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Abstract. Graphene-based hydrogels/aerogels (GHA) have attracted widespread attention due
to its excellent mechanical strength, electrical conductivity, thermal stability and adsorption capa-
bility. In this article, some research achievements are reviewed on preparation strategies, forma-
tion mechanisms and potential applications of GHA. Except for the normal method of self-as-
sembly, some new technologies for fabricating GHA framework were summarized including
chemical reduction self-assembly, polymerization, adding cross-linking agents and so on. Mean-
while, we concluded the applications in various fields, such as environmental protection, bio-
medicine and energy sources. Finally, a perspective in the future challenge about fabricating GHA
is also given.

1. INTRODUCTION

Graphene, a two-dimensional (2D) one-atom thick
carbon sheets with a similar benzene-ring structure,
has attracted tremendous interest among research-
ers from different fields, due to its outstanding
physiochemical properties, such as a large specific
surface area (2630 m2 g-1) [1], high-speed electron
mobility (20000 cm2 Vs) [2], excellent thermal con-
ductivities (5000 W m-1 K-1) [3], and well electro-
catalytic activity [4]. In recent years, graphene and
its derivatives were used to assemble into kinds of
carbon-based materials, for instance, one-dimen-
sional (1D) tube-in-tube nanostructures [5], two-di-
mensional (2D) layer-stacked films [6-8] and three-
dimensional (3D) graphene hydrogels [9-12] and
aerogels [13-17]. On the other hand, graphene ox-
ide (GO) has plenty of hydrophobic basal plane and
hydrophilic oxygen-containing groups, including
epoxy, hydroxyl, carboxyl and carbonyl groups,
which promote GO to be functionalized through co-

valent and non-covalent approaches [18-21]. Thus,
GO and its derivatives have become new candidate
materials for various technological fields including
optoelectronics, energy storage, catalysis, nano-
electronic devices, gas sensors, super capacitors,
and drug delivery systems [22-24]. Meanwhile,
plenty of hydrophobic basal plane and hydrophilic
oxygen-containing groups also provide great possi-
bility to achieve self-assemble of graphene
nanosheets (GNS). It is generally recognized that
various non-covalent forces (including hydrogen
bonding, ionic, amphiphilic and -  interactions) are
exist in graphene-based hydrogels. As we know,
traditional hydrogels, due to its excellent proper-
ties, such as biocompatibility, rubber elasticity, equi-
librium swelling, network structure characteristics
and environmental sensitive, has been widely used
in agriculture, biomedicine and industry [25]. How-
ever, traditional hydrogels and aerogels have the
drawbacks, such as poor mechanical properties and



138 Z. Zhao, X. Wang, J. Qiu, J. Lin, D. Xu, Ch. Zhang, M. Lv and X. Yang

limited functional properties [26]. In order to achieve
nanostructural materials integrating into macro-
scopic devices, a large amount of efforts has been
endow to make GNS self-assemble and to improve
traditional hydrogels. Since a pH-sensitive GO com-
posite hydrogel was reported by Bai et al. [27], some
graphene-based hydrogels were starting to emerge,
such as GO/conducting polymer composite
hydrogels [11], macroscopic multifunctional
graphene-based hydrogels and aerogels (GHA)[13],
temperature-sensitive GO nanocomposite hydrogels
[28], supramolecular hybrid hydrogels from
graphene with block copolymers [29]. As for a
graphene-based aerogel, it was usually obtained
from a graphene hydrogel, which needed a drying
process, such as freeze-drying process [9,10, 13,14],
or supercritical-CO

2
-dried [14, 16]. Graphene-based

aerogel, with interconnected 3D macroporous
graphene network structures [9,10, 13,14], high elec-
trical conductivity [14, 16], ultra-flyweight and highly
compressible properties [30], has also aroused tre-
mendously interesting in researchers. GHA have
many potential applications in catalysis, oil and
water separation, super capacitors, and drug deliv-
ery systems, etc. Thus, the macrostructures by self-
assembly of GNS can sufficiently expand potential
applications of graphene. In this article, we focus
on recent progresses on preparations, formation
mechanisms and special applications of 3D GHA
framework.

2. PREPARATION OF GHA
MATERIALS

3D GHA materials, which possess abundant inter-
connected micropores or mesopores, have drawn
great interest for their unique properties, including
low density, high storage moduli, large specific sur-
face, fine elasticity and good electrical conductivity
[28-31]. Recently, great efforts have been devoted
to produce GO-containing macrostructures [9-17].
However, these methods are limited to prepare
graphene-based macroscopic framework on a large
scale because of the need for special equipment
and extra chemical reagents. So it is critically im-
portant to develop gentler, simpler and environmen-
tal-friendly approaches to achieve GNS macro-as-
sembly. Here some techniques for fabricating 3D
graphene framework are simply divided by three
methods: chemical reduction [9,10,13,14,32-34],
polymerization [11,12,15,16,26,27], and cross-link-
ing agents [28-29,35-37].

GO, as a precursor for constructing carbon-based
materials, is usually synthesized by chemical oxi-

dation of graphite powder with strong oxidants. In
general, three major methods were developed to
synthesize GO from graphite, including Hummer and
Offema]’s method [38], Staude]maier’s method
[39], a]d Brodie’s method [40]. Amo]g these meth-
ods, the modified Hummers method is commonly
accepted due to its inexpensive and simple opera-
tion compared with the others. Our group also re-
ported the modified Staude]maier’s method early
in 2010 [41].

2.1. The chemical reduction

GNS tend to aggregation or restack because of
abundant hydrophilic functional groups of its edges
and basal planes. Several experiments demon-
strated that the reduction of GO promoted self-as-
sembly of GNS [9]. Generally speaking, -conju-
gated system from graphene sheets is recovered
by chemical reduction, which was confirmed by X-
ray diffraction (Fig. 1a). More importantly, -  stack-
ing interactions between flexible graphene sheets
play an important role for self-assembly of GNS.

Self-assembly is a powerful technique for achiev-
ing nanostructural building blocks into monoliths. A
hydrothermal synthesis is demonstrated as a simple
and efficient method for constructing graphene-based
hydrogel [9]. In this method, they realized self-as-
sembly of reduced graphene oxide (rGO) sheets into
3D graphene architectures with hierarchical struc-
ture and novel properties. The prepared self-as-
sembled graphene hydrogel (SGH) have many per-
formances, such as excellent mechanical property
(Fig. 1b), a well-defined and interconnected 3D po-
rous network (Fig. 1c), a wonderful thermally stabil-
ity (25-100 oC) and high specific capacitance (175
F·g-1). In addition, SGH can also be obtained via
hydrothermal treatment with divalent metal ion
(Ca2+, Co2+, or Ni2+) using polyvinyl alcohol as a
strengthening agent [33]. Poly (N-iso-
propylacrylamide) (PNIPAAm) is also successfully
interpenetrated graphene hydrogel via a hydrother-
mal method [42].

Hydrothermal synthesis technology, as a tradi-
tional and convenient method, needs conditions of
high temperature and high pressure, and the mix-
tures are absolutely sealed. It is beneficial to im-
prove gel rate and keep gel integrality. However, high
temperature and high pressure not only need ex-
pensive equipment and energy but also are not suit-
able for large-scale preparation. So it is urgent to
develop a facile and feasible strategy to achieve self-
assemble graphene nanosheets.
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Fig. 1. (a) XRD patterns of natural graphite (black), GO (blue), and freeze-dried SGH (red); (b) Photographs
of a strong SGH allowing easy handling and supporting weight; (c) A SEM image of the SGH interior
microstructures. Repri]ted with permissio] from [Y.-X.Xu, K.-X.She]g, C.Li, a]d G.–Q.Shi, Self-assembled
graphene hydrogel via a one-step hydrothermal process. American Chemical Society Nano, Volume 4,
4325 (2010)]. Copyright (2010) by American Chemical Society Publishing Group.

As a facile and feasible strategy, chemical re-
duction method is developed by using mild reduc-
tion agents, such as sodium ascorbate, NaHSO

3
,

Na
2
S, Vitamin C and HI, etc. For example, sodium

acerbate, as a kind of inexpensive and green mate-
rials, was used to achieve cylindrical SGH by
She]g’s group [43]. The obtai]ed SGHs have a
higher specific capacita]ce of 240 F·g-1 than those
by the hydrothermal methods (175 F·g-1). Compared
with the hydrothermal synthesis, neither chemical
cross-linkers nor high pressures are necessary in
the mild chemical reduction process, and the shapes
of 3D SGHs could be controlled by changing the
types of reactors [32]. HI acid, as a reducing re-
gent, was also added to GO solution to achieve a
higher level of reduction of GO [44,45]. However,
concentrated HI is highly toxic and not suitable for
large-scale preparation of graphene-based materi-
als. To overcome this disadvantage, Zhang with co-
workers presented [46] a reaction system with ox-
alic acid (OA) and sodium iodine (NaI), and obtained
GO suspension with ultralow concentration (0.1
mg·mL-1) for preparation of 3D graphene assemblies
with low density, highly porous structures. Recent
studies indicated that mercaptoacetic acid and
mercaptoethanol [17] were demonstrated to not only
efficiently restore -  conjugated structure but also
accomplish in situ self-assembling of rGO. The rGO
aerogels by freeze drying process have high poros-
ity that is beneficial for ion absorption. For instance,
a facile one-step simultaneously in situ self-assembly
of GO sheets was investigated by Cong et al. [13].
The method is proved to be a versatile to induce

macroscopic assembly of rGO sheets with the func-
tional metal oxide [47-49].The resulting GHA exhib-
its outstanding capability for removal of pollutants.
Therefore, mild chemical reduction strategy is a facile
reduction-induced self-assembly method owing to
its simplicity and scalability.

2.2. The cross-linking agents

Hydrogen bonds. GO sheets bring various hydro-
philic oxygenated functional groups, while graphene
itself is hydrophobic. So GO sheets can form a
stable dispersion in water as an amphiphilic macro-
molecule [50]. However, GO dispersion is instable
in a strong acidic aqueous medium due to the in-
sufficient mutual repulsion [51]. If the pH value of
the GO solution decreases, electrostatic repulsion
is weakened and hydrogen bonding force is en-
hanced because of the protonation of carboxyl
groups. Therefore, increasing the bonding force or
weakening the repulsion force is an effective way to
obtain stable GO gelation. Cross-linking agents were
largely explored to promote gelation of GO sheets
by increasing the bonding force between GO sheets.
There are several cross-linkers including hydroxyl
(PVA) [28], oxygen-containing (PEO, HPC, etc.) [50]
(Fig. 2a) or nitrogen functional groups (ethylenedi-
amine [30], polyamines [52]). These polymers can
blend with adjacent GO sheets by forming hydro-
gen bonds, and provide additional bonding force in
the process of gelation. Interestingly, some of the
GO/polymer composite hydrogels are pH-sensitive.
In addition, some small quaternary ammonium salts,
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such as cetyltrimethyl ammonium bromide (CTAB),
melamine and tetramethyl ammonium chloride
(TMAC), could also promote the formation of GO
hydrogels [50] (Fig. 2a).

Multi-valent metal ions. Many researchers re-
ported developed strategies for achieving self-as-
sembly of GO sheets by metal ions that were found
to promote gelation of GO sheets. Moreover, inves-
tigations on a variety of metal ions (e.g., K+, Li+,
Ag+; Ca2+, Mg2+, Cu2+, Pb2+, Cr3+, Fe3+) indicated
that mo]ovale]t io]s could]’t reduce gelatio]
whereas divalent and trivalent ions could promote
GO self-assembly (see, e.g., Fig. 2). The phenom-
enon mainly ascribe to these metal ions interacting
with individual GO by a bonding force. For instance,
noble-metal salts and glucose were added into the
dilute suspension of GO, and promoted GO self-
assembly into 3D architectures via a hydrothermal
process [10]. Meanwhile, different macroscopic
sizes of the samples can be obtained by different
volumes of the container. On the other hand, the
concentration of GO was also investigated that in-
fluence the pore density and size. Metal ions play
an important role by formation of chemical and hy-
drogen bonds between the interconnected water,
divalent metals and oxygen-containing groups on
GO.

Fig. 2. (a) Photographs of 5 mg mL-1GO solutions mixed with different cross-linkers: 1, 0.5 mg mL-1 PVP;
2, 1 mg mL-1 HPC; 3, 1 mg mL-1PEO; 4, 0.1 mg mL-1 PDDA; 5, 0.2 mg mL-1PEI; 6, 0.3 mg mL-1 CTAB; 7,
1.9 mg mL-1 TMAC; 8, 0.3 mg mL-1 melamine; 9,20 mM Li+; 10, 20 mM K+; 11, 20 mM Ag+; 12, 15 mM Mg2+;
13,9 mM Ca 2+; 14, 3 mM Cu2+; 15, 3 mM Pb 2+; 16, 3 mM Cr 3+; 17, 3 mM Fe3+. Reprinted with permission
from [H. Bai, C. Li, X. -L. Wang, and G. -Q. Shi, On the Gelation of Graphene Oxide. The Journal of
Physical Chemistry C, Volume 115, 5548 (2011)]. Copyright (2011) by American Chemical Society Publish-
ing Group (b) Schematic illustration of the formation of gel-like rGO with divalention linkage. M2+ represents
the divalent ion (Ca 2+, Ni 2+, or Co 2+). Reprinted with permission from [X. Jiang, Y.-W. Ma, J.-J. Li, Q.-L. Fan,
and W. Huang, Self-assembly of reduced graphene oxide into three-dimensional architecture by divalent ion
linkage. The Journal of Physical Chemistry C, Volume 114, 22464 (2010)]. Copyright (2010) by American
Chemical Society Publishing Group.

Biomacromolecules. Biomacromolecules are
confirmed as another class of compounds that have
the capability of interacting with GO sheets. As early
as 2010, GO/DNA composite self-assembled
hydrogels (GO/DNA SH) were fabricated by Xu and
coworkers [35]. Some reports observed that the DNA
chains were attached on the surfaces of GO sheets
via -  stacking interactions [53-55]. Fig. 3a exhib-
its the procedure of preparing self-assembled GO/
DNA composite hydrogel (GO/DNA SH) and pos-
sible gelation mechanism. The as-prepared GO/DNA
SH is provided with the unique characteristics: (i) It
is undamaged in a variety of harsh conditions, from
strong acid (pH 2) to strong basic (pH13) even if in
organic solvents (THF) (Fig. 3b).(ii) It also exhibits
excellent capacity of adsorbing dye agents and self-
healing (Fig. 3c). This phenomenon is ascribed to
the massive presence of hydroxyl, epoxide, and
carboxylic groups at the basal planes and edges of
GO. Moreover, the oxygen-contained groups facili-
tate aqueous dispersions of GO, and stabilize gela-
tion molecules [56]. Fluorenylmethyloxycarbonyl,
one of peptide based hydrogelators, was reported
to form GO/peptide based supramolecular hydrogels
[57]. The study demonstrated that GO got well dis-
persed within the hydrogel system because of aro-
matic -  stacking interactions between the large
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Fig. 3. (a) The procedure of preparing GO/DNA SH and the proposed gelation mechanism;(b) Effects of pH,
NaCl, buffer, and organic solvent on GO/DNA SH stability; (c) Self-healing process of the as-prepared free-
standing GO/DNA SH. Reprinted with permission from [Y.-X. Xu, Q. Wu, Y.-Q. Sun, H. Bai and G.-Q. Shi,
Three-Dimensional Self-Assembly of Graphene Oxide and DNA into Multifunctional Hydrogels. American
Chemical Society Nano, Volume 4, 7359-7360 (2012)]. Copyright (2012) by American Chemical Society
Publishing Group.

aromatic surface of GO and aromatic moieties of
the gelator peptides.

In addition, chitosan (CS), as a kind of an inex-
pensive natural biomaterial, play the role of a cross-
linking agent by a strong electrostatic interaction
and hydrogen bonds with GO sheets in GO-CS com-
posites hydrogels [36], which exhibit excellent ab-
sorption capacities toward organic dyes, anionic and
heavy metal ions from water contaminants.

2.3. The polymerization strategy
Sol-gel polymerization was used to fabricate a vari-
ety of mesoporous materials, such as graphene
aerogels, carbon nanotube foams, and carbon
aerogels [16,58-59]. Compared with the weak inter-
action between GO sheets in the cross-linking meth-
ods, polymerization provides covalent bonds be-
tween GO sheets [16]. For instance, a thermal- and
pH-responsive GO/poly (N-isopropylacrylamide)
(PNIPAM) hydrogel was prepared by a facile one-
step strategy [Fig. 4] [60]. GO sheets were cross-
linked with PNIPAM-co-acrylic acid microgels in
water [61] via the reaction between carboxyl groups
and epichlorohydrin (ECH) to form covalent bond-
ing. The acquired composite hydrogel exhibited dual

thermal- and pH- responsive features with good
reversibility. Remarkable electrical conductivities
(0.87 S cm-1) and low densities (~ 10 mg cm-3) were
fou]d i] these graphe]e 3D aerogels. Me]g’s group
also reported that a modified sol-gel polymerization
was applied to fabricate graphene/carbon compos-
ite aerogels [62]. They found that alkali-treated GO
can be act as a solid base catalyst to induce the
polymerization of resorcinol with formaldehyde. The
prepared aerogels has significantly enhancement
in both the surface area and the electrical (763
m2 g-1 and 0.53 S cm-1, respectively). The outstand-
ing characteristics give it much probability in super
capacitors.

Frontal polymerization (FP) progresses through
a self-heating as a driving force, and then it is con-
tinuously moving through the reaction zone, and
ultimately completes the overall polymerization con-
version [63]. FP was first discovered as a new
method for synthesizing PNIPAM nanocomposite
hydrogels by Alzari et al. [64]. The resulted hydro-
gel is a thermo-responsive hydrogel that exhibit a
particular rheological behavior. The G’  modulus a]d
complex viscosity of hydrogels were increased with
the increasing of the graphene contents. However,
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Fig. 4. (a) Formation of GO/PNIPAM interpenetrating hydrogel networks via the reaction between ECH and
carboxyl groups in GO sheets and PNIPAM-co-AA microgels. Reprinted with permission from [S.-T. Sun
a]d P.–Y. Wu, A o]e-step strategy for thermal- a]d pH-respo]sive graphe]e oxide i]terpe]etrati]g polymer
hydrogel networks. Journal of Materials Chemistry, Volume 21, 4095 (2011)]. Copyright (2011) by Royal
Society of Chemistry Publishing Group.

their mechanical strength is not satisfied, mean-
while, a low rate of equilibrium swelling limits its
scope of application. To improve the properties of
PNIPAM hydrogels, Ma et al. [27] introduced in-
situ polymerization with GO to prepare a compos-
ite hydrogel with improved swelling capability and
mechanical behavior. The equilibrium swelling ra-
tios of the GO composite hydrogels’ are two times
larger than that of PNIPAM, and the final water re-
tention of the composite hydrogels is a little higher
than that of neat PNIPAM hydrogel. Additionally, an
effective method was developed by Shen and his
coworkers [65] to prepare GO/polyacrylamide (PAM)
composite hydrogels via free radical polymerization.
Compared with neat PAM hydrogels, the GO/PAM
composite hydrogels have higher rigidity, better ten-
sile and greatly enhanced mechanical and thermal
properties.

2.4. Nitrogen containing graphene
hydrogels

Nitrogen doping can further utilize excellent proper-
ties of graphene so that it attracted marvelous at-
tention in the past few years [66,67]. Recently, our
group reported synthesis of nitrogen-doped
graphene and its electrocatalytic performance to-
ward oxygen reduction reaction [68]. It is confirmed
that nitrogen is successfully doped in graphene with
the formation of pyridinic N, pyrrolic N, and graphitic
N, and the maximum nitrogen content is 6.6% via

X-ray photoelectron spectroscopy. Recently, an
ultralight and highly compressible graphene aerogels
was constructed using ethylenediamine (EDA) as
a weak reducing agent that introduced into GO col-
loidal solution [30]. A treatment of functionalization-
lyophilization-microwave was used to obtain utralight
graphene aerogel (ULGA). Different ratio of EDA to
GO gave rise to different density of graphene
aerogels (FGA) and ULGA (Fig. 5a). The compress-
ibility experiments were also demonstrated vividly
(Figs. 5b and 5c). Similarly, a convenient hydrother-
mal process for fabricating supercapacitors of nitro-
gen containing graphene hydrogels using ammonia
and different organic amines was first developed by
Che]’s group [69]. Figs. 5d a]d 5e demo]strate
the progress of controlled assembly of the 3D nitro-
gen containing graphene hydrogels.

Pyrrole was also used as N-doped regent of
graphene hydrogels because of its conjugated struc-
ture and electron-rich N atoms [70]. In the course of
reaction progress, pyrrole not only provides N source
through hydrogen bonding or -  interactions to an-
chor on the surfaces of GO but also plays a swell-
ing agent to effectively prevent GO from self-stack-
ing during a hydrothermal process. Polyamine is
also used as a very good cross-linker between GO
sheets through hydrogen bonding and electrostatic
interaction (Figs. 6a and 6b). This tentative molecu-
lar interaction was reported in detail by Adhikari et
al. [52]. In this method, polyamines were added into
rGO dispersion with a mild reducing agent (vitamin
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Fig .5. (a) The density of functionalized graphene aerogel (FGA) and ultralight graphene aerogel (ULGA) as
a function of EDA to GO ratio. (b) and (c) the digital images showing compressibility of FGA and ULGA,
respectively. Reprinted with permission from [H.Hu, Z.-B. Zhao, W.-B. Wan, Y. Gogotsi and J.-S. Qiu,
Ultralight and Highly Compressible Graphene Aerogels. Advanced MaterialsÿVolume 25, 2221 (2013)].
Copyright (2013) by Wiley Publishing Group. (d) Illustration of the enhancement of the distance between
graphene layers by ethylenediamine. (e) the possible reaction pathways for nitrogen doping. Reprinted with
permission from [P. Chen, J.-J. Yang, S.-S Li, Z. Wang, T.-Y. Xiao, Yu. Hong. Qian, S.-H. Yu, Hydrothermal
synthesis of macroscopic nitrogen-doped graphene hydrogels for ultrafast supercapacitor. Nano Energy,
Volume 2, 253 (2013).] Copyright (2013) by SciVerse ScienceDirect Publishing Group.

C) to produce stable supramolecular hydrogels.
Additionally, the hybrid hydrogels deposited noble
metal (Au, Ag, and Pt) nanoparticles were also ob-
tained. Such as rGO hybrid hydrogels matrix with
Au nanoparticles was successfully utilized as an
efficient catalyst for the reduction of aromatic nitro
to amino group (Fig. 6c).

2.5. Other methods

Except for the above strategies, there are other ap-
proaches for efficiently fabricating GHA, such as
supramolecular hybrid hydrogels from noncovalently
functionalized graphene with block copolymers [29],
TiO

2
–graphe]e hydrogels [71], sy]ergistically self-

assembled carbon aerogels [72] and a pH-respon-

sive GO hydrogel [73]. Notably, these methods are
involved in a new possible gelation mechanism, an
easier preparation technique, or a more environmen-
tal-friendly process, even a new approach for ultra-
flyweight materials.

A supramolecular route for constructing hybrid
hydrogel was proposed by Liu’s group [29]. GO
]a]osheets modiûed with -cyclodextrins reacted
with block copolymers poly-(N, N-dimethyl-
acrylamide)-b-poly (N-isopropylacrylamide) to form
supramolecular hybrid hydrogels by noncovalent
interaction.

Low temperature (below 100 °C) synthesis of 3D
GHA was seldom reported [74-76]. However, a green,
low temperature and simple preparation was de-
sig]ed by Hou’s group [71]. They sy]thesized
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Fig.6. Tentative Molecular Interaction between GO Sheets and Polyamines [(a) Tris (aminoethyl) amine
and (b) Spermine]. (c) Schematic representation of AuNP containing rGO-based hybrid hydrogel catalyzed
hydrogenation reactions. Reprinted with permission from [B. Adhikari, A. Biswas and A. Banerjee, Graphene
Oxide-Based Hydrogels to Make Metal Nanoparticle-Containing Reduced Graphene Oxide-Based Func-
tional Hybrid Hydrogels. American Chemical Society Applied Materials & Interface, Volume 4, 5474-5480
(2012)]. Copyright (2012) by American Chemical Society Publishing Group.
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chemically bonded TiO
2
 (P25)-graphene compos-

ites hydrogels under room-temperature. Multi-walled
carbon nanotubes (MWCNTs) or P25 nano-particles
functional hydrogels were also acquired at the same
condition (Fig. 7a). Fig. 7b shows the phenomenon
of photodegradation of methylene blue (MB) under
UV light irradiatio]. P25–graphe]e sample shows
obviously improvement compared with pure P25 and
P25-MWCNTs-graphene. Under UV light irradiation,
P25-MWCNTs-graphene decomposed about 96% of
the initial dyes in less than 1 h (Fig. 7c). The maxi-
mum adsorption capacity of methylene blue is 87.63
mg g-1. Generally, this phenomenon ascribed to its
porous stereo-structure compared to 2D P25–GNS
(Fig. 7d).

Ultra-flyweight assembled carbon aerogels (Fig.
8a) with density low to 0.16 mg cm-3 were made by
Sun and coworkers [72]. It is worth mentioning that
a “sol-cryo” tech]ology was used to obtai] the car-
bon aerogels with desired densities and shapes
such as rods, cylinder, and papers. Moreover, the
prepared ultra-flyweight aerogel (UFA) can be eas-
ily manufactured in a large-scale (Fig. 8b). A serial
of experiments demonstrated that the synergistic

Fig. 7. (a) Photographs of initial solutions (0 h) containing GO (1), MWCNTs and GO (2), MWCNTs, P25,
and GO (3), P25 and GO (4), respectively, and the obtained hydrogel after the 8 h room-temperature
reaction. (b) Photographs of MB solutions with different photocatalyst at a given time interval (c) The corre-
sponding concentration changes of MB during the photo degradation. (d) Schematic diagrams for illuminat-
i]g the charge behavior at i]terfaces i] 2D P25–GNS a]d 3D P25–graphe]e ]etworks. Repri]ted with
permissio] from [C.-Y. Hou, Q.-H. Zha]g, Y.-G. Li, H.-Z. Wa]g, P25–graphe]e hydrogels: room-tempera-
ture Synthesis and application for removal of methylene blue from aqueous solution. Journal Of Hazardous
Materials, Volume 205-206, 230-233 (2012)]. Copyright (2012) by SciVerse ScienceDirect Publishing Group.

effect between graphene cell walls and carbon
nanotube ribs contributed to the good elasticity of
UFAs (Fig. 8c). The composites were pressure-re-
sponsive, and had fine conductivity and excellent
absorption capacity (Fig. 8d and 8e). In addition, a
milder, greener and simpler method was reported to
achieve GO self-assembly with a critical gel con-
centration of 30 mg ml-1[73]. The GO hydrogel was
obtained via directly sonicate GO aqueous for rap-
idly dispersion without adding any processing steps.

3. APPLICATIONS OF GHA
FRAMEWORK

GHA can be made by different strategies, which
endow them with different properties, such as good
mechanical strength, excellent electrical conduc-
tivity, thermal stability, improved adsorption capa-
bility toward dye, oil or inorganic ion and intercon-
nected stereo-structure micropores/mesopores.
These properties facilitate GHA to be used in vari-
ous fields, such as environmental protection, bio-
medicine and energy sources.



146 Z. Zhao, X. Wang, J. Qiu, J. Lin, D. Xu, Ch. Zhang, M. Lv and X. Yang

3.1. Environmental protection

With the development of industry and agricultural
activities, environment pollution is gradually threat-
ening ecological balance and human health, espe-
cially toxic gases, heavy metal ions and organic
pollutants in air and water. Although various meth-
ods have been developed to deal with polluted wa-
ter [77-80], it is urgent to develop more simple, in-
expensive and green methods to prepare adsorp-
tion reagents. Adsorption is one of the main strate-
gies to purify water because of its ease of operation
and low cost [77,78]. In the past half decade,
graphene-based aerogels aroused tremendously hot
point due to its good adsorbability. For instance,
macroscopic multifunctional GHAs were produced

Fig. 8. (a) A 100 cm3 UFA cyli]der sta]di]g o] a ûower like dog’s tail; (b  A 1000 cm3 UFA cylinder (21 cm
in diameter and 3 cm in thickness). (c) Stress-strain curves of several selected cycles on a UFA during
repeated compression. Inset, Photographs of the UFA under fatigue test for 1000 cycles. (d) (a) A circuit
constructed with the UFA as lightweight conductive bulk. (b) The circuit constructed with the UFA as
ultralight co]ductive bulk ûlled with ]-hexa]e. (e  Absorptio] process of tolue]e o] water by the UFA withi]
5 s. Reprinted with permission from [H.-Y. Sun, Z. Xu, and C. Gao, Multifunctional, Ultra-
Flyweight,Synergistically Assembled Carbon Aerogels. Advanced Materials, Volume 25, 2555-2558 (2013)].
Copyright (2013) by Wiley Publishing Group.

by Cong and coworkers [13] through a metal ion
induced self-assembly process. The graphene/metal
oxide aerogels were superhydrophobic and had lots
of stable porous structures, so that they exhibited
high excellent adsorption capacity and regenera-
tion properties toward oils and nonpolar organic
solvents (Figs. 9a and 9c). Interestingly, after the
oil-saturated graphene/ -FeOOH aerogel was burnt,
a 3D hematite -Fe

2
O

3 
monolith was obtained (Fig.

9d). In addition, the adsorption capacities of the
graphene/ -FeOOH hydrogel toward Cr (VI) or Pb
(II) were confirmed. The calculated maximum ad-
sorption value for Cr (VI) or Pb (II) was 139.2 and
373.8 mg g-1, respectively. According to the previ-
ous report, mesoporous -Fe

2
O

3
 and active carbon

toward Cr (VI) was only 15.6 mg g-1 [77]and 69 mg
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Fig.9. (a) Photographs showing the process of the graphene/ -FeOOH aerogel adsorbing gasoline. (b)
Regeneration capacity of the aerogels for adsorbing gasoline. (c) Adsorption capacities of the aerogels for
a range of organic solvents and oils in terms of its weight gain. (d) Photographs of burning the oil-saturated
graphene/R-FeOOH aerogel. Reprinted with permission from [H.-P. Cong, X.-C. Ren, P. Wang and S.-H. Yu,
Macroscopic multifunctional graphene-based hydrogels and aerogels by a metal ion induced self-assembly
process. American Chemical Society Nano, Volum 6, 2699 (2012)]. Copyright (2012) by American Chemi-
cal Society Publishing Group.

g-1 [79], respectively. Currently, carbon-based ma-
terials were regarded as the staple adsorbents for
water purification. These materials usually exhibit
high capacity towards a certain type of pollutants.
Recently, a broad spectrum adsorbent for water
purificatio] was reported by Che]’s group [36]. They
fabricated GO-CS hydrogels with high adsorption
capacity towards cationic dyes, anionic dyes and
heavy metal ions. A series of experiments were car-
ried out to show that both maximal adsorption ca-
pacities towards cationic methylene blue (MB) and
anionic Eosin Y were higher than 300 mg g-1. Mean-
while, the adsorption capacities of GO-CS hydrogels
toward Cu (II) and Pb (II) ions in the concentration
range studied were tested to be 70 mg g-1 and 90
mg g-1, respectively. Nevertheless, Qin and cowork-
ers [73] reported that the GO hydrogels had a su-
perior adsorption ability for organic dye rhodamine
B (350 mg g-1) and anionic chromate Cr

2
O

7
2 - (140

mg g-1). Recently, our group studied applications of
graphene-based materials in environmental protec-
tion and detection [80]. GO and rGO can form com-
plexes with some metal ions (such as Pb2+, Cd2+,
Cr3+, Cr6+, Hg2+, etc.) because of many functional
groups covered with GO surface, exhibiting excel-

lent adsorption toward heavy metal ions and organic
pollutants due to the high porosity.

3.2. Biomedicine

Hydrogels have been used extensively in many bio-
logical and clinical applications, including drug de-
livery [81] and tissue engineering [25]. Similar to
traditional hydrogels, some graphene-based
hydrogels are biocompatible and pH sensitive, so
they are potential candidates for controlled drug re-
lease, even used as artificial muscle devices [42].
For instance, GO/poly (vinyl alcohol) (PVA) hydro-
gel is a pH-sensitive and biocompatible composite
[28]. As shown in Fig. 10a, the pH-induced gel-sol
transition is reversible, and it is ascribed to the dif-
ferent electrostatic repulsion between GO sheets
in different pH conditions. To evaluating the drug
releasing ability of GO/PVA composite hydrogels,
vitamin B

12
 (VB12) was chose as a model drug. The

plots in Fig. 10b expresses the releasing VB
12 

from
the GO/PVA composite hydrogels in phosphate buffer
(pH = 7.4) and hydrochloric acid (pH =1.7) solu-
tions, respectively. Obviously, the drug release quan-
tity in phosphate buffer is slightly higher than the
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release value in hydrochloric acid. So it is deduced
that the hydrogels can be used to deliver the drugs
to the i]testi]e (pH = 6.8–7.4  without much release
i] acidic gastric juice (pH = 1–2 . Moreover, as
mentioned above, GO/DNA composite hydrogels
have high mechanical strength, excellent environ-
mental stability, high dye-adsorption capacity, self-
healing function and bio-compatibility, which endue
it a promising potential candidate material used as
the tissue engineering, drug delivery in biomedical
field. In a subsequent work, it was discovered that a
graphene hydrogel by one-step hydrothermal was
also used to drug-delivery, tissue scaffolds because
of the inherent biocompatibility [9].

3.3. Energy sources

In recent years, the potential applications of GHA
were explored in energy source field, such as
supercapacitors and lithium ion batteries.
Supercapacitors are energy storage devices with
the properties of fast and reversible storing and re-
leasing of energy, high power densities, long life and
high rate capability [82-84]. The theoretical value of
speciûc capacita]ces of si]gle-layer graphe]e was
calculated 550 Fg-1 [85]. While, chemically modi-
fied graphene-based supercapacitor has specific ca-
pacitances of 135 and 99 F g-1 in aqueous and or-
ganic electrolytes, respectively [1]. The values are
obviously lower than the theoretical value. Carbon
materials, especially GHA, have highly open porous
structures and facile routes for electron and elec-
trolyte transportations in the interconnected net-
works. Thus, carbon materials were usually used
as an electrode for supercapacitor [9]. As mentioned
above, nitrogen-doped graphene hydrogel show

Fig. 10. (a  Photographs of the pH-i]duced gel–sol tra]sitio]. (b  Proûles of releasi]g VB12 from a GO%PVA
composite hydrogel(r P/G = 1: 10) in PBS (pH = 7.4) and HCl (pH = 1.7) solutions. Reprinted with permis-
sion from [H. Bai, C. Li, X.-L.Wang, and G.-Q. Shi, A pH-sensitive graphene oxide composite hydrogel.
Chemical Communication, Volume 46, 2378 (2010)]. Copyright (2010) by Royal Society of Chemistry Pub-
lishing Group.

ultrafast charging rate and much higher power den-
sity in contrary to most graphene-based materials
[86-89]. In addition, a versatile, ultralight, nitrogen-
doped graphene framework was obtained by mixing
GO and 5 vol.% pyrrole [70], and its specific ca-
pacitance was estimated as 484 F g-1 approaching
the theoretical value of 550 F g-1. Up to now, it is the
highest value achieved for graphene electrodes. In
a word, GHA with superior capacitance may have
potential applications as ultrahigh power density
capacitors in the vehicle, life and the other devices
at high rates.

Rechargeable lithium ion batteries, as electro-
chemical energy storage and conversion devices,
are widely used in various civil and military portable
electronic equipment, such as laptop, cell phone,
flash-light. As early as 2011, 3D networks of mag-
netic graphene/Fe

3
O

4
 aerogels was successfully

prepared by Chen and coworkers [90], which can
be used as anode materials for lithium ion batter-
ies. Such a 3D hybrid showed good performance.
When the current density was below 800 mA g-1,
the capacity was up to 990 mA h g-1, and even at a
current density of 1600 mA g-1, it still remained at
730 mA h g-1.

4. CONCLUSIONS AND
PERSPECTIVES

In this article, we summarized recent progresses
on the preparation strategies, formation mechanisms
and prospected applications of GHA. To achieve
versatile, high-performance graphene-based mate-
rials, more investigative should be carried out in the
future. Firstly, GO, as a key origin materials for
graphene-based gels, has some drawbacks (such
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as undefined structure, random distribution of oxy-
gen containing groups on the surface [91]) that ad-
verse to graphene nanosheets self-assemble. There-
fore, inexpensive and controlled oxidization /exfo-
liation protocols for graphite to synthesis GO with
o]e or few layer, a deû]ed shape a]d ]umber of
oxygenated groups are urgently demand. Secondly,
graphene-based gels provide with excellent me-
chanical, wonderful thermally stable, ultra-light, and
high specific capacitance. While compared with the
traditional soft smart or intelligent hydrogel, it ex-
hibits a discontinuous volume phase transition be-
tween a swollen state and a collapsed state, in case
it undergoes external stimuli, such as temperature,
pH, pressure, and solvent composition [92-94]. Ad-
ditionally, the slow response of bulky graphene gels
is challenging for their being developed technologi-
cally. Thirdly, all above achievements are still in the
stage of laboratory investigation and few of them
have been in commercial production, especially the
applications of graphene-based aerogels in environ-
mental protection field, hydrogels in biochemical
field and energy sources field. Therefore, a simple,
mild, inexpensive, environmental-friendly preparation
method of GHA is necessary in the future investiga-
tion.
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