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With the increasing industrialization and growing population, there is a great demand in developing efﬁcient energy storage
devices. One such device is a supercapacitor, which has been gaining attention in the past decade with its excellent energy and
power density. By varying the electrode materials of the supercapacitor, its properties could be ﬁne tuned to a greater extent. A
heterogeneous functional material such as graphene is the widely used electrode material among the carbonaceous electrode
materials. Graphene, a 2D structured material often suffers from agglomeration thereby limiting its performance. Restacking of
sheets into a 3D structure enables them to provide numerous properties beneﬁcial in improving the supercapacitance. This review
focuses on the synthesis and application of various heterogeneous 3D graphene derivatives such as foam, sponge, aerogel,
hydrogel, ﬁbers, tubes, spheres etc., in supercapacitors.
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3D nanomaterials play an important role in enhancing the
capacitive performance of EDLC based supercapacitors.1
Nanomaterials vary from micro and macro sized materials not
only in terms of dimensions but they exhibit explicit characteristics
at the nano level.2 The world’s strongest nanomaterial graphene, in
its 2D form experience agglomeration of individual graphene sheets
to form macro particles.3 Pristine graphene has a theoretical
capacitance of 550 F g−1 for its surface area of 2630 m2 g−1 but
in practical, this value is not obtained due to the agglomeration
happening during the synthesis process.4 This agglomeration could
be prevented by restacking of sheets into a 3D structure.5,6 By using
various derivatives of 3D graphene such as foam, sponge, aerogel,
hydrogel, ﬁlms, ﬁbers, tubes, spheres, monolith and bead, the
properties of the nanomaterials can further be improved.7,8 3D
graphene derivatives are free-standing and could be used as both
electrodes and current collectors in energy storage devices with
direct electrical connections on them.9,10 The physical size of 3D
graphene helps in manipulating and handling them like a bulk
material while maintaining their nanoscale properties. According to
researchers at MIT, 3D graphene is ten times stronger than steel. 3D
graphene and its forms ﬁnd applications in various ﬁelds such as
sensors, catalysis, fuel cells, batteries, hydrogen production, adsorbers, solar cells and supercapacitors as shown in Fig. 1.11,12 The 3D
graphene material has increased surface area when compared to 2D
graphene, thus more enzymes and catalysts can be included into the
3D matrix. This makes 3D graphene based structures useful in
sensing and catalytic applications. Increased porosity and surface
area of 3D graphene also helps them in improving their energy
storage properties. 3D graphene provide increased sites for bacterial
colonization making them useful in biological fuel cells.13
One of the widely used forms of 3D graphene is graphene
aerogels. Graphene aerogel being a derivative of graphene, not only
exhibit the outstanding conductivity of graphene but also excellent
porosity.14 Graphene aerogel built by the thinnest building blocks
exhibit low density of gas in solid state. The properties of aerogels
can be further improved by using them as monolithic substrates for
loading various nanomaterials.15 Graphene hydrogel is another
widely discussed form of 3D graphene. The graphene in hydrogels
not only acts as a gelator to self assemble themselves to hydrogels
but also as a ﬁller in blending the tiny molecules and macromolecules in the preparation of multifunctional hydrogels called as
graphene based hydrogels.16 Graphene foams and sponges are yet
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other important types of 3D graphene structures as they can be
directly used as current collectors in energy storage devices. The
foams and sponges pose submillimetre sized pores in between them,
which facilitate diffusion of electrolyte ions. These structures exhibit
damage tolerance properties.17 Sophisticated solution processing
methods are widely used in fabricating graphene ﬁlms from solvated
graphene. These ﬁlms ﬁnd their importance in mechanics and
electronics as they are said to be stronger than the commercial
graphite foils.18,19 Graphene ﬁbers are obtained from graphene
building blocks by continuously aligning graphene sheets in uniaxial
direction. Thus graphene ﬁbers consist of orderly arranged graphene
sheets along the axis of the ﬁber. This is achieved usually by wet
spinning of solvated graphene sheets.20
The performance of a supercapacitor is highly dependent on the
charge transport rates, which are in turn related to the porosity of the
electrode material. The 3D graphene exhibits improved properties
due to its highly porous macrostructures and conductivity. By tuning
the pore size in the materials, the supercapacitor properties can also
be ﬁne tuned.21 Till date, various synthesis methods such as selfassembly, template assisted method, direct deposition, solution
based etc., have been reported for the production of 3D
graphene.22,23 Various forms of 3D graphene have thus emerged
and their supercapacitive performances have been discussed in
detail.
General Preparation Methods
3D graphene based structures are usually termed as hydrogel,
aerogel, foam, network, monolith, bead and sponge.24–27 They can
be prepared by direct and solution-based processes, each of which
has a template-assisted and template-free methods. The synthesis
methods are summarized in Fig. 2. Uniform pore size is obtained in
direct synthesis whereas scalability and higher yield is obtained in
solution based synthesis.22 Chemical vapor deposition (CVD) and
carbonization of the polymer framework are the template assisted
direct synthesis method in obtaining 3D graphene structures. CVD
technique produces 3D graphene structures with deﬁned layers and
sizes on a 3D metal framework.28 Chen et al. reported the use of
nickel based template in the formation of 3D graphene foam through
the CVD method for the ﬁrst time. Such graphene foams exhibited a
very high conductivity of 10 s cm−1 making them suitable for use as
ﬂexible conductors.29 By carbonization of cross linked polymeric 3D
structures (commercially available), 3D graphene structures could be
obtained.30 Chen et al. reported the formation of highly elastic foam
through carbonization of melamine foam at 800 °C. Such a foam
exhibits excellent porosity with a speciﬁc area of 268 m2 g−1 and a
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Figure 1. Applications of 3D graphene and its derivatives in various ﬁelds.3

Figure 2. Synthesis methods for 3D graphene derivatives.22

low density of 5 mg cm−3.31 Sugar blowing technique and plasmaenhanced CVD (PECVD) are the direct method of preparing 3D
graphene derivatives, without the use of any templates. Sugar
blowing technique was inspired from the food art of “blown sugar.”
When a mixture of glucose and NH4Cl was heated, the molten syrup
polymerizes and the gas released from NH4Cl blows the polymer
into numerous bubbles. By the carbonization of the polymer walls,
ultrathin graphitic bubble networks were formed. 3D structure
produced with this technique is called as strutted graphene.32

PECVD produces reactive species with the help of radio frequency
plasma that deposits as uniform coatings vertically to obtain 3D
structures. Structures obtained by this technique are highly crosslinked with uniform layers that adhere ﬁrmly onto the substrates.
Conductive substrates along with methane as the carbon source were
used in the production of 3D graphene foam without the use of
template.33 Template assisted freeze drying and hydrothermal
processes are the solution based methods, which are widely used
in the production of 3D graphene derivatives. Template assisted
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Figure 3. (a) Photographs of a 2 mg ml−1 homogeneous GO aqueous dispersion before and after hydrothermal reduction at 180 °C for 12 h; (b) photographs of a
strong SGH allowing easy handling and supporting weight; (c−e) SEM images with different magniﬁcations of the SGH interior microstructures; (f) room
temperature I−V curve of the SGH exhibiting Ohmic characteristic, inset shows the two-probe method for the conductivity measurements [adapted with
permission from Ref. 46 copyright © 2010 American Chemical Society].

freeze drying is a method in which graphene oxide (GO) is
incorporated into an aqueous media with or without the use of
binders. The formation of ice helps in providing the structural
support for the 3D graphene structure. The GO sheets were trapped
into the ice crystals, yielding 3D graphene based structures. The pore
size is dependent on the freeze drying temperature and duration.34–36
In the template assisted hydrothermal process, the templates are
soaked in GO dispersions and subjected to hydrothermal reduction
of GO. During this, the GO sheets get deposited onto the walls of the
template after which the template was removed to obtain the 3D
graphene structures.37 GO assembly by reduction process, freeze
drying and cross-linking techniques are the template free methods in
the solution based synthesis of 3D graphene based structures. When
GO is dispersed in aqueous media, the electrostatic repulsive force
hinders self-assembly of GO into a 3D structure. This could be
overcome by reducing GO either chemically or thermally.35,38 Solgel chemistry governs the chemical reduction of GO. The oxygenated functional groups are eliminated by the gelling of GO sheets
into hydrogels.39 Thermal reduction of GO is through the hydrothermal process, which takes place at high temperature and pressure.
The GO suspension is heated in an autoclave to form hydrogel.40,41
Freeze drying is a widely used technique to eliminate the water
molecules trapped inside hydrogel to form aerogel.14 In crosslinking technique, a cross-linking agent is added to promote gelling
of GO and to strengthen the 3D structures. PVA is the widely used
additive and apart from it various other cross-linkers such as
polyaniline, sodium alginate, chitosan, metal ions etc. have been
used. This cross-linking helps in the construction of 3D graphene
bead structure.42
3D Forms of Graphene as Supercapacitor Electrodes
3D graphene hydrogel.—Graphene hydrogels prepared through
reduction of GO consists of partially overlapped individual graphene

sheets forming a 3D interconnected porous structure. This 3D
structure not only avoids restacking of graphene sheets but also
facilitates diffusion of electrolyte into their porous network. Thus 3D
graphene hydrogel with interconnected pores have found its potential application as a supercapacitor electrode.43 By retaining the
intrinsic properties of graphene sheets, individual 2D graphene
sheets have been self assembled to form 3D graphene structures
called graphene hydrogels.44,45 Figure 3 shows the photographs and
SEM images of self assembled graphene hydrogels (SGH). Three
graphene hydrogels each of diameter 0.8 cm can support a weight of
about 100 g with slight deformation as shown in Fig. 3b. This
indicates the high strength of these hydrogels. This highly cross
linked porous network possesses large speciﬁc area, prevents
agglomeration of individual graphene sheets and supports ion
transport into the material.46 The good electronic conductivity and
mechanical strength of the hydrogel makes it favorable for supercapacitor applications.47 Wu et al. reported the fabrication of
MnO2/graphene by reduction-induced in situ self-assembly. The
MnO2 anchored onto the graphene oxide sheets was used as the
positive electrode whereas rGO hydrogel was used as the negative
electrode. Such a 2-electrode system exhibited a speciﬁc capacitance
of 242 F g−1 at 1 A g−1 with energy and power densities of
21.2 Wh kg−1 and 0.82 kW kg−1 respectively.48 Tan et al. reported
the synthesis of self assembled 3D graphene using L-Cysteine as the
reducing agent. It was observed that the reduction time played an
important role on the morphology and the supercapacitive
performance.49 Liu et al. reported the use of phytic acid as a
reducing agent and as a skeleton in the preparation of 3D graphene
hydrogels. These hydrogels prepared through hydrothermal and freeze
drying process exhibited a speciﬁc capacitance of 248.8 F g−1 at
1 A g−1 in a 3-electrode system. This excellent performance was
attributed to the large surface area available for the ion access and
efﬁcient charge transport pathways available in phytic acid mediated
graphene hydrogel (PAGH).50
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Figure 4. (a) Cyclic voltammetry (CV) curves of all electrodes at a scan rate of 10 mV s−1. (b) GCD curves of all electrodes at a current density of 1 A g−1.
(c) CV curves of GCD-3 electrode at different scan rates. (d) GCD curves of GCD-3 electrode at different current densities. (e) Speciﬁc capacitances of GCD-3
electrode at different current densities/scan rates. (f) Nyquist plots of all electrodes [adapted with permission from Ref. 51 copyright © 2018 The Electrochemical
Society].

Xu et al. reported the synthesis of graphene hydrogel decorated
with N and O co-doped carbon dots (CD) through hydrothermal
method. Waste ﬁber boards were carbonized providing the N
element and were subjected to acid etching using nitric acid, which
further supported N element and also provided the O element. By
using various mass ratios of GO: CDs (4:1, 3:1, 2:1), different

composite samples such as GCD-4, GCD-3 and GCD-2 were
prepared respectively. GCD-3 exhibited a speciﬁc capacitance of
335.1 F g−1 at 1 A g−1 in a 3-electrode system. The electrochemical
study of the system is shown in Fig. 4. The redox peaks observed in
the CV curves of all the electrodes (shown in Fig. 4a) attributes
to the pseudo-capacitance, accounting to the overall increase in
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Figure 5. TEM (a) and SEM (b) images of GO/PNT complex, SEM images with different magniﬁcations (c–g), TEM image (h) of the graphene/polypyrrole
aerogel, and SEM image (i) of pure GA [adapted with permission from Ref. 60 Copyright © 2014 American Chemical Society].

supercapacitance. The reversible behavior of the hydrogels can be
seen with the triangular charge-discharge curves obtained (Fig. 4b).
Figures 4c and 4d indicates the stable behavior of GCD-3 electrode
at various scan rates and current densities respectively. Figure 4e
indicates that the speciﬁc capacitance decreases gradually with the
increase in the scan rates or current densities due to the sluggish
transport of ions. When compared to graphene hydrogel (GH)
electrode, the composite electrodes pose higher charge transfer rates
which might be due to the decoration of N, O doped carbon dots
(Fig. 4f).51
Graphene aerogel.—Graphene aerogel (GA) is one of the most
widely known 3D architectures of graphene. It possesses highly
porous structure with ultra high surface area (500–1000 m2 g−1), low
density (0.003–0.15 kg m−3), good mechanical stability and superior
electrical conductivity.52,53 Functional modiﬁers such as metal
oxides, conducting polymers and other carbonaceous materials can
be incorporated into the GA framework thereby increasing the
performance of GA and also minimizing the agglomeration of
graphene sheets. Graphene aerogel/hydrogels has larger surface
area due to its porous structure when compared to plain 2D
graphene. This large surface area helps in increasing the contact
area between the electrolyte and the electrode thereby reducing the
charge transfer distance. Thus it is obvious for aerogels/hydrogels to
pose improved electrochemical behavior. Lei et al. reported that
phosphoric acid activated graphene aerogel exhibited a speciﬁc
capacitance of 204 F g−1 at 0.2 A g−1 in a symmetric 2-electrode
system.54 The synergistic effects between the GA and the functional
modiﬁers enable them to exhibit improved electrochemical
performance.55–59 A self-assembled graphene/polypyrrole nanotube
(PNT) hybrid aerogel exhibited a speciﬁc capacitance of 253 F g−1
at 0.5 A g−1. In such a hybrid, PNT facilitates transport of ions and
prevents restacking of individual graphene sheets. The SEM and
TEM images of GA and GA hybrid with polypyrrole is shown in
Fig. 5.60 Zhu et al. reported the fabrication of 3D graphene aerogel

microlattices using a direct-ink writing technique. The synthesized
aerogels were light weight, highly conductive with good supercapacitive behavior.61 Novel Pd particle decorated graphene aerogels (P-GA) were reported by Yu et al., and were tested for its
supercapacitive performance. The electrochemically stable Pd helps
in achieving superior coulombic efﬁciency and cyclic stability. The
fabricated asymmetric supercapacitor exhibited a speciﬁc capacitance of 175.8 F g−1 at 5 mV s−1.62
Jung et al. reported the formation of graphene aerogels from
graphene suspensions through electrochemical exfoliation method.
With the help of tunable porous channels present in the material, the
supercapacitance could be enhanced. By varying the electrolyte
content during the exfoliation process, freeze drying temperature and
duration, the pore size could be modeled. Optimized graphene
aerogel exhibited a speciﬁc capacitance of 325 F g−1 at 1 A g−1
in 0.5 M H2SO4 aqueous electrolyte with an energy density of
45 Wh kg−1 in a 2-electrode device.63 Shabangoli et al. reported the
use of Nile blue conjugated graphene aerogel (NB-GA) as a negative
electrode material in a asymmetric supercapacitor. NB-GA ∣∣ Ni-CoFe layered double hydroxide in 1 M KOH exhibited an energy
density of 108.5 Wh kg−1 and a power density of 14.9 kW kg−1 with
superior cyclic stability. NB-GA materials have thus proven as
excellent negative electrode materials across the entire pH range.64
Various recent reports are available on the use of graphene aerogels
as supercapacitor electrodes, making them an interesting ﬁled of
research.65,66 Large amount of literature could be found on various
composites of graphene aerogel with metal oxides, polymers,
dopants for supercapacitor application.67–70
Figure 6 demonstrates the structure of graphene hydrogel and
graphene aerogel. The main difference between them is that,
hydrogels are adsorbed with water and aerogels by air. Aerogels
are lighter compared to hydrogels making them more suitable as
electrodes in light weight supercapacitors. Both the structures are
highly cross-linked and conductive, thus ﬁnd applications in wearable electronics.44
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Figure 6. Schematic showing the experimental steps and synthetic conditions in the formation of graphene hydrogel and aerogel using graphene oxide as the
precursor.71

3D graphene foam.—Graphene foams (GF) are light weight,
highly porous structures facilitating an improved surface area and
efﬁcient charge transport through them.72 The graphene foams can
be prepared through self assembly or template assisted chemical
synthesis method and can be made composites with metal oxides,
carbonaceous materials or conducting polymers for improved
performance.73–77 Though graphene foam-metal oxide composites
exhibit improved performance, they lack electrochemical stability
due to the intercalation happening in the Faradaic reactions.78
Polymer-graphene foam composites are stable but exhibits poor
electrical conductivity.79 Graphene foam, being a conductive structure can be used as an alternative for the currently used current
collectors in supercapacitors such as nickel foam, SS foil or carbon
foil.78
Liu et al. fabricated a ﬂexible, lightweight asymmetric supercapacitor (ASC) by using Graphene foam/Carbon nanotube/MnO2 as
the positive electrode and Graphene foam/Carbon nanotube/
Polypyrrole (GF/CNT/Ppy) as the negative electrode. The GF/
CNT composite ﬁlm is shown in Fig. 7. It can be seen that the
morphology of graphene foam is similar to that of Ni foam and it
exhibits an areal density of 0.1–0.8 mg cm−2. The graphene foam
exhibits a surface area of 30 m2 g−1 and a resistance of 101 s m−1.
The fabricated device exhibited capacitance retention of about 90%
with good cyclic stability even after 10000 charge/discharge cycles.
To evaluate its potential application as a ﬂexible device, it was bent
to various degrees and cyclic voltammogram was recorded at
different angles (Fig. 7). The CV curves overlapped at all angles
of bending and similar capacitance was obtained indicating the
excellent performance.73 Graphene-Ag conductive epoxy–graphene
foam reported by Manjakkal et al. exhibited a speciﬁc capacitance of

38 mF cm−2 at a current density of 0.67 mA cm−2 in a 2-electrode
system.80 The application of graphene foam as supercapacitor
electrodes is widely available in literature.75,77,78,81
3D graphene sponge.—3D graphene sponges also aid in fast
electrolyte transfer with highly porous network.82 Graphene sponges
pose properties such as high elasticity, ﬂexibility, hydrophobocity,
surface area, stability, electrical and thermal conductivity.83
Graphene foam and graphene sponge have similar structures in
which randomly oriented sheets of graphene are cross-linked at the
edges through strong covalent bonds. Often, the terms “foam” and
“sponge” are used interchangeably. They pose highly porous network as shown in Fig. 8 allowing intercalations of ions thereby
improving the capacitance. The highly reversible super-elastic
behavior of foams/sponges helps in obtaining long cycle life.84 Xu
et al. demonstrated that the obtained 3D graphene sponges could be
operated with ionic liquids at room temperature (RT), which are
usually not possible with other materials because conventionally
supercapacitors working on ionic liquids are operated at 60 °C.85
Acid-functionalized multi-walled carbon nanotubes were microwave
treated with cobalt phthalocyanine molecules, which were used as
template to synthesize 3D sponge like graphene. These structures
exhibited an energy density of 7.1 Wh kg−1 at a power density of
48000 W kg−1.85 Ge et al. demonstrated the dip and dry process in
fabricating graphene/MnO2 sponges, which were further tested for
their supercapacitive nature. Commercially available sponges were
dipped in aqueous solutions of GO and in solutions containing Mn
salts and further dried to produce the macroporous graphene/MnO2
sponges. Such sponges are reported to possess high absorbance with
high surface area and low cost. These sponges exhibited an energy

Figure 7. A highly ﬂexible Graphene foam/Carbon nanotube (GF/CNT) ﬁlm and CV curves of ASC at different bending angles (right) [adapted from Ref. 73
copyright © 2019 Royal society of chemistry].
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Figure 8. The synthesis and structure of graphene sponges. (a) Illustration of the solvothermal conversion of ethanol-dispersed GO platelets into a graphene
sponge. (b) Photographs of rectangular (left) and cylindrical (right) graphene sponges. (c) An optical image of the cup and cone structure that is observed when
the graphene sponge is elongated to fracture. Scale bar, 1 cm. (d) A radial cross-sectional SEM image of a graphene sponge.88

density of 8.34 Wh kg−1 and a power density of 47 kW kg−1 at
0.8 V.86 Seo et al. reported a simple method for producing graphene
sponge, which was further tested for its supercapacitor properties. A
polymer sponge such as a melamine sponge was dipped in aqueous
solutions of GO. The dipped sponge was hydrothermally treated to
120о C for 3 h and then freeze dried for 48 h. In a 3-electrode
system, the graphene sponge exhibited a speciﬁc capacitance of
214.06 F g−1 in 1 M KOH electrolyte. Such ﬂexible graphene
sponges ﬁnd applications in wearable devices.87
3D graphene ﬁlms.—There are weak van der Waals force of
attraction and π-π stacking interactions between the basal planes in
the GO and rGO sheets due to which the sheets tend to agglomerate
losing their surface area. This largely affects the properties of

graphene sheets particularly in case of energy storage devices as it
hinders the electrolyte ions to access the interlayer spaces among the
packed graphene sheets.89 This problem can be solved by placing
spacer materials between the individual sheets, forming 3D graphene
thereby retaining the surface area. Various materials such as metal
oxides,90 nanodiamonds,91 polymers,92 metal organic frameworks,93
mesoporous silica sheet94 and so on are placed as spacer materials.
Yang et al. demonstrated that water can be used as a spacer to avoid
the restacking of graphene prepared by chemical conversion of
graphite.95 When chemically converted graphene in its wet form is
stacked face-to-face (Fig. 9c), they remain separated and aid in
providing effective electron transport paths. The self stacked,
solvated graphene ﬁlm (SSG) is shown in Figs. 9a and 9b. 3D
porous graphene ﬁlms can even be synthesized without the use of
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Figure 9. Structure of the SSG ﬁlm. (a,b) Photographs of the as-formed ﬂexible SSG ﬁlms. (c) Schematic of the cross-section of the SSG ﬁlm. (d) SEM image of
the cross-section of a freeze-dried SSG ﬁlm.(e) XRD patterns of as-prepared and freeze-dried SSG ﬁlms [adapted from Ref. 95 copyright © 2011 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim].

spacer materials through methods such as tap casting,96 leavening97
and chemical activation.98 Niu et al. reported the synthesis of
reduced graphene oxide foams through a leavening technique. An
anodic aluminum oxide (AAO) membrane was used in the ﬁltration
of the GO dispersion and then the formed GO ﬁlm was peeled off
from the AAO membrane. The GO ﬁlm was further treated in
autoclave with hydrazine at 90 °C for 10 h. The resultant rGO ﬁlm
had a highly porous structure.97 Yu et al. reported the preparation
and supercapacitive behavior of ultrathin ﬂexible graphene ﬁlms
prepared through vacuum ﬁltration method. Appropriate amounts of
graphene solutions were ﬁltered through alumina anodisc membrane
of 47 mm diameter to obtain graphene ﬁlms of different thickness.
The graphene ﬁlms were transferred onto a substrate (glass slide/
PET/glassy carbon) by employing NaOH solution bath to etch away
the alumina membrane. The supercapacitive behavior of the ﬁlm was
tested in 2M KCl electrolyte solution in a 3-electrode system
conﬁguration. A speciﬁc capacitance of about 135 F g−1 at
0.75 A g−1 with a power density of 554 W kg−1 and excellent
stability was obtained.99
3D graphene ﬁbers.—The properties of graphene are superior to
other carbon-based materials suggesting the potential application of

graphene ﬁbers when compared to the existing carbon ﬁbers. 3D
Graphene ﬁbers possess extraordinary features such as lightweight,
ﬂexibility and low cost.100 It exhibits lower density (0.23 g cm−3)
when compared to carbon ﬁbers (1.7 g cm−3) and metal wires
(20 g cm−3).101 Graphene ﬁbers can be synthesized through self
assembly of GO sheets101,102 and wet spinning techniques.103 The
repeated curling and folding of GO sheets to form graphene ﬁbers
was reported by Cong et al. Such ﬁbers exhibited excellent
electronic conductivity (35 s cm−1) and ﬂexibility. There was no
damage caused due to bending or twisting the ﬁbers. These ﬁbers
exhibited a tensile strength of 182 MPa and a Young’s modulus of
8.7 GPa.104 Zhao et al. reported the formation of GO hollow ﬁbers
through a coaxial two-capillary spinneret, which simultaneously
injects GO suspension and methanol. The obtained hollow ﬁbers
showed a pipe like morphology with an electrical conductivity of
8–10 s cm−1 in its reduced state. The process of producing graphene
oxide hollow ﬁber was fast; one meter length hollow ﬁbers were
obtained in just 30 s (shown in Fig. 10).100 Xu et al. reported the
formation of core-shell graphene ﬁbers wherein the core was
composed of porous graphene ﬁlm and the outer shell was composed
of densely packed graphene sheets. The core-shell structures were
formed by injecting GO through a capillary tube in liquid nitrogen
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Figure 10. (a) Schematic illustration of the fabrication process of GO hollow ﬁbers (GO-HFs). (b) Photographs of the obtained GO-HFs and necklace-like ﬁbers
(c) [adapted from Ref. 100 copyright © 2013 American Chemical Society].
Table I. Comparison of various 3D graphene forms used as supercapacitor electrode. (Electrical conductivity: EC, Surface area: SA).
Speciﬁc
capacitance

Structure

Synthesis method

Properties

Graphene
hydrogels

Self assembly by chemical reduction
Hydrothermal reduction

EC: 108.3 s m , SA: 95.9 m g

EC: 107 s cm−1, SA: 429 m2 g−1

26.5 Wh kg−1 and 5135.1 W kg−1

Hydrothermal reduction

SA: 414 m2 g−1

0.61 Wh kg−1 and 0.67 kW kg−1

Self assembly by hydrothermal reduction

SA: 220 m2 g−1

3D printing

SA: 700 m2 g−1, 90% capacitance
retention
High EC and structural stability

6.2 W h K−1g−1 and 3545 W
K−1g−1 (Graphene aerogel/
carbon)
0.26 Wh kg−1 and 4079.9 W kg−1

Graphene
aerogels

Freeze drying

Graphene
foam

Graphene
sponge
Graphene
ﬁlm
Graphene
ﬁbers

Graphene
balls

Energy and Power density
−1

2

−1

11.2 Wh L

−1

and 125.0 W L

−1

95.3 Wh kg−1 and 800 W kg−1
(Fe2O3@GA/activated carbon)
42 Wh kg−1 and 2077 W kg−1
(N doped GA)
3.4 μWh cm−2 and 0.27 mW cm−2

Hydrothermal reduction
and freeze drying
Stacking of graphene
sheet on substrate

SA: 288 m2 g−1

CVD on Ni foam
CVD on Ni foam

49 Wh kg−1 and 499 Wk g−1
22.8 Wh kg−1 at 860 W kg−1

Microwave synthesis and
carbonization
Vacuum ﬁltration method

98% after 10000 cycles at 10 A g−1
90.2%-83.5% after 10000 cycles, SA:
30 m2 g−1, Resistance: 352 Ω/sq
Operate with ionic liquids at RT, SA:
418 m2 g−1
Transparent and ﬂexible

Wet spinning

Stretchability

3- electrode system

Laser irradiation

Tensile strength:150 MPa

CVD

SA: 508 m2 g−1, EC: 6.5 s cm−1

2–5.4 × 10−4 Wh cm−2 and
3.6–9 × 10−2 W cm−2
3-electrode system

SA: 618 m2 g−1, used in wearable
electronics

—Indicate that the corresponding data are not available.

7.1 Wh kg−1 and 48000 W kg−1
15.4 Wh kg−1 and 554 W kg−1

203.9 F g at
0.5 A g−1
170.6 F g−1 at 1
A g−1
186 F g−1 at 1 A
g−1
44.3 F g−1 at 5
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Figure 11. Particles of crumpled GO sheets by rapid isotropic compression in evaporating aerosol droplets. (a) Schematic drawings illustrating the experimental
setup and the evaporation- induced crumpling process. Aerosol droplets containing GO sheets were nebulized and rapidly evaporated by passing through a
preheated tube furnace. (b) SEM images of four samples collected along the ﬂying pathway from spots 1 to 4 showing the typical morphologies of deposited GO
evolving from (b1) sparse sheets in a “coffeering” pattern, (b2) clustered and tiled sheets, (b3) aggregated sheets with extensive wrinkles, to (b4) the ﬁnal 3D
crumpled, ball-like particle [adapted from Ref. 109 copyright © 2011 American Chemical Society].

atmosphere and then subjecting it to freeze drying and reduction
process.57 With excellent electrical conductivities exhibited by these
graphene ﬁbers, they ﬁnd applications in supercapacitors.105 An
electrochemically reduced rGO ﬁber electrode exhibits a capacitance
of 0.726 mF cm−2 and a long cycle life.106 A single layer ribbon
fabric exhibited a speciﬁc capacitance of 802.8 F g−1 at 2 mV s−1.107
3D graphene spheres.—3D Graphene spheres are usually prepared using spherical templates of metal nanoparticles. Yoon et al.
reported the synthesis of 3D graphene spheres through thermal
annealing of triethylene glycol (TEG) coated Ni nanoparticles.108 It
is more convenient and cheaper to use metal salts as templates than
metals. 3D graphene spheres were prepared by direct assembly of
GO sheets into spherical structures. Luo et al. reported the fabrication of paper ball like 3D graphene structure through aerosol-assisted
capillary compression method. In this process, aqueous solutions of
GO was sprayed with N2 in a tube furnace heated to 800 °C. While
the solvent droplets of GO was evaporating, GO sheets were
compressed and aggregated to ball like 3D graphene structures
(Fig. 11).109
Lee et al. demonstrated the preparation of 3D mesoporous
graphene balls (MGB) through CVD process. Polystyrene and
FeCl3 were used as the carbon source and catalyst respectively.
The polystyrene balls (PS) were initially functionalized with -COOH
and -SO3H groups so that they get easily dispersed in aqueous
solutions of FeCl3. Under annealing in H2-Ar atmosphere at
1000 °C, 3D iron frameworks were formed while the PS balls

decomposed to serve as a carbon source for the growth of graphene
onto the 3D iron frameworks. With the removal of iron through acid
washing, mesoporous graphene balls were obtained. The MGB was
tested for its supercapacitor application in a 3-electrode system and it
exhibited a speciﬁc capacitance of 206 F g−1 at 5 mV s−1 with 96%
capacitance retention after 10,000 cycles. The electrochemical
properties of MGB are shown in Fig. 12. The CV curves of the pdoped MGB (Fig. 12a) are rectangular in shape indicating the EDLC
behavior of the electrode with negligible pseudocapacitance that can
be obtained from the O-groups in the p-doped MGB. With the
increase in scan rates from 5 mV s−1 to 20 mV s−1, the speciﬁc
capacitance gradually decreased but remained constant with further
increase in scan rates (Fig. 12b). When compared to acetylene black,
MGB and p-doped MGB posed greater conductivity which is
attributed to the small diameter of the semicircle in the Nyquist
curves as shown in Fig. 12c.112 Table I lists the comparison of
different 3D graphene structures used in supercapacitors.
Summary and Outlook
The agglomeration of graphene sheets could be avoided with the
use of 3D graphene structures. A number of 3D graphene structures
reported in literature till date are well discussed, highlighting their
electrochemical performance. 3D graphene structures exhibits
porous structure thereby facilitating easy ion access and improving
the supercapacitance. Various 3D graphene composites have been
discussed in terms of storage capacities. 3D Graphene derivatives
are highly interconnected with porous structure and high surface
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Figure 12. (a) Cyclic voltammetry curves of p-doped MGB in a voltage range from −0.5 to 0.3 V and (b) Speciﬁc capacitance with increasing scan rate.
(c) Nyquist plots of MGB, p-doped MGB, and acetylene black as a reference material. The inset is the close-up EIS image in the high frequency region. (d) Cycle
performance of p-doped MGB-based supercapacitor at a current density of 20 A g−1 [adapted from Ref. 112 copyright © 2013 American Chemical Society].

area. Due to the exciting properties exhibited by them such as
superior electrical conductivity, low density and chemical stability,
3D graphene materials have found their applications in various ﬁelds
of research such as dye adsorption, adsorption of heavy metals,
sensors, catalysis, wound dressing, energy conversion and storage.
Among the various derivatives of 3D graphene, aerogels, hydrogels
and foams are the widely researched materials. The strategies in the
preparation of 3D graphene structures are well discussed with
examples. There are a few challenges that need to be addressed in
the commercialization of these 3D structures of graphene for their
practical applications. Firstly, the 3D structures are still synthesized
at the laboratory level and thus the structures are very fragile and
difﬁcult to be handled. To overcome this, the cross-linking conditions have to be optimized and polymers can be incorporated to
enhance their mechanical property. Secondly, size controlled 3D
graphene structures are difﬁcult to be produced. Thus in-depth
understanding on the surface phenomenon of these is necessary.
Thirdly, it is important to study the effect of various additives in
making composites with these materials. Various other 3D structures
of graphene such as honeycomb, scrolls, nanosacks are yet to be
explored for their supercapacitor applications.
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