA-500 a) 7.6 99.0 31.16 4.10 This 
work

t-GA-500 a) 6.3 99.2 32.89 5.22 This 
work

t-GA-500 a) 5.4 99.5 39.96 7.40 This 
work

t-GA-500 a,b) 6.8 99.6 57.12 8.40 This 
work

t-GA-500 a) 5.2 99.6 36.76 7.07 This 
work

t-GA-500 a) 4.3 99.7 35.91 8.35 This 
work

t-GA-500 c) 7.4 99.7 d) 725 98 This 
work

t-GA-500 c) 5.8 99.8 d) 647 112 This 
work

t-GA-500 b,c) 6.0 99.7 d) 1047 174 This 
work

t-GA-500 b,c) 5.8 99.8 d) 1057 182 This 
work

t-GA-500 c) 4.5 99.8 d) 609 135 This 
work

t-GA-500 c) 4.5 99.8 d) 649 144 This 
work

a)The compression test for t-GA-500 was carried out under the maximum weight of 5000 N.
b) t-GAs cube samples (height: 1.0~1.5 cm, side length: ~1.0 cm).
c)The compression test for t-GA-500 was carried out under the maximum weight of 100,000 N.
d)The thickness of t-GA-500 during the extreme compression (100,000 N for 60 min) was measured by the average thickness of 
lead-tin alloy foils (The specific illustration was shown in Figure S12).

TGA Curves of GA Annealed at Different Temperature



22

Figure S14. TGA curves of GA in a nitrogen atmosphere. (a) The heating and isothermal 

programming. GA was heated from 50 to 1000 °C at a heating rate of 10 °C min-1 under a N2 

atmosphere and annealed at 300, 400, 500, 700, 900, and 1000 °C for 1 h, respectively; (b) 

TGA curves of GA changed with temperature; (c) TGA curves of GA changed with time.

The Densities of GA and t-GA-(300~1000)
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Figure S15. (a) The densities of GA before and after the annealing at 300~1000 °C; (b) The 

ratios of density of GA after the annealing at 300~1000 °C to that of GA. The ratios were 

calculated by the density of GA after the annealing at 300~1000 °C devided to that of GA in 

the Figure (a).

Compressive Stress-strain Curves of t-GA-(300,400,700,900,1000) with the Strain of 90%
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Figure S16. Compressive stress-strain curves of 10 cycles of loading (black lines) and 

unloading (orange lines): (a) t-GA-300; (b) t-GA-300 (the enlarged image at low stress area); 
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(c) t-GA-400; (d) t-GA-400 (the enlarged image at low stress area); (e) t-GA-700; (f) t-GA-700 

(the enlarged image at low stress area); (g) t-GA-900; (h) t-GA-900 (the enlarged image at low 

stress area); (i) t-GA-1000; (j) t-GA-1000 (the enlarged image at low stress area).

XPS Analysis of GA and t-GA-(300~1000)
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Figure S17. XPS spectra for C1s of the GA (a), t-GA-300 (b), t-GA-400 (c), t-GA-500 (d), t-

GA-700 (e), t-GA-900 (f), and t-GA-1000 (g). Inset: the C/O mole ratio.

Elemental Analysis of GA and t-GA-(300~1000)
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Table S5. Elemental analysis results of GA and t-GA-(300~1000). The data of element type 

and content come from XPS analysis (Figure S16).

Sample C (wt%) O (wt%) N (wt%) C/O (atomic ratio)

GA 84.79 15.56 0.65 5.38

t-GA-300 87.68 11.85 0.47 7.40

t-GA-400 90.21 9.28 0.51 9.72

t-GA-500 90.69 8.63 0.68 10.51

t-GA-700 92.19 7.48 0.33 12.32

t-GA-900 93.65 5.94 0.41 15.76

t-GA-1000 94.98 4.64 0.38 20.47

N2 Adsorption-desorption Isotherms of GA and t-GA-(300~1000)
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Figure S18. N2 adsorption-desorption isotherms of GA (a), t-GA-300 (b), t-GA-400 (c), t-

GA-500 (d), t-GA-700 (e), t-GA-900 (f), and t-GA-1000 (g).

The Porosity Data of GA and t-GA-(300~1000)



29

Table S6. Specific surface area, pore size, and pore volume of the GA and t-GA-(300~1000). 

Sample Specific surface area
[m2 g-1]

Pore size
[nm]

Pore volume
[cm3 g-1]

GA 22.1 7.8 0.07

t-GA-300 26.2 8.2 0.09

t-GA-400 36.4 7.7 0.10

t-GA-500 31.5 11.4 0.14

t-GA-700 30.9 10.3 0.15

t-GA-900 37.6 10.1 0.18

t-GA-1000 32.2 9.3 0.12

Schematic Illustration of the GA before and after Compression
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Figure S19. Schematic illustration of the GA inside deformation during the ultimate 

compress/release cycle. Insert: the XRD pattern and HRTEM image for the GA (the XRD 

pattern for t-GA-500: dashed line).

Methods

1. Materials
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Graphite powder was obtained from Qingdao Henglide Graphite Co., Ltd. (China). 

Acrylamide (AAm) and potassium peroxydisulfate (KPS) were provided by Xilong Chemical 

Co., Ltd. (China). Methylene-bis-acrylamide (MBAA), and ascorbic acid were purchased 

from Sinopharm Chemical Reagent Co., Ltd. (China). KMnO4, concentrated H2SO4 (98%), 

concentrated hydrochloric acid (36-38%), and hydrogen peroxide (30%) were purchased from 

Beijing Chemical Factory (China). A dialysis bag (molecular-weight cut off of 14,000) was 

purchased from Beijing Jingke Hongda Biotechnology Co., Ltd. (China).

2. Sample Preparation

Preparation of GO

GO was synthesized from natural graphite powder using a modified Hummers’ method.[S16] 

The graphite powder (10 g) was added to an 80 °C solution of concentrated H2SO4 (60 mL), 

K2S2O8 (5 g), and P2O5 (5 g). The resulting dark-blue mixture was thermally isolated and 

allowed to cool to room temperature over a period of 6 h. The mixture was then carefully 

diluted with distilled water, filtered, and washed on the filter until the pH of the rinsing water 

became neutral. The product was dried in air at the ambient temperature overnight. This pre-

oxidized graphite was then subjected to oxidation by Hummers’ method. The oxidized 

graphite powder (10 g) was placed into the cold (0 °C) concentrated H2SO4 (460 mL). 

KMnO4 (30 g) was added gradually with stirring and cooling so that the temperature of the 

mixture never exceeded 20 °C. The mixture was then stirred at 35 °C for 2 h, and distilled 

water (460 mL) was added. After 15 min, the reaction was terminated by the addition of a 

large amount of distilled water (1.4 L) and a 30% H2O2 solution (25 mL), after which the 

color of the mixture changed to bright yellow. The mixture was filtered and washed with a 

1:10 HCl solution (2.5 L) in order to remove the metal ions. The GO product was suspended 

in distilled water to form a viscous, brown dispersion, which was subjected to dialysis to 

completely remove the metal ions and acids. The concentration of the GO solution was 

adjusted to 2~10 mg mL-1 before it was treated by ultrasonication for 2 h for further 

experiments.

Physical Characterizations

1. Atomic Force Microscope (AFM)

Atomic force microscopy (AFM) images were recorded under ambient conditions using a 

Digital Instrument Multimode Nanoscope IIIA operating at a tapping mode. Samples were 
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prepared by spin-coating a dispersion of GO in water (0.3 mg mL-1) onto a freshly cleaved 

mica surface. The average size of the GO sheets is less than 5 µm and the height difference 

between the steps is ∼0.8 nm (Figure S1), representing the typical height of an individual GO 

sheet.

2. Scanning Electron Microscopy (SEM)

SEM images were obtained on a field-emission scanning electron microscope (S4800, 

Hitachi, Japan) using an accelerating voltage of 10 kV (Figures 1b, 3a, 5; Figures S3 and 

S10-S12). All samples were spray-coated with a thin gold layer in vacuum prior to the SEM 

observations. 

3. Transmission Electron Microscopy (TEM) 

High-resolution transmission electron microscopy (HRTEM) images were obtained using 

TEM instruments (JEM-2100, JEOL, Japan) operated at an accelerating voltage of 200 kV 

(Figures 1c and 6; Figures S10 and S19). 

For observing the cell walls of graphene aerogels, a piece of graphene aerogel was scraped 

by copper grid for three times and the TEM and HRTEM analysis were taken.

4. X-Ray Diffraction (XRD)

X-ray diffraction (XRD) patterns were recorded using a Rigaku D/MAX-RB diffractometer 

(40 kV, 30 mA) with Cu-Kα radiation with a scanning rate of 3 ° min-1 for 2 θ from 10 ° to 40 

° (Figures 1d, 4c, 6; Figure S19).

5. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) measurements were carried out with an 

ESCALab220i-XL photoelectron spectrometer from VG Scientific (Figure 1e; Figure S17; 

Table S5).

6. Thermal Gravimetric Analysis (TGA)

Thermal gravimetric analysis (TGA) was carried out using a thermogravimetric analyzer 

(Pyris 1, PerkinElmer, USA) from 50 to 700 °C at a heating rate of 10 °C min-1 under a N2 

atmosphere (Figure 1g). The sample was heated from 50 to 1000 °C at a heating rate of 10 °C 

min-1 under a N2 atmosphere and annealed at 300, 400, 500, 700, 900, and 1000 °C for 1h, 

respectively (Figure S14). Before the measurements, all samples were dried in vacuum at 50 

°C for 12 h.

7. Measurements of Nitrogen Sorption 
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Nitrogen sorption measurements were performed with a Micromeritics TriStar II 3020 

ASAP (Micromeritics, USA) to obtain pore properties such as the BET-specific surface area, 

pore size distribution, and total pore volume (Figure S18 and Table S6). Before measurement, 

the sample was outgassed under vacuum at 100 °C for 10 h until the pressure less than 0.665 

Pa.

8. Compression Testing
The compressive tests (90% strain) were performed with a rheometer (ARES-G2, TA 

Instruments, USA) using a 20 N load cell in the axial-compression testing mode at a strain 

rate of 10 mm min-1. The cyclic compressions were conducted at room temperature (Figures 

2a-c; Figures S6, S7, and S16; Table S1; Movies S1 and S2). The compression tests were 

performed under different temperatures (low temperature (-150 °C in N2), room temperature 

(20 °C), and high temperature (450 °C in N2), respectively) (Figure 2d).

The compressive tests (above 99% strain) were performed in an Instron (3365, Instron, 

USA ) using a 5000 N load cell in the axial-compression testing mode at a strain rate of 10 

mm min-1 (Figures 2e-f and Figures 3b-g; Tables S3 and S4; Movie S3) and different strain 

rate (1 mm~300 mm min-1) (Figure S9).

The compressive tests (above 99.8% strain) were performed in a mould pressing machine 

(FM450, Beijing Future Material Sci-tech Co., Ltd, China) under 100,000 N for 60 min 

(Figure 3; Tables S3 and S4). Here, we choose the lead-tin alloy with good ductility and 

deformability to measure the thickness of t-GA-500 during compression test. As shown in 

Figure S13, t-GA-500 (height: 1.3 cm, diameter: 1.2 cm) and three little pellets (diameter: 

~0.5 mm) of lead-tin alloy were put around the t-GA-500 on the cylindrical molds (height: 0.5 

cm, diameter: 6.0 cm) and the molds were compressed under 100,000 N for 60 min. After 

compression, t-GA-500 recover into its original shape and the lead-tin alloy little pellets 

became thin foils. We could get the thickness of t-GA-500 during the compression according 

to the average thickness of lead-tin alloy foils. The thicknesses and maximum strains of t-GA-

500 during the extreme compression (100,000 N, 60 min) are listed in Table S2. And the 

ultimate stress of t-GA-500 during the compression (100,000 N) is calculated by the loading 

and cross-sectional area of sample and are listed in Tables S3 and S4.

9. Measurements of Electrical-Conductivity 

The electrical conductivity of samples were measured by a two-point probe (Keithley 2000, 

Keithley, USA) at room temperature (Figures 4e-f). To optimize the electrical contact 

between the copper wires and the sample, both ends of the sample were carefully coated with 

a thin layer of silver paste.
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