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Abstract
Graphene is an attractive material for many applications due to excellent inherent properties such as lower density, high 
mechanical strength, higher thermal conductivity, etc. However, it has been used as an additive material due to size limitation. 
To overcome the size limitation without affecting the inherent properties of 2D graphene sheets, researchers have developed 
graphene aerogel (GA) by different synthesis techniques. GA has become an emerging light-weight structure in the group of 
aerogel materials because of various applications. In this review article, the mechanical properties of GA have been discussed 
by considering the structural parameters of GA, such as pore size, graphene sheet alignments, and wall thickness, because the 
mechanical performance of the GA is an important criterion prior to its application in any field. It has also been highlighted 
that the structural parameters can be altered during synthesis to achieve desired mechanical properties. Applications of GA 
have been thoroughly discussed in the field of polymer composites and how GA-polymer structures can help to generate a 
cleaner environment by separating spilled oil from water and removing organic pollutants from water. In addition, potential 
of GA for various other applications with suitable nano material additives have been highlighted.
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Abbreviations
GA	� Graphene aerogel
GO	� Graphene oxide
GH	� Graphene hydrogel
rGH	� Reduced graphene oxide hydrogel.
PDMS	� Polydimethylsiloxane
PDA	� Polydopamine
APTS	� 3-Aminopropyltriethoxysilane
PMMA	� Poly methyl methacrylate
BPA	� Bisphenol A
MO	� Methyl orange
g-C3N4	� Graphitic carbon nitride
DSSC	� Dye sensitized solar cell
PEG	� Polyethylene glycol
COF	� Coefficient of friction

1  Introduction

Graphene is a single atomic layer of carbon that contains 
excellent physical, mechanical, thermal, and electronic 
properties. Graphene was first synthesized in 2004 by the 
scotch tape method [1]. From then, graphene has achieved 
attraction from all the fields, leading to the synthesis of 
graphene by various other methods such as chemical exfo-
liation, mechanical exfoliation, thermal decomposition of 
carbon compounds, and chemical vapor deposition detailed 
in prior review articles [2, 3]. Graphene has superior prop-
erties, which are listed in Table 1 and compared with other 
suitable materials. For example, Young’s modulus of gra-
phene was observed to be ~ 1000 GPa [4], which is five 
times higher than steel. Similarly, thermal conductivity of 
graphene is ~ 5000 W/m/K [5], which is enormously higher 
than that (398 W/m/K) of copper [6]. Graphene also has 
large specific surface area (2600 m2/g) [7].

The direct application of graphene is restricted due to 
its nano size, difficulty to produce in large quantity and 
superior quality (defect-free structure). The properties of 
graphene are being utilized in the form of composites. For 
example, improved mechanical properties of the metal com-
posites with graphene have been observed by the uniform 
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distribution of graphene nanoparticles in the metal matrix 
[18, 19] or by the synthesis of the alternating layer of 
metal/graphene [20]. Graphene composites have also been 
studied as an electrode for electrochemical energy storage 
applications. Chou et al. [21] synthesized the Si/graphene 
electrode for a reversible lithium battery. The authors found 
that the Si/graphene composite maintained a capacity of 
1168 mAhg−1 after 30 cycles, whereas pristine Si electrode 
showed a drastic drop in capacity from 3026 to 346 mAhg−1 
after 30 cycles. The higher discharge capacity of the Si/gra-
phene electrode was observed due to the good electrical 
contact provided by graphene. Also, the higher surface area 
and porous nature of graphene helped to achieve easy access 
to electrolytes.

The surface area of the graphene plays a significant role 
in the improvement of the properties. The surface area of 
graphene can be utilized by the formation of graphene aero-
gel (GA). Aerogel is a porous structure that is synthesized 
using a gel where a liquid component of the gel is replaced 
by gas, generally air. Aerogels of various other materials 
such as silica [22], carbon [23, 24], alumina [25–27], tita-
nia [28], and zirconia [29, 30] have been studied which has 
applications as a catalyst, adsorbent, thermal insulation, etc. 
In addition, composite aerogels have also been studied for 
different applications. For example, Pt/titania aerogel for 
hydrogen evolution by photocatalyst water splitting [31], 
titania-silica aerogel for degradation of glyphosate [32], 
alumina-silica aerogel for absorption [33] and alumina-ZrC-
carbon aerogel for thermal insulation [34] etc. In comparison 
with these aerogel materials, GA is superior because it con-
sists of two-dimensional atomic layers which provides maxi-
mum specific surface area. In addition, inherent properties 
of carbon make it suitable for various applications including 
electrochemical energy storage, water cleaning, etc.

The most common method of aerogel synthesis is the 
hydrothermal process followed by a freeze-casting method 
where aqueous graphene oxide (GO) solution placed in 
a Teflon-lined autoclave at 120–180 °C and up to 1 MPa 
to achieve hydrothermal condition [35, 36]. The hydro-
thermal conditions lead to cross-linking of GO sheets 
by removal of oxygen carrying functional groups such 

as −OH and −COOH. The removal of these functional 
groups and cross-linking yield reduced graphene oxide 
hydrogel (rGH). Therefore, the process is also called 
hydrothermal reduction. The rGH can be naturally dried 
to obtain GA. However, the preferred drying method is 
freeze-drying, where ice is formed due to the freezing pro-
cess, and it sublimates under vacuum and leaves a nega-
tive replica of ice crystals as GA [36, 37]. The process 
of hydrothermal and freeze-drying is shown in Fig. 1a. 
The temperature gradient can be controlled during freez-
ing to achieve the directional growth of graphene sheets 
in the aerogel [38, 39]. Therefore, the morphology of the 
GA formed by the freeze-drying method depends on the 
nucleation and growth of ice crystals. Some studies also 
reported annealing of as prepared GA in the temperature 
range of 400 °C to 2500 °C [40, 41]. The improvement 
in mechanical properties due to thermal reduction during 
annealing is discussed in the next section.

3D printing has also been successfully utilized to synthe-
size the GA that involves GO solution with suitable rheolog-
ical properties. A schematic of GA synthesis by 3D printing 
is shown in Fig. 1b. The rheological properties of the ink can 
be adjusted by suitable additives such as CaCl2 and silica. 
This GO solution, also called GO ink, is extruded through a 
micro nozzle and printed in the air [42, 43] or specific solu-
tion such as isooctane [44]. Then, the deposited structure is 
freeze-dried and thermally reduced to obtain 3D printed GA.

Applications of GA can require specific properties that 
can be achieved or enhanced by using suitable synthesis 
techniques to control wall thickness, pore size, etc. In addi-
tion, modification in graphene, including functionalization 
or doping of different elements or compounds, can be carried 
out during the synthesis of GA. Therefore, it is important 
to understand the available synthesis technique of GA and 
possibly physical or chemical modification. In this review 
article, the effect of different synthesis parameters on the 
mechanical properties of GA has been discussed because the 
mechanical strength of GA is an important consideration for 
possible applications. The applications of GA in the field of 
solid polymer composite and porous GA-polymer composite 
are also discussed.

Table 1   Properties of graphene 
compared to other materials

Properties Graphene Other materials with properties

Density 1.5–2.0 gm/cm3 [8] Lithium: 0.534 gm/cm3

Young’s modulus  ~ 1000 GPa [4] Steel, ASTM A36: 200 GPa [9]
Tensile strength 130 GPa [4] Steel, ASTM A36: 200 GPa [9]
Thermal conductivity  ~ 5000 W/m/K [5] Cu annealed: 398 W/m/K [6]
Specific surface area 2630 m2/g [10] Porous activated carbon: 3164 m2/g [11]
Optical transmittance  ~ 97.7% [12] indium tin oxide: 94.8% [13]
Current density 108 Å/cm2 [14] Cu: 82–98 × 106 Å/cm2 [15]
Fermi velocity c/300 = 1,000,000 m/s [16] Monolayer borophene: 3.5 × 106 m/s [17]
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2 � Mechanical properties of GA

Mechanical performance of GA depends on various fac-
tors, including pore size, graphene flake size, pore volume, 
etc. The mechanical strength of GA is mostly evaluated by 
compression testing. Gao et al. [46] studied the effect of 
flake size on mechanical properties. The authors used GO 
flakes with sizes of 50, 20, and 1 μm to form GA by hydro-
thermal and freeze-drying methods. Larger flake sized GA 
was observed to have higher strength, modulus, and fatigue 
resistance. It was hypothesized that the larger flake size pro-
vides more resistance to the slip between adjacent flakes 
during deformation. Thus, it improves mechanical proper-
ties. The mechanical strength of GA also depends on the 
synthesis technique that controls the microstructure char-
acteristics of the aerogel, including structural geometry and 
pore size. Different studies have been listed in Table 2 on 
the mechanical performance of GA along with their struc-
ture, pore size, and synthesis technique. For example, studies 
[47] and [48] listed in Table 2 show that GA with lamellar 
structure synthesized by freeze-casting have different pore 
size that resulted in significant difference in mechanical 
properties. More specifically, GA with smaller pore sizes 
(10–30 μm) has higher compressive strength compared to 
GA with a pore size of 100 μm.

The mechanical strength of the GA depends on the 
interaction between graphene sheets in the aerogel struc-
ture, which can be controlled during synthesis. The effect 
of graphene sheet interaction was monitored by Han et al. 
[49]. The authors synthesized the GA by hydrothermal 
method followed by freeze-drying at − 60 °C. Prior to the 

freeze-drying process, the prepared graphene hydrogel 
(GH) was kept in ammonia solution (14 v/v%) at 25, 60, 
and 90 °C for 1 h to replace the water content. After freezing 
at − 60 °C, ice crystals were seen on the non-treated samples, 
whereas the ammonia treated sample did not show ice. The 
absence of ice confirmed that the water was replaced by 
ammonia solution. The formation of ice led to broken GA 
due to expansion from water to ice. Whereas, a stable struc-
ture was obtained for ammonia treated GA. It suggests that 
ammonia solution helps to retain the structure. Moreover, 
a higher compressive strength was observed for GA with 
ammonia treatment at 90 °C. The Fourier transform infra-
red spectroscopy analysis on ammonia-treated GA showed 
peaks of oxygen and nitrogen containing functional groups 
which were quantified using X-ray photoelectron spectros-
copy in terms of elemental ratio between carbon–oxygen 
(C/O) and nitrogen/carbon (N/C). The ammonia-treated GA 
had a higher C/O ratio (7.46) as compared to that (4.31) 
of untreated GA, and nitrogen was observed in ammonia-
treated GA with N/C ratio of 0.05. The increase in C/O and 
N/C ratio suggests that more covalent bonds between gra-
phene sheets increased the compressive strength. Similarly, 
other graphemes based composite aerogels have been stud-
ied, which are listed in Table 3 along with the pore size, 
solvent and sorption capacity.

The freezing temperature also affects the morphology of 
GA. As explained earlier, the freezing temperature affects 
the nucleation sites for ice crystallization, i.e., a lower tem-
perature will result in a higher number of nucleation sites 
and lesser growth that will affect the pore size in GA during 
freeze-drying. This effect was studied by Zhu et al. [39] by 

Fig. 1   GA synthesis by a hydrothermal + freeze-drying (Reproduce with permission [45]) and (b) 3D printing + freeze-drying (Reproduce with 
permission [43])
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Table 2   Mechanical properties of GA

Material Structure Pore size Elasticity Compressive stress Synthesis technique Refs.

GF Spherical 60 μm 99% 5.4 MPa at 99% Freeze drying [53]
GF Random Submicron-5 μm – 24 kPa yield stress Hydrothermal [35]
GF Honeycomb 50 ± 0.2 µm 87% E = 300 kPa Microfluidic [54]
GF Honeycomb 100–300 µm 99% 14.5 m2/g Freeze drying [55]
GF Honeycomb 50 µm 0.12 Scm−1 18 kPa at 80% strain Freeze-casting [56]
GF Random 166 F/g at 10 mV/s 87 S/m E = 0.13 MPa Chemical reduction [40]
GF Spherical  ~ 100 µm, 490 m2/g 99% 42.3 kPa Hydrothermal [57]
GF Interconnected 90% 12.8 kPa Dip-coating [58]
GF Random 90%  ~ 20 kPa Chemical Reduction [59]
GF Ordered 15 µm 60% 5.88 kPa Hydrothermal [60]
GF Periodic 1066 m2/g 90% 11 MPa 3D printing [44]
GF Lamellar  ~ 100 µm 50% 3 kPa Freeze-casting [47]
GF Lamellar 10–30 µm, 45.6 m2/g 90% 134.1 kPa Freeze-casting [48]
GF Lamellar  > 50 µm, 51.4 m2/g 90% 105 kPa Freeze-casting [61]
GF Lamellar 400 m2/g, 11–30 µm 10% 7.7 kPa RT Freeze-casting [62]
NDGA Honeycomb 160 m2/g, 100–200 µm 99% 1.6 MPa Hydrothermal + freezing [63]
GPO foam Randomly 30 µm 80% 0.28 MPa Sol–gel [64]
GF Randomly 854 m2/g, 2–100 nm 80% 9 MPa Sol–gel [65]
SGF Spherical 40–120 µm 99% 5.4 MPa Freeze-casting [53]

Randomly 98% 80 kPa Solvothermal [36]
GM Honeycomb 20–50 µm 99% 0.71 MPa Hydrothermal + freezing [66]

Table 3   Various graphene composite aerogel material with their oil–water separation capacity

Aerogel material Pore size Solvent Sorption capacity Refs.

Graphene/polyvinylidene 
fluoride

3.4–100 nm Organic solvents and oil 5–200 (wt/wt) [84]

Graphene/polydomine/
chitosan

4–40 nm Organic solvent and oil 10–20 (wt/wt) [75]

Graphene /polystyrene/
Fe3O4

– Diesel and crude oil 30–40 (wt/wt) [74]

Graphene/cellulose 
nanofiber

5–10 μm Organic solvent 200–700 (wt/wt) [85]

Graphene 3.8–109 nm Organic solvent and oil 100–130 (wt/wt) [86]
Alginate/grapheme oxide 

aerogel
50–150 μm Vegetable and mineral oils 98.5–99.5% (separation 

efficiency for 1:1 oil-sea 
water mixture)

[87]

Carbon nano tube/graphene 2–100 nm Organic solvent and mineral 
oil

120–330 (wt/wt) [88]

Lignin-modified graphene 50–200 μm Organic solvent and oil 200–350 (wt/wt) [89]
Fluoroalkyl silane function-

alization
Meso and micropores Mineral and vegetable oil 50–70 (g/g) [45]

Polyvinyal alcohol-GA 50–70 μm n-hexane, cyclo-hexane, 
diesel, toluene, methyl 
benzoate, dichloromethane 
and carbon tetrachloride

114–286 (g/g) [90]

Enteromorpha-GA 8–9 nm Oil and organic solvents 68–200 (g/g) [91]
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freezing GA at different temperatures from − 10 to − 196 °C. 
The effect of freezing temperature on the pore size is shown 
in Fig. 2a that shows the largest pore size at freezing tem-
perature of − 10 °C due to ice crystal growth and smallest 
pore size of 5.9 μm was observed for a freezing tempera-
ture of − 196  °C. The morphology of the GA structure 
also changed: rod-like structure at − 10 °C, tube-like struc-
tures at − 20, and − 40 °C and uniform refined morphology 
at − 196 °C due to change in ice crystallization from den-
dritic to equiaxed crystals. The values of Young’s modulus 
were retrieved from the study and plotted in Fig. 2b against 
the freezing temperature. As expected, Young’s modulus 
increased with a decrease in pore size of the GA.

In addition to freezing temperature, the effect of GO con-
tent during the hydrothermal synthesis of GA was exten-
sively investigated by Liu et al. [50]. The reduced GA was 
prepared with different concentrations of GO (2, 4, 6, 8, 
10, 15 and 30 mg/ml) and at different freezing tempera-
tures (– 5, − 20, − 40, − 60, − 80 and − 196 °C). The effect 
of these parameters was observed in terms of pore size, 
density, wall thickness, and mechanical properties, as illus-
trated in Fig. 3. Young’s modulus and wall thickness were 
observed to increase with density (Fig. 3a). In contrast, 
maximum recovery and minimum energy loss coefficient 
were observed for a lower density of 4 mg/cm3 (Fig. 3b). 
However, Young’s modulus and energy loss coefficient were 
observed to decrease with pore size (Fig. 3c and d). The 
mechanical performance of GA is summarized in Fig. 3e 
with four regions. The region (I) shows ultra-flyweight 
with lower GO content that yields lower density and poor 
mechanical performance due to interfacial adhesion in the 
ultrathin walls. The region (II) shows the GA with super 
elasticity and low energy loss coefficients where π–π inter-
action between sheets strengthens the structure. GA in the 
region (III) with a relatively higher GO content results in 
thicker wall that resists deformation (higher modulus) 

but lesser recovery after compression. GA with the high-
est strength and modulus belongs to the region (IV) due to 
increased wall thickness.

GA, formed by 3D printing, has an advantage of dilute 
precursor GO solution that is used as ink, provides lower 
density compared to the convention GA. For example, Zhu 
et al. [44] compared the compressive stress–strain curves 
for conventional GA (31 mg/cm3), and 3D printed GA with 
GO ink (16 mg/cm3), shown in Fig. 4a and b, respectively. 
By comparing the unloading curves, it can be seen that the 
3D printed GA has less permanent residual deformation and 
slightly higher recoverability compared to conventional GA 
due to a lower density and open structure. The authors also 
modified the GO ink with organic sol–gel chemistry by add-
ing resorcinol and formaldehyde in GO ink to build an open 
and lesser crosslinked network. The stress–strain curve for 
3D printed GA with modified GO ink (density: 53 mg/cm3) 
is shown in Fig. 4d, which is compared with conventional 
GA with sol–gel chemistry (density: 123 mg/cm3). Both the 
crosslinked GA shows extraordinary super compressibility 
with full recovery even after 50% of strain. A similar higher 
recovery under compressive strains was observed by other 
researchers [42, 43]. In addition to crosslinking additives, 
different additives such as graphene nanoplatelets, SiO2, Ag 
nanoparticle, carbon nanotubes, MoS2 have been added in 
the GO ink to achieve superior electrical, electrochemical 
properties of the 3D printed GA [51, 52].

These studies show that the GA can be tailored to achieve 
desired mechanical properties (strength and resilience) by 
modifying the structural parameters including pore size, 
wall thickness and density whereas the functionalization 
can also be carried out in the graphene sheets that increases 
the number of covalent bonds between the graphene sheets 
in the aerogel structure and provides improved mechanical 
strength. The GA with superior mechanical properties can be 

Fig. 2   Effect of freezing temperature on a Mean pore size in GA and b Young’s modulus. Reproduce with permission [39]
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Fig. 3   Effect of density of GA on a Young’s modulus and wall thick-
ness, b maximum recovery and energy loss coefficient. Effect of pore 
size on the c Young’s modulus and wall thickness, d maximum recov-

ery and energy loss coefficient. e Schematic diagram shows the varia-
tion in mechanical properties with respect to GO content and freezing 
temperature. Reproduce with permission [50]

employed either in the form of solid polymer composite or 
GA modified by polymers for waste-management systems.

3 � Synthesis and performance of GA‑polymer 
solid composites

Graphene is a potential reinforcement or nanofiller that can 
significantly improve the properties of polymer-based com-
posites. However, the poor compatibility of graphene with 

polymers can cause agglomeration. To disperse pristine 
graphene in the polymer matrix requires an additional step 
of chemical modification described in previously published 
review article [2, 19]. To avoid this additional chemical 
modification process, GA can be utilized to fabricate pol-
ymer-based composites where pores between the graphene 
sheet network are filled by polymers. The most common 
method to fabricate GA/polymer composites is infiltration. 
The process parameters are mostly depending on the physi-
cal properties of the polymer matrix [67–69]. Zhang et al. 
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[67] fabricated GA/polydimethylsiloxane (PDMS) compos-
ite by a self-infiltration process. In this process, the authors 
prepared the PDMS solution by mixing PDMS base agent, 
curing agent, and n-hexane (10:1:1), and then the solution 
was magnetically stirred for 30 min. Once the solution was 
mixed, GA was immersed under the vacuum and ice bath 
conditions and kept for 6 h to facilitate PDMS penetration 
into aerogel pores. The good fluidity of PDMS at room tem-
perature ease the process and does not require high tempera-
ture. Then, the composite was kept in a vacuum at 55 °C for 
5 h to solidify and remove n-hexane. The detailed process is 
shown in Fig. 5a–c. Figure 5d shows the SEM micrograph 
of synthesized GA, and mechanical performance evaluated 
by the compression test is summarized in Fig. 5d. It can 
be seen that with an increase in GA content in the PDMS, 
the compressive stress, Young’s modulus, and energy den-
sity are increased. Moreover, thermal conductivity was also 
observed to increase with GA content, and the maximum 
thermal conductivity of 0.58 W/mK for 1 wt% GA compos-
ite was measured, which is significantly higher than that of 
pure PDMS (0.46 W/mK). Using a similar process, Want 
et al. [69] fabricated the GA/epoxy composite via vacuum 

infiltration at 60 °C. In this method, firstly, the epoxy resin 
(LY1556) was diluted with acetone at 10% of epoxy, then 
curing agent (triethylenetetramine) was added at a weight 
ratio of 12% of epoxy. After evaporation of acetone in a 
vacuum oven at room temperature (2 h), the temperature was 
raised to 60 °C for 30 min to reduce the viscosity of epoxy. 
GA was immersed into the epoxy solution and degassed in 
vacuum at 60 °C for 1 h. Finally, the liquid composite was 
cured at 80 °C for 30 min, followed by post-curing at 110 °C 
for 2 h. The study suggests that a vacuum can be utilized to 
infiltrate the GA with viscous polymeric materials. By the 
same vacuum infiltration technique, Wang et al. [70] syn-
thesized anisotropic GA-epoxy composite with directional 
electrical conductivities. Anisotropic nature was developed 
by directional cooling of GO solution during freeze-casting 
that yielded highly oriented large graphene sheets along the 
vertical direction bridged by ribbon-like graphene sheets in 
the transverse direction. The electrical conductivity in paral-
lel direction was one order of magnitude higher than that in 
transverse direction.

The presence of functional groups in GA has also been 
advantageous for the in-situ polymerization synthesis 

Fig. 4   Compressive stress–strain curves during loading and unloading cycles at different strains for a conventional GA, b 3D printed GA micro-
lattice using GO ink, c conventional GA and d 3D printed GA using GO ink with resorcinol and formaldehyde. Reproduce with permission [44]
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of GA/polymer composite. Li et al. [69] used an in-situ 
polymerization method to fabricate GA/polyamide com-
posite (Fig. 6). In this process, GA, e-caprolactam (18 g) 
and 6-aminocaproic acid (2 g) were heated under nitrogen 
flow to 100 °C for 30 min for repolymerization. Subse-
quently, the mixture was heated to 180 °C for 1 h and 
then to 250 °C for 3–4 h until the reactant was completely 
solidified. After cooling to room temperature, the cylin-
drical samples were obtained. The authors also compared 
the electrical conductivity of the composite with other 
forms for graphene reinforcement in the same matrix, 
as shown in Fig. 7. The grafting between graphene and 
polyamide significantly improved electrical conductivity. 
Other studies on polymer-GA composites are summarized 
in Table 4 along with corresponding synthesis techniques 
and properties.

4 � Applications

4.1 � Oil–water separation

The porous nature of GA makes it a suitable sorbent mate-
rial for oil–water separation. However, poor mechanical 
properties of graphene for bulk applications and lesser 

hydrophobic nature restricts its application. The addition of 
various polymers in GA has shown excellent capability in 
terms of compressibility and superior hydrophobic nature 
for oil–water separation [74–78]. For a successful oil–water 
separation process, the material should be hydrophobic and 
oleophilic or vice versa. The polymer-GA composites have 
been observed to have hydrophobic nature with a high water 
contact angle that promotes oil absorption. For example, 
a polyimide-GA composite prepared by freeze-drying and 
thermal annealing process through the mixing of water-sol-
uble polyimide precursor solution to the GO solution with 
1:1 ratio [78]. The absorption capacity of polyimide was in 
the range of 22.94–37.44 g/g for 10 cycles. The compress-
ibility of the GA provided a consistent absorption capacity 
over 10 cycles.

Similarly, Zhou et al. [74] prepared the polystyrene-GA 
composite filled with Fe3O4 nanoparticles. Fe3O4 nanopar-
ticles were added to magnetize the composite and improves 
the hydrophobicity. The composite with a volume porosity 
of 99.7% was able to intake crude oil 10 times of its own 
mass up to 40 cycles. The 40 wt% Fe3O4 increased the water 
contact angle from 133° to 142°. Furthermore, the incorpo-
ration of porous Fe3O4 nanoparticles enabled magnetism. 
The magnetic nature of the composite, in combination with 
compressibility, made the water cleaning process easier by 

Fig. 5   a–c Self-infiltration process for GA/PDMS composite, d SEM micrograph of GA framework, and e mechanical properties of GA-PDMS 
composite with different amount of graphene. Reproduce with permission [67]
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collecting the oil-soaked GA using a magnet and squeez-
ing out the oil. Peanut hull-GA composite has also been 
studied to evaluate the oil–water separation capacity [77]. 
Interestingly, this composite from agricultural waste showed 
excellent absorption capacities of 3820–7933% and superior 
recyclability (93%) with a water contact angle of 141°.

The absorption capacity of the GA structure also depends 
on the pore size, which can be controlled by freezing 

temperature, as explained earlier, using Fig. 2a. The same 
study also investigated the effect of pore size on absorp-
tion capacity. It was found that pore size of ~ 70 μm (freez-
ing temperature of − 20 °C) showed 60% higher weight 
gain (150 times of its weight) than the pore size of 5.7 μm 
(freezing temperature of – 196 °C) when absorbing ethanol, 
acetone, vegetable oil, and Dimethylformamide. The authors 
suggested that the lower absorption at smaller pores are due 
to poor pore connectivity that stops the liquid from going 
through narrow channels inside the GA.

Polymer-GA composites are suitable candidates to 
replace the existing materials utilized for oil–water separa-
tion. For example, different membranes have been developed 
for oil–water separation, such as copper mesh coated with 
polytetrafluoroethylene [79], polyacrylamide mesh [80], 
amphiphilic stainless steel mesh [81], hydrophilic zeolite 
based membrane [82], etc. However, these mesh or mem-
branes suffers from fouling and weak intrusion pressure 
that limits their life. Also, these membranes can only filter, 
it can not store and adsorb the spilled oils. The polymer-
GA is superior to the mesh and membrane structures. The 
other commonly used materials for oil–water separation are 
mostly super wetting polymeric based porous structures 
(sponge, foam, and aerogels). The sorption capacity of dif-
ferent polymeric porous materials are available in a review 
article [83]. The table provided in the review article suggest 
that the standalone polymeric materials have lower sorption 
capacity compared to GA-polymeric materials. For exam-
ple, cellulose aerogels showed sorption capacity in the range 

Fig. 6   In-situ polymerization 
technique to fabricate GA/poly-
amide composite. Reproduce 
with permission [69]

Fig. 7   Comparison of electrical conductivity of polyamide composite 
reinforced with different forms for graphene. Reproduce with permis-
sion [69]
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of 80–185 wt/wt, which increased to 197 wt/wt in case of 
cellulose/GA composite. Therefore, the utilization of GA-
polymer composites will be beneficial.

4.2 � Water cleaning by absorbing ions and organic 
matter

GA has also been utilized for cleaning water. GA prepared 
by reduction of GO solution using vitamin C resulted in 
a hydrophobic GA structure after freeze-drying [92]. The 
adsorption capacity of the prepared GA is 138–328 times of 
its own weight; it can absorb organic liquids, including alco-
hols, alkane, mineral oil, vegetable oil, etc. The adsorption 
capacity of this GA reduced by vitamin C is shown in Fig. 8.

In addition to the hydrophobicity of GA, electrochemi-
cal nature can also be utilized to remove or degrade pollut-
ants from wastewater by using GA electrodes. Chen et al. 
[93] developed nitrogen-doped GA particle electrode to 
degrade Bisphenol A (BPA), which is an environmental 
harmful organic pollutant. A three-electrode reactor was 
used where a stainless steel and copper wire were used as 
main anode and cathode, respectively. Nitrogen-doped GA 
sample was first saturated by BPA solution then transferred 
into anode reaction zone to form a three-dimensional elec-
trode. After applying 20 V of DC power supply, every par-
ticle in the GA got polarized and acted as a cathode on one 
side and anode on the other side. Thus, the degradation of 
BPA occurred. The degradation rate of BPA was observed 
to be 90% after 30 min of water treatment with BPA con-
centration of 15 mg/L. Similar to electrochemical degrada-
tion of BPA, GA can also be for photocatalytic degradation 
of aromatic organic dyes along with photooxidative agent 

Ag3PO4 [94]. First, the hydrogel was prepared by GO and 
AgNO3 solution (15 mL, 0.4 mmol). During the hydrogel 
process, Ag nanoparticles started nucleating and growing on 
the GO surfaces. The prepared hydrogel was washed with 
distilled water followed by immersion into silver-ammino 
([Ag(NH3)2]+) aqueous solution (0.2 M) for 4 h. Then, it was 
again immersed into Na2HPO4 aqueous solution (0.15 M) 
for another 24 h. Finally, the Ag/Ag3PO4/GA was prepared 
by freeze-drying of resulted hydrogel. The resulted Ag/
Ag3PO4/GA composite aerogel was able to eliminate cati-
onic and anionic dyes and maintained consistent degradation 
efficiency of even after 6 cycles, whereas the Ag3PO4/GO 
catalyze showed only 20% of degradation efficiency after 
6 cycles. During photocatalytic degradation, GA does not 
only provide higher surface area, but it also enhances the 
separation and transfer of photoexcited charge carriers due 
to inherent nature of graphene.

4.3 � Other applications

GA and its porous composites have several other applica-
tions such as photocatalyst, biosensors, supercapacitors, 
electrocatalyst, lithium-ion battery, thermal management, 
and fuel cell, etc. These different applications are listed in 
Table 5 and compared with other suitable materials. For 
example, the photocatalyst application for adsorption such as 
methyl orange (MO), GA- Graphitic carbon nitride (g-C3N4) 
show higher degradation efficiency than the g-C3N4/Ag2O 
composite material. GA can also be used as electrochemi-
cal sensors because of its electronic/ionic conductivity. The 
tribological application of GA/TiO2 composite has also been 
investigated in dry and oil lubricated condition [95]. The 

Table 4   Various polymer-GA composites with properties

Matrix-GA Synthesis technique Properties Refs.

PDMS-GA Self-infiltration Compressive strain = 80%, electrical 
conductivity = 1 S/cm, thermal conduc-
tivity = 0.58 W/(m K),

[67]

Epoxy-GA Vacuum infiltration Electrical conductivity = 67%, Fracture 
toughness = 113%

[68]

Polyamide-GA In-situ polymerization + vacuum infiltration Thermal conductivity = 4 times 
improved (0.847 W/m/K)

[69]

PDA(polydopamine)-APTS(3-
aminopropyltriethoxysilane) /
PDMS-GA

Coating + vacuum infiltration Thermal conductivity = 28.77 W/m/K 
(in-plane) and 1.62 W/m/K (out-of-
plane)

[71]

PMMA (poly methyl methacrylate)-
GA

In-situ polymerization + infiltration With 2.5 vol.%, Vickers hard-
ness = 462 MPa (pure 
PMMA = 205 MPa),

Thermal conductivity = 0.7 W/K/m (pure 
PMMA = 0.2 W/K/m)

[72]

Copper nanowire-GA/Epoxy Freeze drying + thermal annealing + infiltration Thermal conductivity coefficient, 
λ = 0.51 for the composites Cu nanow-
ire (6 wt%) and GA (1.2 wt%). For 
pure epoxy, λ = 0.21

[73]
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composite were prepared by infiltration of TiO2 into the 
GA where the GA was synthesized using sol–gel method 
with different concentration of graphene (5, 7 and 9 mg/
mL). After infiltration, the GA/TiO2 was compressed in two 
steps—first at 5 MPa for 30 min then 10 MPa for 30 min. 
The compressed composites were sintered at 700 °C for 2 h. 
The tribological tests at dry condition at 5 N and 5 mm/s 
sliding velocity showed that the mean value of coefficient 
of friction (COF) decreases from 0.3 to 0.18 with increase 
in graphene concentration from 5 mg/mL. The lower COF 
at higher graphene content is attributed to self-lubricating 
phenomena of graphene [96]. Whereas, the COF further 
decreased in oil lubricated condition in the range of 0.17 to 
0.12. Prior to tribological tests in oil lubricated condition, 
the composites were immersed in the oil for 24 h to absorb 
oil in the pores. It is expected that the observed oil in the 
pores of the composites transported to the interface during 
sliding due to capillary action.

For CO2 separation, the usage of GA with ionic liquid has 
been evaluated. The infiltration of ionic liquid (1-N-butyl-
3-methylimidazolium hexafluorophosphate) to the GA with 
50% loading has shown CO2/CH4 separation improved by 

20 times compared to GA without any ionic liquid [97]. 
The ionic moieties of the IL is the primary source for CO2 
capture. The pristine GA does not have any ionic moie-
ties to participate in CO2 capture directly. However, it was 
proposed that the molecular interaction between reduced 
graphene layers and anion of the ionic liquid improves the 
separation capacity, and it can be further enhanced by tun-
ing the GA surface, selection of ionic liquid, and N doping 
in the GA [98]. Similarly, some other capabilities of the GA 
and its composites in various fields are highlighted in the 
Table 5. The different entries in Table 5 also suggest that 
GA can be easily tuned by the addition of suitable materials 
for different applications.

5 � Conclusions

GA with excellent mechanical properties, mainly compress-
ibility, enables to utilize the properties of 2D graphene sheet 
for a component rather than as an additive. The properties 
of GA and its composites can be tailored during synthesis. 
The common synthesis techniques for GA are hydrothermal 

Fig. 8   Adsorption capacity of GA: a adsorption–desorption isotherm, b desorption pore size distribution, c and d % gain by adsorbing various 
organic liquids. Reproduce with permission [92]
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and 3D printing, followed by the freeze-drying process. Both 
processes require a precursor solution of GO. However, the 
hydrothermal process is an easy and convenient process, and 
it can also be used for large scale production of GA. Other 
than the convenient nature of the hydrothermal process, it 
also reduces the GO by cross-linking of GO sheets, and the 
additional step of thermal reduction can be avoided. The 
reduced graphene hydrogel after the hydrothermal process 
requires a freeze-drying step where the aqueous solution 
freezes and sublimates to form GA. The concentration of 
GO solution and freezing temperature are important param-
eters to control the morphology of GA. Generally, a decrease 
in freezing temperature reduces the pore size and improves 
the mechanical properties of GA. The 3D printing of GA is 
sophisticated, but it provides an advantage of having lower 
GO concentration of the printing ink that leads to the higher 
surface area in the resulted GA with higher recovery under 
compressive loading.

The superior mechanical properties of the GA, along with 
the inherent properties of graphene, led to its application in 
various electrical, electrochemical devices in the form of 
solid GA-polymer composite or GA modified by polymers. 
The solid GA-polymer composites overcome the agglom-
eration problem when graphene sheets added in the poly-
mer matrix. Also, the solid GA-polymer composites by the 
infiltration method show exceptional mechanical properties 
with other desired properties such as electrical conductiv-
ity. It is also worth mentioning that the initial morphology 
of the GA can assist in building polymer composites with 
anisotropic structure.

The GA is inherently oleophilic and hydrophobic that 
enable oil–water separation and organic pollutant removal 
from water. To further enhance the mechanical stability of 
the GA for reusability of GA, GA has been modified with 
different polymeric materials such as polyvinylidene fluo-
ride, chitosan, polystyrene, etc. These polymeric agents have 
also been observed to improve hydrophobicity that enhances 
the water-cleaning capacity of the GA. Other than mechani-
cal and hydrophobic properties, GA possesses several other 
remarkable properties that make it versatile to be employed 
in different applications.
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