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 ABSTRACT 

Graphene aerogels are desirable for energy storage and conversion, as catalysis

supports, and as adsorbents for environmental remediation. To produce graphene

aerogels with low density, while maintaining high electrical conductivity and

strong mechanic performance, we synthesized graphene aerogels by the

magnesiothermic reduction of a freeze-dried graphene oxide (GO) self-assembly

and subsequent etching of the formed MgO in acid solution. The reduced

graphene oxide (rGO) aerogel samples exhibited densities as low as 1.1 mg·cm–3.

The rGO aerogel was very resilient, exhibiting full recoveryeven after being

compressed by strains of up to 80%; its elastic modulus (E) scaled with density

() as E~2. The rGO aerogels also exhibited high conductivities (e.g., 27.7 S·m–1 at

3.6 mg·cm–3) and outperformed many rGO aerogels fabricated by other reduction

processes. Such outstanding properties were ascribed to the microstructures

inherited from the freeze-dried GO self-assembly and the magnesiothermic 

reduction process. 

 
 

1 Introduction 

Graphenes are layers of sp2 bonded carbon atoms 

with a hexagonal arrangement, including single layer, 

few-layer, and multilayer graphenes [1–3]. They exhibit 

outstanding intrinsic mechanical, physical, and chemical 

properties[4–6]. For example, graphene has an ultra- 

high modulus (1 TPa) and electron mobility (2.5 ×  

105 cm2·V–1·s–1) [7, 8]. However, the restacking and 

poor dispersion of graphenenanosheets sometimes 

limits their viability in practical applications [7]. To 

overcome this, three-dimensional (3D) networks, or 

graphene aerogels (sponges), have been designed 

and fabricated for use in a variety of applications such 

as energy storage and conversion, catalysis supports, 

and adsorbents for environmental remediation [9–16]. 

The challenge in synthesizing graphene aerogels lies 

in achieving a low density while maintaining the 

high conductivity and strong mechanical properties 

inherited from graphenenanosheets. So far, the most 

common method for synthesizingsuch aerogels is the 

reduction of graphene oxide (GO), the most popular  
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precursor of graphenes [13, 14, 17–21]. Graphene 

aerogels were formed either by reduction of a GO 

assembly from freeze/critical-point drying or by in-situ 

self-assembly during the reduction of GO nanosheets, 

with reducing agents such as hydrazine and ascorbic 

acid [10, 13, 17]. Due to the nature of low-temperature 

reduction using these reducing agents, such graphene 

aerogels exhibited a low C/O ratio and moderate 

conductivity and mechanical properties, although low 

density was achieved [17]. High-temperature reduction 

of GO could achieve a higher C/O ratio; however, it 

has not proven to be feasible for the reduction of a GO 

assembly in general because of the release of gas during 

heating, which results in a broken structure [22]. To 

obtain graphenes with high conductivity (87S·m–1 at 

10 mg·cm–3), GO nanosheets had to be cross-linked 

with resorcinol-formaldehyde resin before being 

pyrolyzed in N2 at 1,050 °C [19]. Recently, Mg vapor was 

found to act as a powerful agent for reducing silicon 

oxide preforms into silicon replicas while preserving 

their microstructures [23, 24]. However, to the best of 

our knowledge, Mg vapor as a reducing agent has not 

been used on GO self-assemblies. Herein, we report 

on a process involving a magnesiothermic reaction  

at 700 °C to reduce freeze-dried GO self-assemblies 

into graphene aerogels with a densities as low as 

1.1 mg·cm–3. The reduced graphene oxide (rGO) aero-

gels also exhibited high conductivities (e.g., 27.7 S·m–1 

at 3.6 mg·cm–3) and good mechanical properties (e.g., 

the maximum stress level was only reduced by 20% 

after 1,000 compression cycles). In other words, their 

performance was superior to that of graphene aerogels 

fabricated by other reduction processes. 

Figure 1 illustrates the synthesis process of the rGO 

aerogel. GO nanosheets (Fig. S1) with a uniform 

thickness of ~1.0 nm were synthesized via a modified 

Hummer’s method [25, 26]. Their aqueous dispersion 

(Fig. 1(a)) was then freeze-dried into a cylindrical, grey- 

colored GO self-assembly (Fig. 1(b)) with a density of 

4.5 mg·cm–3. After magnesiothermic reduction at 700 °C 

for 5 h, and subsequent acid etching and freeze-drying, 

the self-assembly’s color turned to black, while 

preserving the cylindrical morphology down to minor 

details (e.g., the protrusions formed in freeze-drying 

(Fig. 1(c))). After reduction and acid etching, the density 

was reduced to 1.8 mg·cm–3, with a ~60.0% weight loss. 

By varying the GO concentrations in aqueous dispersion 

through the same process, graphene aerogel with a 

density as low as 1.1 mg·cm–3 was obtained (Fig. S2). 

For comparison, a GO self-assembly was sealed in an 

identical ampoule without magnesium powder and 

directly heated to 700 °C with the same ramping  

rate. This sample was found to have broken (Fig. S3), 

indicating that a pyrolysis process alone may be 

problematic for obtaininggraphene aerogels because 

of considerable gas release. The microstructures of the 

GO and rGO self-assemblies were further examined 

by SEM. The SEM image (Fig. S4) of the GO shows a 

highly interconnected, macroporous cork-like structure 

with a pore size of tens of micrometers. During the 

freezing process, GO nanosheets were expelled from 

the ice crystals to form a cell wall between neighboring 

ice crystals. After the sublimation of ice crystals, macro-

pores were formed. TEM images of the GO (Fig. S5) 

self-assembly after reduction revealed that several 

nanometer MgO nanocrystals were dispersed on the 

graphene nanosheets, indicating that elemental oxygen 

in the GO nanosheets had combined with Mg vapor 

to form MgO. During the acid etching, MgO nano-

crystals were removed. After freeze-drying, the rGO 

aerogels retained the cork-like structure (Figs. 2(a) and 

2(b)) inherited from the GO assembly. Meanwhile, the  

 
Figure 1 Illustration of the synthesis process for graphene aerogels using magnesiothermic reaction. (a) Optical image of an aqueous
GO dispersion. (b) Optical image of a freeze-dried GO self-assembly (left: top view, right: side view. Protrusions were formed during 
freeze-drying). (c) Optical image of rGO aerogel (left: top view, right: side view) after the magnesiothermic reduction of the GO self-
assembly and subsequent acid etching and drying. 
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Figure 2 SEM and TEM characterization of rGO aerogels with a 
density of 1.8 mg·cm–3. (a), (b) Low-resolution and high-resolution 
SEM images of rGO aerogel cross sections, respectively. (c) TEM 
image of rGO exhibiting few-layer morphology. (d) Electron diffrac-
tion pattern of rGO aerogel revealing its hexagonal symmetry. 

walls of the rGO aerogel became nearly transparent 

under electron irradiation, owing to the thin and con-

ductive nature of the nanosheets. This indicated that 

the GO nanosheets were substantially reduced [27]. 

The high-resolution TEM image (Fig. 2(c)) of the rGO 

aerogels revealed that the walls of the rGO aerogels 

were composed of few-layer graphene sheets. Their 

electron diffraction pattern (Fig. 2(d)) shows hexagonal, 

symmetrical spots, also indicating that GO was reduced 

and graphenes were formed [28]. 

The reduction of the GO self-assembly was further 

confirmed by Raman, FTIR, and XPS analyses. The 

Raman spectra (Fig. 3(a)) of GO had a D band at 

1,350 cm–1, with the G band at 1,590 cm–1—a ratio of 

0.89. After the reduction, this ratio increased to 1.2, 

which can be attributed to a decrease in size of the sp2 

domain(commonly observed in reduced GO [29, 30]). 

Figure 3(b) shows the FTIR spectra of a GO self- 

assembly and the rGO aerogel. The intense characteristic 

absorption peaks at 3,370, 1,723, 1,223 and 1,048 cm–1 

were related to vibrations of the O–H, C=O, C–O–C, 

and C–O oxygen-containing groups, respectively [31]. 

After the reduction, such characteristic peaks were 

 

Figure 3 Raman (a) and FTIR (b) spectra of rGO and GO, respectively. XPS spectra of GO self-assembly (c) and rGO aerogels (d), 
respectively. 
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almost completely diminished. This was consistent 

with the XPS analysis (Figs. 3(c) and 3(d)). Before the 

reduction, there were three peaks: 284.6, 286.7, and 

288.0 eV, corresponding to C–C/ C=C, C–O, and C=O 

species, respectively [32]. After the reduction, the 

C=O peak disappeared and the intensity of the C–O 

peak was greatly reduced. The C/O atomic ratio 

increased from 2.0:1 before reduction to 23.4:1 after 

reduction (the C/O atomic ratio was calculated as the 

area ratio under C1s and O1s peaks multiplied by the 

ratio of the relative sensitivity factors of oxygen and 

carbon). Thus, the C/O ratio of graphene aerogels 

produced through magnesiothermic reaction was larger 

than that of most other reduced graphene aerogels 

(Table 1). During the reduction, the magnesium vapor 

reacted with the oxygen-containing groups of GO to 

form graphene, MgO, and possiblygaseous H2/CHx. 

In addition, the heat released in the reaction also 

facilitated the formation of the graphitic structures. 

The above results suggestthat magnesiothermic reaction 

is an effective means for reducing GO self-assemblies 

into graphene aerogels. 

Table 1 Comparison of the C/O ratio of rGO aerogels via various 
reduction methods 

Materials Methods of reduction 
C/O 

atomic 
ratio

Ref.

Self-assembled 
graphene 
hydrogel 

GO self-assembly by 
hydrothermal Reduction 

5.3 9 

Graphene 
aerogel 

GO self-assembly by 
L-ascorbic acid 

6.4 10

Graphene 
sponge 

GO self-assembly by 
hydrothermal treatment with 

the assistance of thiourea 
11.3 14

Graphene 
elestomers 

GO self-assembly by 
ascorbic acid; 

6.1 17

Functionalized 
graphene aerogel 

GO self-assembly by 
ethylenediamine 

2.3 

Ultralight 
graphene aerogel 

Reduced by ethylenediamine 
and heating with microwaves 

23 
18

Chemically 
converted 

graphene xerogel 

GO suspension by 
ahypophosphorous 

acid–iodine 
14.7 20

Macroporous 
graphene 
monoliths 

Reduced by modified 
hydrothermal method 

6.86 21

Graphene 
aerogel 

GO self-assembly by 
magnesiothermic reduction 

23.4 This 
work

Next, the elastic behavior of graphene aerogels was 

evaluated with quasi-static compression tests. During 

these tests, the aerogel samples were placed on com-

pression plates without being glued or otherwise 

attached. Figure 4(a) shows the resulting stress–strain 

curves of rGO aerogels with a density of 1.8 mg·cm–3 

under a strain of ≤50% at a constant loading/ 

unloading speed of 2 mm·min–1 in the 1st, 2nd, 3rd, 10th, 

300th, and 1,000th compression cycles. Two regimes were 

observed in the stress–strain curve in the loading 

branch of the first cycle. The linear-elastic regime 

(ε < 20%), with a modulus of 4.7 kPa, corresponded 

to the elastic bending of the cell walls. This value is 

comparable to those of graphene aerogels reinforced 

with carbon nanotubes with similar densities, but is 

higher than those of graphene elastomers reduced by 

ascorbic acid [13, 17]. In the non-linear regime 

(20% < ε < 50%), the modulus increased with strain. 

This was related to buckling of the cell wall and 

densification of the cell. The stress-strain curves of 

consecutive compression cycles were similar. Such 

behavior was also observed in compression tests of 

nickel microlattices [33–34]. This indicates that the 

microstructure of the graphene aerogel became stable 

and recoverable after the first compression cycle. 

After the 1,000th cycle, the permanent deformation  

of the graphene aerogel was less than 4%, which was 

estimated from the intercept of the unloading curve 

with the strain axis in Fig. 4(a). Moreover, the graphene 

aerogel retained its macroscopic shape (inset in 

Fig. 4(a)). The maximum stress corresponding to 50% 

strain in the 1,000th cycle was only 20% lower than 

the stress in the first cycle. These rGO aerogels even 

endured strains up to 80%. When unloaded, they still 

recoveredtheir original shape (Movie S1).The above 

results indicate an excellent elasticity of such rGO 

aerogels, which may be related to their microstruc-

tural resemblance to cork, which generally enables 

materials to be lightweight and mechanically strong. 

The microstructure inherited from the freeze-dried 

GO assembly was retained during the magnesiothermic 

reaction process. The appearance of hysteresis in the 

stress–strain curves indicated that there was energy 

loss in each compression cycle. The energy loss could 

be ascribed to the debinding process of cell walls that  
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had been adhered by van der Walls forces and 

frictions between the cell walls [17]. The extra energy 

loss in the first cycle (Fig. 4(b)) was due to microcrac-

king in the graphene aerogel. In the following cycles, 

the microstructure of the graphene aerogels became 

stable and the modulus and maximum stress remained 

nearly constant. The modulus derived from the linear 

regime in the stress–strain curves of the aerogels in their 

first cycle is plotted against their densities in Fig. 4(c). 

The modulus increased when densities increased. At 

the higher densities, the cell walls of the graphene 

aerogel consisted of more layers of oriented graphene 

sheets (Fig. S6). Since the bending strength increased 

when the thickness of cell wall increased, the modulus 

of the aerogel increased with density. Unlike the 

modulus of carbon-nanotube foam (proportional to 

3, where  is density), the modulus of rGO aerogel 

was found to be proportional to 2 [35]. Such scaling 

indicated a bending-dominant mechanical behavior, 

which has been observed in nickel micro-lattices, 

cellular materials, and rGO aerogels reduced by ascorbic 

acid [17, 33, 34]. Figure 4(c) also shows an elastic 

modulus comparison between our graphene aerogels 

and graphene aerogels fabricated via other processes; 

our samples’ elastic moduli were higher than many of 

the other graphene aerogels having similar densities. 

Electrical conductivity was measured by a two-probe 

method. Figure 5(a) shows the electrical conductivities 

of rGO aerogels, and other reported carbon-based 

aerogels at various densities for comparison. The 

conductivity of our samples at 3.6 mg·cm–3 was three 

times the value reported in a graphene elastomer with  

 

Figure 4 Mechanical properties of rGO aerogels with a density of 1.8 mg·cm–3 for a loading/unloading rate of 2.0 mm·min–3. (a) Stress–
strain curves of rGO aerogel under a strain of ≤50% for the 1st, 2nd, 10th, 300th, and 1,000th compression cycles (inset, optical images of 
graphene aerogels at initial, compressed, and recovered states). (b) Young’s modulus, maximum stress, and energy loss coefficient for
the first ten cycles. (c) Compression modulus (modulus derived from the linear regime of the stress–strain curves) of graphene aerogels 
with various low densities and a comparison with other carbon-based aerogels. 
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Figure 5 (a) Electrical conductivities of rGO aerogels and other 
carbon-based aerogels at various densities for comparison. (b) 
Electrical conductivities of rGO with various densities versus strain. 

a similar density that had been reduced by ascorbic 

acid, and superior to many graphene aerogels made 

using other processes [13, 17, 18]. This reinforces  

the assumption that GO was highly reduced by the 

magnesiothermic reaction. The conductivity of the 

rGO aerogels also changed with strain or pressure. 

Figure 5(b) shows the conductivity change versus 

strain at various densities. The conductivity changed 

dramatically only for strainsgreater than 40%. This was 

also ascribed to the densification and bridging of cell 

walls under high strain, consistent with its mechanical 

behavior. Such behavior might make it possible for 

synthesized rGO aerogels to be integrated into 

sensorsfor the detection of pressures beyond a specific 

threshold. 

The synthesized graphene aerogelswere also tested 

as binder-free electrodes for lithium-ion batteries. 

The rate capability and cycling performance of these 

electrodesis shown in Fig. S7. Under the specific 

discharge/charge densities of 0.1, 0.2, 0.5, 1, and 2 A·g–1, 

the reversible current capacities were 151.3, 123.4, 98.6, 

86.4, and 72.8 mAh·g–1, respectively. When the specific 

current was reverted to 0.5 A·g–1, these capacities 

increased to 131.7 mAh·g–1 after 100 cycles, which 

might be attributed to the gradual activation of the 

graphene aerogel. This electrochemical performance 

was superior to that observed in binder-freegraphene 

papers [36, 37]. 

In conclusion, highly reduced graphene oxide 

aerogels were successfully fabricated through the 

magnesiothermic reduction of freeze-dried GO self- 

assemblies. These rGO aerogels consisted of a highly 

interconnected, macroporous structure, and exhibited 

excellent mechanical properties as well as densities as 

low as 1.1 mg·cm–3. Additionally, rGO aerogel samples 

with densities of 1.8 mg·cm–3 were fully recovered after 

undergoing strains of up to 80%. After a 1,000-cycle 

compression test, these samples retained their shape 

under stress levels up to 80% of that in the first cycle. 

Their elastic modulus scaled with density as E~2. 

These rGO aerogels also exhibited high conductivities 

(e.g., 27.7 S·m–1 at 3.6 mg·cm–3) and outperformed many 

rGO aerogels fabricated by other processes. Thus, the 

magnesiothermic reduction process, together with 

freeze-drying process, creates a robust, open macro-

porous microstructure with relatively high conductivity. 

This, in turn, makes rGO aerogels promising for many 

applications such as catalysis supports, pressure- 

sensors, and electrode materials. 
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