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Carbon materials and their allotropes have been involved significantly in our daily lives. Zero-dimensional (0D) fullerenes, one-
dimensional (1D) carbon materials, and two-dimensional (2D) graphene materials have distinctive properties and thus received
immense attention from the early 2000s. To meet the growing demand for these materials in applications like energy storage,
electrochemical catalysis, and environmental remediation, the special category, i.e., three-dimensional (3D) structures
assembled from graphene sheets, has been developed. Graphene oxide is a chemically altered graphene, the desired building
block for 3D graphene matter (i.e., 3D graphene macrostructures). A simple synthesis route and pore morphologies make 3D
reduced-graphene oxide (rGO) a major candidate for the 3D graphene group. To obtain target-specific 3D rGO, its synthesis
mechanism plays an important role. Hence, in this article, we will discuss the general mechanism for 3D rGO synthesis, vital
procedures for fabricating advanced 3D rGO, and important aspects controlling the growth of 3D rGO.

1. Introduction

Graphene is a 2D monolayer carbon, one-atom-thick mate-
rial with superior thermal, mechanical, electronic, and opti-
cal properties [1–3]. Graphene along with its derivatives has
shown immense applications in low-dimensional physics,
energy storage, electronic devices, catalysis, sensors, medical
equipment, etc. [4–6]. The excellent properties of graphene
are important at nanoscale and must be harnessed for
macroscopic applications. To become fully aware of the

advanced properties of a single graphene sheet, it is impor-
tant to integrate 2D graphene materials into 3D architec-
tures [7]. For instance, in electrode materials and energy
conversion devices, the 2D graphene sheets undergo restack-
ing and their distinctive properties become less effective,
leading to less efficiency than the theoretical values [8].
The way to overcome this drawback is to convert 2D layers
into consistent and interconnected 3D frameworks that can
be employed without concerning the restacking by retaining
the distinctive properties of 2D graphene materials. In order
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to fully uncover the prospectus of graphene, both large scale
production and conversion of individual graphene sheets
into state-of-the-art multifunctional frameworks are
required [8, 9].

The key step in manufacturing 3D graphene material
(i.e., 3D rGO) and modulating its final structures and char-
acteristics is the reduction of GO [10]. The reduction of
GO is a chemical method to eliminate oxygen-containing
parts on the GO plane. Majority of researches between the
year 2006 and 2010 were focused on synthesizing high-
quality graphene sheets from GO [11]. Different strategies
have been employed to reduce GO, together with swift ther-
mal reduction in inert atmosphere [12, 13]; chemical reduc-
tion through series of reducing agents like hydrazine [14,
15], hydroquinone [16], NaBH4 [17], dimethylhydrazine
[18], hot alkaline [19], ascorbic acid [20], etc. [21]; photocat-
alytic reduction [22]; hydro-/solvothermal technique [23,
24]; laser/flash light irradiation [25–27]; electrochemical
reduction [28]; hydrogen-plasma/arc-discharge [29, 30];
microwave treatment [31], and combination of these tech-
niques [32, 33].

A series of experiments have been conducted in the past
few decades to study the methods for developing 3D rGO
[34–36]. Reduction through thermal, chemical, hydrother-
mal, electrochemical, and photoinduced paths is a few of
the effective techniques for the reduction of 3D GO or GO
suspension with concurrent 3D construction. Freeze-
casting can be used for tuning the inside structure of GO
or rGO gels along the developing ice as the in situ template.
The annealing conditions are essential for the structural
properties of obtained rGO sheets. The H atoms drive deox-
ygenation through a series of chemical reactions. The tem-
peratures employed in this kind of process are generally
higher than 500°C [29]. With exposure to reducing agents,
the chemical reduction of GO proceeds with deoxygenation
at low temperatures. However, the reducing agents may
sometimes only reduce a certain class of oxygen-containing
groups selectively (e.g., hydrazine was selective towards the
epoxy groups) [37]. The majority of graphene materials
obtained from GO exhibit a substantial number of holes,
curvatures, functional groups, and defects on carbon sheets,
resulting in a functionalized graphene with a C/O ratio less
than 1.5. Moreover, the defective graphene sheets obtained
through thermal and chemical reduction display high
agglomeration due to the presence of forces of attraction
between layers and the reduction in hydrophilicity [13, 14].

Although the past few years have experienced rapid
growth of 3D graphene materials and their several new
synthesis techniques, still, the clear explanation and classifi-
cation of 3D architectures have not yet been made. Further-
more, 3D graphene materials fabricated through various
methods show distinctive properties and varying levels of
performance for different applications. For tuning advanced
3D graphene structures for specific requirements, it is
important to infer the relationship between 3D graphene
properties and its performance, the mechanism involved in
its formation, and key components determining the proper-
ties. In the last few years, there have been excellent and
enormous review articles dealing with the synthesis of mac-

roscopic 3D graphene [4, 7, 9, 38–41]. The reviews generally
focus on 3D graphene-based materials concerning the spe-
cific applications [42–46]. An overview of the 3D graphene
family is still missing. Hence in this paper, we will discuss
recently developed engineering strategies for synthesizing
3D graphene. Considering that a lot of work has been pre-
viously published in the field, we will present a detailed col-
lection of advanced fabrication processes for 3D graphene.
The primary focus is on the design considerations, forma-
tion principles, and engineering of 3D graphene-based
architectures.

2. Synthesis of 3D rGO

2.1. Photoinduced Reduction. Photoreduction is a chemical-
free process for the reduction of GO with little physical con-
tact, high efficiency, and high processing speed. In early
2008, photon energy was employed for reduction of GO in
solutions with the involvement of semiconductor photocata-
lysts (like TiO2) under the irradiation of ultraviolet light
[22]. This technique came out to be successful for develop-
ing the graphene/semiconductor composite. Further, it was
established that GO reduction in a solution or over a sub-
strate can be done directly under ultraviolet light with the
side formation of CO, O2, H2O, and CO2 [47]. Meanwhile,
xenon lamp-equipped photographic camera lights and laser
lights were found to be capable of deoxygenating GO photos
thermally. In such early reports, photoreduction of GO in
dilute solutions only formed rGO suspension and not the
desirable 3D rGO [47, 48], whereas with photoreduction of
the GO film, a pore-rich 3D rGO was obtained. This also
showed high conductivity and an expanded interlayer spac-
ing [25–27].

Reduction of GO via photoenergy follows two types of
mechanisms, i.e., photothermal effect and photochemical
reduction. By principal, the GO reduction with irradiation
of ultraviolet light with wavelength less than 390nm is
referred to as photochemical reduction [47]. For wave-
lengths longer than 390nm, the reduction of GO follows
the photothermal effect. Because the photothermal effect
involves high temperatures of 200-230°C, the reduction of
GO becomes effective. In case of laser lights, it creates an
intensive heat zone by focusing the laser beam on the spe-
cific point. A large number of photons get absorbed upon
strong irradiation by a pulsed laser and get converted to
heat, leading to the rise of temperature on the sheet [49,
50]. However, photochemical processes can also occur via
laser at long wavelengths (i.e., 1064nm) because of strong
electron photon coupling and multiple photon absorption
[51]. In both the mechanism paths, strong excitation of the
GO surface renders the quick ejection of particles and leads
to formation of plasma plumes. When energy transfers from
plume to lattice, the oxygen group leaves GO with plume
expansion. Thereafter, with formation of CO and CO2 and
evaporation of internal water an interlayer pressure is pro-
duced which leads to the expansion of the rGO layer to form
a porous structure [27, 52, 53].

The photon-induced reduction is another method
applicable on chemically reduced GO films. The energy of
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photons decomposes the residual chemical substances
present in partially reduced GO. Among several sources of
photon energy, laser lights are widely used due to their
consistency, strong intensity, tunable power, and flexible
pattering [52, 54, 55]. Laser scribing can easily achieve syn-
chronous reduction with a GO film pattern [56, 57]. The
reduction degree of the GO film can be administered by
varying the laser-processing variables (i.e., intensity, shifting
pitch, scanning pitch) [58, 59]. The 3D graphene patterns
resulting from laser scribing have recently shown a great
potential in biomedical applications like tissue engineering
and cell culture [58]. Kaner and his research group [56, 57]
fabricated 3D porous graphene sheets via laser-induced
reduction of GO films. The process utilized a commercially
available LightScribe DVD optical drive. Figure 1(a) shows
the illustration for the whole process followed. Reduction
with LightScribe gave 3D exfoliated sheets of 1520m2/g spe-
cific surface area and 1738 S/m electrical conductivity.

Atmosphere is an important factor for laser-induced GO
reduction to control the degree of reduction of the resulting
rGO film. The degree of reduction can be highly improved in
an oxygen-free environment [60]. If the GO precursor is
immersed in liquid nitrogen for laser reduction, the thermal
expansion will be suppressed, resulting in a 3D rGO film
with fewer defects and high conductivity compared to the
film obtained in nitrogen [51]. Apart from the reduction of
dense GO films/foams, laser intensity can also be directly
employed for assembling 3G rGO in crystalline GO suspen-
sion. As shown in Figure 1(b), when the nematic lyotropic
liquid crystal GO sheet is used as the precursor to be dis-
persed and ordered, by adjusting the focus and intensity of
the laser, the arbitrary homogeneous 3D structures of the
inside surface can be noticed [54]. Complex 3D assemblies
like trefoil knots can be produced through voxel-by-voxel
micropatterning of laser beams in both simple plane and
across the thickness of the sample. This arrangement is dif-
ferent from laser-induced reduction of H2O-reduced GO
films and is favorable for error-free 3D localization in elec-
tronics and photonics.

2.2. Chemical Reduction. Reduction of GO through chemical
routes is another major facile approach. In early research,
hydrazine was used to obtain rGO dispersions to reduce
dilute GO suspensions [11, 14, 61]. At a later stage, 3D gra-
phene hydrogels/aerogels were synthesized with higher GO
concentrated colloidal solution under mild reducing agents
[35, 62, 63]. The reducing temperature is kept between 60
and 100°C. The residue (i.e., reagent) and absorbed water
are then removed by washing and lyophilization. A variety
of reducing agents have been used to simultaneously reduce
and construct 3D GO. These may include Na2S, HI [64],
H3PO4/I2 [65], gelatin, and sodium ascorbate [66]. Shi and
coworkers [64, 67] employed sodium ascorbate for the
reduction of GO to develop a 3D graphene framework. Chen
and Yan [64] and Zhang and Shi [68] used NaHSO3, Na2S,
Vit. C, HI, and hydroquinone for reducing GO into 3D
rGO. Both these researches claimed that the π-π interlinkage
among sheets may be a governing factor in deriving self-
assembly of chemically reduced GO. This observation came

in a similar manner to the hydrothermal approaches. Few
research groups also claimed that function groups attached
with reducing agents can be determined in 3D rGO sheet
construction [69–71]. As the covalent bonds form between
GO sheets and reducing agents, a few of the oxygen-
containing hydroxyl and epoxy groups are substituted and
the GO sheet is cross-linked [66, 72, 73]. To stimulate the
cross-linking, carboxylic groups of reducing agents (i.e., oxa-
lic acid and mercaptoacetic acid) can speed up the develop-
ment of interlayer hydrogen bonds [74, 75]. As stated by Liu
et al. [66], gelatin amino groups induce the electrostatic
attractions, ring opening reaction, and multiple hydrogen
bonds of epoxy groups to collectively enhance the 3D devel-
opment of rGO.

The evolution of CO and CO2 is usual in GO’s chemical
reduction. Evolution of favorable amounts of these gases
helps in restacking of GO and rGO sheets and modulates
the pore structure of 3D compounds. Furthermore, along
with interactions among GO and reducing agents, water
bubbles can additionally be introduced through a monitored
heating temperature [76]. The total number of bubbles is
important throughout the process. Less number of bubbles
fails to suppress the restacking, while excess numbers can
affect the self-assembly of rGO sheets. When GO/NaHCO3
suspension is heated at 100°C in an open beaker, the number
of bubbles accredited to the boiling of water is generated. On
using concentrated reducing agents (i.e., hydrazine and
NaBH4), microscopic voided irregular gels and rGO particles
were seen because of substantial generation of gases [64, 77].
Hence, hydrazine is more favorable in reduction of GO into
3D structure.

Active metals like Al, Cu, Al, Fe, and Co can also be used
as reducing agents for simultaneous reduction and forma-
tion of GO sheet 3D assembly on their surface. On the basis
of redox reactions among metals and GO, the process of
reduction, as well as assembly of GO, happens instantly at
room temperature. However, the temperature can be raised
to 60°C to speed up the process. Surprisingly, if a conductive
substance is placed on the active metal substrate, no reduc-
tion in the development of 3D rGO assembly is seen
(Figure 2) [78]. This favors the development of unique
graphene structures like microtubes and micropatterns.
Through slight tuning of the shape of metal deposited, these
further can be fabricated into binder-free high performance
rechargeable Li-ion batteries. In addition, flexible rGO 3D
thin film devices can also be prepared by depositing active
thin layers of metal substances on flexible substrates.

In addition, the vapors obtained from reducing agents
can also be effectively employed in the reduction of both
dried GO films and the sponges with side-by-side alterations
in 3D structures. When a dense GO film is used as a precur-
sor, its 3D configuration can be significantly altered during
vapor-based reduction. Niu et al. [79] performed the reduc-
tion of filtrated GO film by positioning it on the top of a
hydrazine monohydrate solution at 90°C for 10 hours
(Figure 3). By controlling the concentration of the hydrazine
monohydrate solution, the open pore structure can be tuned.

In spite of successful development of chemical reduc-
tion of GO, the changes involved in GO during the
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reduction process are still not fully understood. Hence, an
effective method to minimize the amount of noncarbon
impurities is required.

2.3. Electrochemical Reduction. This type of GO reduction is
a popular method to directly synthesize electrodes with 3D
graphene for electrochemical devices and electrochemical
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Figure 1: (a) A staggered representation of the laser-induced reduction of GO films. Adapted from [56], copyright 2012, American
Association for the Advancement of Science. (b) Representation of ordered lyotropic nematic liquid crystal dispersion with GO leaf as
precursor [54].
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Figure 3: The figure illustrates the fermentation process to prepare rGO foam. Reprinted with permission from [79], copyright 2012, Wiley-
VCH Verlag GmbH and Co. KGaA, Weinheim.
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modifications (Figure 4) [62, 80–82]. The dispersed GO elec-
trochemically reduces to precipitate on the cathode. Instead
of packing in a face-to-face manner, the layers reinforce each
other up, making a 3D graphene network rigidly stacked to
the electrode [62, 81, 83]. This is also referred to as the direct
growth of rGO sheets from the electrode surface. Producing
a 3D graphene scaffold instead of a solid graphite layer
means that a rapid reduction and acceleration process
between the initial hydrophobic rGO layer and the GO
hydrophobic layer is formed at a later stage. Along with this,
hydrogen evolution happens under bias voltage, developing
high porosity inside the deposited sheets [84].

Sheng and coworkers were the first ones to fabricate a
graphene web on silver foil under -1.2V and 3mg/mL GO
suspension with 0.1M LiCLO4. This prototype showed out-
standing performance in an electric layer double capacitor
having a capacitance of 283mF/cm2 [62].

In electrochemically prepared 3D rGO materials, the
electrodes are considered the most important components
for 3D frameworks. Different materials like stainless steel
mesh [82], Pt foil, Ni foam [81], and Au fiber [83] can be uti-
lized as electrode bases. When graphene paper was
employed as an electrode base, the highly porous rGO-
layered structure was tightly attached to the substrate. This
led to an all carbon electrode with excellent applications in
flexible devices. On using Ni foam as the electrode substrate,
the inner voids were filled with rGO, creating an orderly
porous structure having pore sizes in 100s of micrometers
or submicrometers in the case of rGO sheets. The 3D rGO
structures with varying hierarchical 3D frameworks can be
prepared through preobtained 3D rGO materials as elec-
trode bases.

The electrochemical method can also be employed to
reduce electrode-precasted GO films [84, 86]. By doing so,
the stacking of the GO sheet will be better controlled during
the casting step and will ensure that the electrochemical pro-
cess is effectively slowed down.

2.4. Thermal Expansion of GO Bulk. Thermal reduction or
annealing at temperatures between 800 and 1000°C is the
most standard, simple, and effective pathway to remove oxy-
gen functional groups from GO. In the case of 3D graphene,
annealing at high temperatures may result in thermal exfoli-
ation, which further results in an expansion of dried and
preshaped GO bulk precursors. GO precursors by thermal
exfoliation include granular GO [87], irregularly aligned
GO film [88], tape casting [10], and bulk GO materials [89].

In the process of thermal growth of bulk GO, the groups
having oxygen (carboxyl, hydroxyl, carbonyl, and ether) are
completely or partially eliminated or are transformed into
stable bonds (i.e., anhydrides, quinone, and lactones) with
the traces of CO2, CO, and H2O [90, 91]. The clear-up
amount of the graphene surface rises with increasing anneal-
ing temperature. At 1000°C, traces of C–O, OH, and C═O
are used to remove thermally unstable oxygen. Therefore,
the conductivity of the GO sheet is greatly improved. In
the meantime, the GO mass is transformed into the honey-
comb 3D nanostructures with microscopic sheets and abun-
dant pores. After undergoing this type of expansion, the

distinct surface area could be further enhanced. Based on
the precursor used and the reaction that followed, the sur-
face area of 3D rGO frameworks could be maintained
between 400 and 800m2/g [90, 91].

Thermal annealing is also employed for the reduction of
3D partially reduced GO and 3D GO architecture due to dry
treatment and strong reduction. In such cases, the tuning of
3D structures becomes secondary. However, subjecting GO
precursors instantly to high temperature regions by avoiding
the ramping procedure with violet gas evolution might result
in richer in-wall pores, resulting in high surface area. In cer-
tain situations, a thermal shock of 400°C can help crumpled
graphene spheres to obtain a surface area of approximately
567m2/g, and heating the sample at the same temperature
ensures a lower surface area of 344m2/g [92].

2.5. Solvothermal and Hydrothermal Reduction. This reduc-
tion process was first developed to reduce GO into rGO
sheets [23, 24]. As shown in Figure 5, Xu et al. [93] used a
concentrated GO suspension to see reduction as well as
self-assembly of GO in macroscopic 3D rGO hydrogels.
Since then, these methods (i.e., hydrothermal and solvother-
mal) became well-liked methods for 3D graphene monolith
production from GO sheets [34, 80, 94–96]. The reaction
temperature is generally between 100 and 250°C in auto-
clave. Thermally induced supercritical water acts as a reduc-
ing agent in hydrothermal processes [97].

At the beginning of the hydrothermal process, the reduc-
tion in surface changes is noticed due to less carboxylic
groups, attracting them to those with charges [98]. On
extending the time of reaction, majority of carboxylic groups
are removed and the hydrophobicity, π-π stacking interac-
tions, and electrostatic attractions are enhanced, making
the rGO sheet assembly tightly interconnected as a 3D
framework (Figure 6) [93]. As the oxygen-based groups
decrease, CO2 becomes a predominant product along with
traces of CO and fragments of organic acids [99, 100].

Although GO sheets are not completely removed after
water heat treatment, as a result, both hydrogen bonds and
π-π interactions among oxygen-functional groups add to
the cross-linking of 3D sheets in monoliths [101]. Also, the
size, concentration, and surface of GO sheets in the first
GO suspension could be significant in enhancing the density
and structure of final 3D rGO gels.

Replacing H2O with another organic solvent by solvent
thermal reduction of GO lowers the temperature and hardly
induces the self-assembly properties of the GO sheet [102,
103]. When compared to the hydrothermal technique, the
high self-generated pressure and low surface energy of the
solvent in solvothermal processes could result in high effi-
ciency fabrication and reduction of GO sheets [103, 104].
Hence, the 3D rGO materials resulting from solvothermal
reduction display higher conductivities with lower surface
areas and thick walls. Solvothermal reduction employing
ethanol as a solvent results in the development of 3D rGO
aerogel. An important observation noted was that the
super-elasticity and Poisson’s ratio of this material became
almost zero, which can never be achieved with water as a sol-
vent at the same reaction conditions [105]. However, the
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12 h. (b–d) SEM images at different magnifications of the microstructure inside self-organized graphene hydrogels. Reproduced from [93],
copyright 2010, American Chemical Society.

CGO: 0.5 1 2 mg/mL

(a)

1 2 4 6 12 h

(b)

Figure 6: (a) A product manufactured by hot water reducing a GO dispersion at 180°C for 12 hours at different CGOs. (b) Photographs of
products manufactured by hydrothermal reduction of 2mg/mL GO at 180°C varying time limits. Reproduced from [93], copyright 2010,
American Chemical Society.
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interaction mechanism between GO sheets and solvents in
the solvothermal process still remains to be explored.

The drying path of hydrothermally and solvothermally
reducing GO is an important factor in deciding the final
3D structure. If processed under general thermal conditions,
the 3D rGO hydrogel will bear the acute volume shrinkage
and structural cracking. This happens mainly because of
large capillary pressure from solvent evaporation and the
structural thickness. The capillary pressure is controlled by
either freeze-drying or supercritical CO2 drying. Here, H2O
is replaced by ice or supercritical CO2 liquid. This is all
because they do not react well with graphene walls [77].
The capillary pressure of solvent evaporation is correlated
with solvent surface tension, angle of contact, and pore
radius in accordance with the Laplace formula. Various
schemes can be implemented to achieve ambient drying
while maintaining the 3D structure. Meanwhile, the stiffness
of the materials depending on wall thickness and the inter-
sheet linkage firmness can be improved by resisting the cap-
illary pressure [106].

Further, the hydrothermal and solvothermal processes
are efficient in reducing and activating GO with performed
3D structures [107]. In such cases, the 3D structures will
be minutely affected by reduction, which normally are deter-
mined during the preshaping process. However, the degree
of reduction of final 3D rGO materials is slightly low due
to the low temperature of hydrothermal and solvothermal
reactions. To further eliminate the functional groups,
annealing or chemical reduction can be used as a posttreat-
ment reaction. This will also help to restore the π-conjuga-
tion and improve the electrical conductivity [105, 107].

The hydrothermal and solvothermal processes can also
be used to produce 3D graphene-based composites. This
may include 3D graphene doped with nanoparticles like
Fe3O4 and Co3O4 on a composite layer [108]. Compared
with the hydrothermal pathway, under the influence of the
solvent, the nanoparticles are more uniformly wrapped by
the solvothermal pathway in situ by binding with ethanol,
resulting in more intimate contact with 3D rGO.

2.6. Freeze-Casting Process (Pre- or Post-reduction). Freeze-
casting is a widely used, readily accessible solution phase
method for casting GO and partially rGO suspensions or
gel forms. It depends on the ice crystallization point. During
the procedure, phase separation leads to the repulsion of
GO/partially reduced GO sheets from developing ice crystals
and gets accumulated in a continuous 3D manner at the
interspaces between developed ice [109–111]. The concen-
tration of GO/partially rGO sheets must outgrow the perco-
lation threshold in order to build an interconnected
structure. After obtaining a porous GO monolith through
freeze-casting, further reduction is required to get a 3D
rGO framework. The reduction operation is important to
adjust the surface properties of the sheet. However, since
the porous composition of 3D rGO is stationed in the
freeze-casting process, this may slightly affect the micro-
scopic morphology.

In suspensions, the chemical properties of GO sheets
play another major role in the freeze-casting process. Direct

freezing yields GO randomly oriented brittle monoliths
[112, 113], while a super-elastic honeycomb-like cellular
orientation results when freeze-drying is done either for
GO-filtered gel or specific partially reduced GO dispersion
[106, 109]. This difference among monoliths of GO and
partially reduced GO occurs due to improved π-π attrac-
tions of partially reduced GO sheets [106]. Additionally,
as shown in equation (1), as per the lowest energy principle,
for GO or partially reduced GO particles hindered due to
the growth of ice, the free energy of interface related with
GO/partially reduced GO (σi) has to be greater than the
sum of both water-GO/partially reduced GO (σw) and ice-
water interface (σiw).

Δσ = σi − σw + σiwð Þ > 0: ð1Þ

After partial reduction, micro-3D partially reduced GO
architects were seen in place of lamellar 2D GO sheets.
Thus, a strong deriving force (Δσ) to accumulate building
blocks at ice solidification form was produced in the
arrangement with partially reduced GO (Figure 7). This
further helped in the super-elastic structure of the partially
reduced GO monolith [109]. Also, the hydrophobic proper-
ties of the partially rGO sheet can be adsorbed on the sur-
face of the ice by the abundant oxygen-containing groups
and dominate the growth of ice crystals [114, 115]. As the
water solidification in partially reduced GO suspensions
gets completed, the 3D crystals are positioned and will
interchange a little in thawing and future reductions. The
3D rGO prepared this way is able to maintain its structural
integrity with a load, i.e., 450,000 times its own weight with
instant recovery from 480% compression [106].

Also, the freezing point is essential to tune the 3D struc-
ture of freeze-casting rGO. It directly gets involved with the
manipulation of the growth behavior of ice crystals. At high
temperatures, the growth of crystals gets more favorable and
leads to the production of large lamellar ice crystals. How-
ever, at lower temperatures, nucleation of ice dominates
and spreads ice crystal nuclei throughout the material.
Hence, the wall thickness, total size, and pore structure
can be highly influenced by monitoring the freezing temper-
ature [116, 117].

In addition, through monitoring the temperature distri-
bution in the freezing system, Bai’s research group success-
fully developed a bidirectional freezing technology and
tried it on synthesizing 3D rGO with a biomimetic lamellar
structure [118, 119]. Recently, Wang and coworkers adopted
this unique bidirectional temperature control method to
achieve a fan-shaped arrangement of GO [115]. The vessel
used a copper rod with a cylindrical hole. Because the bot-
tom of the cylinder was immersed in liquid nitrogen, the
top was cold so the inside GO suspension had a two-way
temperature gradient (i.e., “bottom to top” and “outside to
inside”) (Figure 8). The distinctive temperature gradients
enabled the crystallization in a different manner than a con-
ventional freezing process. To get the desired GO aerogel
(i.e., radially aligned channels), a small quantity of ethanol
was further added. After reduction by hydrazine vapor and
drying in a complete vacuum, the prepared rGO aerogel

7Journal of Nanomaterials



displayed high porosity and specific pore orientation and
was highly ordered. After 1000 compression cycles with
50% strain, only 8% of the total structural permanent defor-
mation was noted. To further promote the surface activa-
tion, KOH solution was used to combine ultralightness and
excellent mechanical strength. This substance may selec-
tively adsorb organic pollutants present in water.

Additionally, other solvents can also be employed for the
freeze-casting process. These may include organic solvents
with high vapor pressure and melting point slightly higher
than the room temperature (for example room-temperature
freeze gelation) [120]. In comparison to freeze-drying using
water, the room-temperature freeze gelation highly reduces
the energy consumption. However, the cost of organic sol-
vents could be an issue for this to develop.

2.7. 3D Printing before Reduction. Compared to other strat-
egies, 3D printing prepares a 3D rGO architecture with
more complex shapes. Extrusion-based 3D printing is the
preferred printing strategy for 3D rGO synthesis [121,
122]. A newly developed technology, optical 3D printing,
controls structures more precisely down to the micrometer
scale [123].

2.7.1. Extrusion-based 3D Printing. This technique has
recently become popular in the on-demand engineering of
graphene and composite 3D macrostructures. 3D printing
can also be called robot-assisted deposition, robocasting,
direct ink writing, and continuous extrusion [124]. Wet-
spinning technology can be used for printing of 500 nm gra-
phene nanowires [125], but this is more often used to get
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compounded 3D structures through filaments extruded
from nozzles, which merge together via a “layer-by-layer
method” [126]. Procuring a GO suspension with specific
rheology is very important to use 3D printing to its fullest.
The extruded filaments are expected to behave as a shear-
thinning fluid with viscoelastic characteristics that adhere
with neighboring layers while maintaining the shape after
printing and pressing upon by printed filaments [122].

Fragment size and GO concentration play important
roles in the elastic properties of GO inks. The elastic prop-
erty (y) for a concentrated GO suspension is denoted by
[127, 128]

y = k
Φ ×Dsheet × Ssa × ρ

3 − 1
� �x

, ð2Þ

where k is the constant, x is the scaling factor, Φ is the
GO concentration, ρ is the density of the solvent, Dsheet is
the lateral size of the GO sheet, and Ssa is the specific surface
area of the GO sheet.

Zhu and team stated that the GO suspension with 150-
400nm lateral size behaves as a non-Newtonian fluid at a
20mg/mL concentration [121]. Increase in concentration
further improves the GO viscosity and enhances its print-
ability. At similar concentration, the 5-50μm flake size
GO shows high viscosity and forms a robust 3D structure
[129, 130].

In order to further improve the printability of GO sus-
pensions, modified GO suspensions together with additives
are widely used as printing inks [122, 131]. García-Tuñon
et al. [122] developed a pH-sensitive polymer functionalized
with GO suspension to apply in 3D printing for the prepara-
tion of the 3D rGO monolith. Therefore, the suspension can
be adjusted by adjusting the pH for accurate 3D printing.
Optimized suspension produces a branched polymer/GO
surfactant network formed by noncovalent interactions. This
network possesses shear-thinning behavior and predomi-
nates with solid-like characteristics up to 1% of strain,
enabling easy flow of gels in nozzles of diameter of 100μm.
Since silica powder can transmit additional shear-thinning
behavior and shear-yield stress, Zhu and coworkers further
used hydrophobic fumed silica powder as fillers to improve
the viscosity of GO ink [121, 131]. In addition, the team also
introduced basic compounds, such as (NH4)2CO3 and RF
catalyst compounds, to effectively regulate the cross-linking
of GO sheets by adjusting the surface charge and covalent
bond formation.

These polymers and solid additives can interfere with the
mechanical properties and conductivity of printed rGO
structures. Furthermore, treatments to recover the solid
add-ons are rather tedious. Hence, greener ionic additives
(i.e., Ca2+, Mg2+, Fe3+, etc.) are investigated to see the rheo-
logical behavior of the GO ink. A minute amount of Ca2+

ions enhanced the viscosity and viscoelasticity of GO disper-
sion [132]. With increasing Ca2+ concentration, the yield
modulus and storage of GO also increases. GO sheets with
mild ammonium-induced cross-linking can be obtained by
adding urea into the GO suspension [133]. These mixtures

are easily pushed and converted into tough filaments that
exhibit high viscosity and shear behavior.

Apart from adding additives, a special type of solvents
can also be employed to obtain printable GO ink. These sol-
vents are liquid and solid at moderately high temperatures
(i.e., 50-120°C) and room temperature, respectively [120].
Hence, just mild temperature monitoring is required for
tuning the rheology of the suspension to get the required
3D printing. Finally, the solvent is evaporated in a vacuum
(even at room temperature), leaving a pure GO framework.

The filaments in extrusion-based 3D printing nozzles are
typically extruded in air [122, 130] or liquid [121]. In liquid
baths, organic solvents are preferred due to their lesser den-
sity than water and immiscibility with aqueous ink [131].
Zhang et al. [134] used an ice bath at -25°C for the ink.
The low temperature quickly solidifies the ejected GO sus-
pension, so that a lower concentration of 110mg/mL of
GO precursor can be applied. This process achieves a fine
3D structure due to melting and fusion operations with
few voids.

2.7.2. Optical 3D Printing of rGO. The combination of pho-
toexcited polymerization with layer-by-layer 3D printing
can be used to synthesize complex macro-3D architectures
of rGO [123]. As shown in Figure 9, firstly, a 1wt.% dilute
GO dispersion was mixed with 12wt.% photocurable acry-
lates and 2-4wt.% photoinitiator to get a specific type of
photocurable resin. This resin is able to solidify instantly
under light-initiated polymerization. A thin layer of resin
forms on it when a substrate is placed on it. Then, the top
resin layer is cross-linked and solidified by patterned light
irradiation. A further top layer of suspension was seen for
further patterning and reduction targets. A light of 405nm
wavelength was rearranged with a spatial light-modulator
where the targeted 2D image patterns were sliced and 3D
structures were the input. Hence, such a process could lead
to arbitrary complex 3D structures with controlled size at
the micron scale. The resolution of the signal wire is main-
tained at approximately 10μm with a guide hole size of
60 nm [123].

2.8. Wet-Spinning before Reduction. The wet-spinning of GO
before undergoing chemical, hydrothermal, and thermal
reduction is a popular method for developing 3D rGO struc-
tures like 3D rGO fabrics, films, cylinders, spheres, and
fibers [86, 135–137]. Xu and Gao were the first ones to syn-
thesize continuous graphene fibers independent of any sup-
port surfactant or polymer through a wet-spinning GO
chiral liquid crystal technique in a coagulation bath contain-
ing 5wt.% NaOH/CH3OH solution. Further, a chemical
reduction method using 40% HI solution was followed.
GO’s liquid crystal follows the twisted boundary phase as
the model. The obtained graphene fibers exhibited 7.7GPa
Young’s modulus, 140MPa fracture strength, an approxi-
mate 5.8% fracture elongation, and 25,000 S/m of high con-
ductivity [138].

In the spinning process, the GO suspension concentra-
tion is an important factor for the development of continu-
ous fibers. The lamellar structured liquid crystals of GO
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enables the dispersion at high concentration, leading to
strong interactions among GO sheets, thus stimulating the
alignment and coagulation of formed sheets. Otherwise, brit-
tle fibers and collapsed belts can result from low concentra-
tions of GO. The spun liquids are targeted in the coagulation
bath, where they exert influence on external and internal for-
mations of spun GO fibers. Figure 10 proposes the mecha-
nism for the formation of graphene fibers. A multilayer
GO film is first produced through the repulsions among neg-
atively charged GO sheets. Further, as the charge neutralizes
between adsorbed low-concentration hexadecyltrimethy-
lammonium bromide solution and the GO sheets, the film
turns into a bent and folded form. Continuous curling and
folding eventually result in highly aligned fine particles.
Spinning liquid GO crystals in liquid nitrogen and
additional freeze-drying produces single-core dense-shell
graphene fibers [135]. The internal arrangement of the
GO/rGO sheet is uniform, and the porous fiber exhibits a
high specific surface area of about 884m2/g, a tensile
strength close to 188 kNm/kg, and a high electrical conduc-
tivity of 300 kNm/m of 4900 S/m.

From the perspective of wet-spinning instrument design,
the size and shape of the nozzle is an important factor to

define the comprehensive shape of final GO/rGO fibers
[135]. The 60μm nozzle generates porous graphene fibers
with a diameter of 100μm, while the 1 cm nozzle results in
1 cm diameter graphene hollow fibers (Figure 11). A double
capillary coaxial spinneret can produce graphene-based hol-
low fibers, while collar-shaped fibers can be obtained by GO
suspension (Figure 12) [128]. A geometrically confined flat
nozzle of line-shape can give continuous GO hydrogen films
[139, 140].

The rotation process can also be manipulated to obtain
3D graphene materials of various shapes and structures.
Figure 13 shows the blending of super-elastic graphene aero-
gel millispheres via spinning the liquid crystals of GO into a
rotating coagulation bath. The shear force on the small noz-
zle makes the outer surface of the hydrogel have an obvious
orientation, and after drying and annealing, a continuous
shell and core of the cellular structure are formed. The
resulting rGO millispheres show high mechanical strength
and pressure flight behavior, with high jumping speed. How-
ever, a low specific surface area of 37m2/g was seen, indicat-
ing the presence of bulky/graphene walls.

The reduction after wet-spinning is important for evalu-
ating the characteristics of 3D rGO materials [86, 109, 140].
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Optimization of the reduction process increased the spe-
cific surface area of hydrothermally activated graphene
fiber fabrics by 370% and also highly influenced its con-
ductivity [107].

2.9. Antisolvent and Capillary Shaping before Reduction.
Crushing one or several GO sheets into spherical particles
is another way to minimize sheet accumulation under com-
pression. In order to achieve crumpling, forces from the
external environment must be applied to the static GO sus-
pension. Desired particles can be obtained through antisol-
vent methods and the capillary compression [92, 141–143].

Antisolvent precipitation is considered as an effective
method to produce crumpled GO papers. The GO sheets
are randomly distributed in the aqueous solution, because
the oxygen-containing functional groups on the surface of

GO can physically and chemically bind with H2O molecules.
Later, after drying, these sheets are arranged in a uniformly
stacked GO film. Hexane is considered a nonpolar aprotic
antisolvent which prohibits interacting with functional
groups present on GO. On its addition into the GO/ethanol
suspension, it replaces the ethanol molecules present around
GO, resulting in sturdy in-plane interactions of functional
groups leading to crumpling of GO sheets; hence, the non-
stacked GO gets formed with a large pore volume [142].
The thermally reduced nonstacked rGO shows a stable
structure and 1435m2/g of surface area, which is much
higher than the rGO produced without using an antisolvent
(i.e., ∼311m2/g). Wu et al. [144] developed a similar antisol-
vent precipitation method using precursor as a GO-based
Na2SO4 mixture, alcohol as an antisolvent, and NaOH as a
neutralizer. After the experiment, it was concluded that not
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all combinations of solvents and antisolvents can be used to
generate robust crumpled rGO as the C6H14-C2H6O sys-
tem [142].

Capillary force can also be used to obtain crumpled GO
sheets. It is introduced during the evaporation process for
removing water from GO aerosols [92, 145, 146]. Figure 14
shows the typical apparatus for fabricating capillary crum-
pled GO/rGO [92]. The aerosolization of GO suspension

using spray techniques supplies separate GO sheet groups.
Meantime, the employed drying process induces the com-
pression of capillary to deform the GO sheets present in
aerosols. In evaporation, GO sheets undergo several mor-
phological changes (i.e., from the coffee ring design in aero-
sol → titles + clustered sheets → loosely packed + wrinkled
sheets having minor water quantities → dry + crumpled
ball-like structure having multiple ridges and vertices).
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Temperatures beyond 500°C can be used for simultaneous
reduction of GO. However, the reduction process affects
the crumpling conformations [146].

The GO/rGO structure obtained by capillary wrinkling is
stabilized by plastically deformed π-π stacked ridges. These
have a thickness of around 10s of nanometers and oppose
the unfolding and collapsing as normal GO sheets on
running under solution, microwave heating, compression,
vapor treatment with hydrazine, and thermal shock [92].
Controlled palletization within 55MPa may reduce the flat
graphene sheet surface area from 407m2/g to 66m2/g,
whereas the surface area during capillary crumpled rGO var-
ies only from 567m2/g to 255m2/g. The capillary crumpled
rGO balls show tight packing without any reduction in the
accessible surface area. This enables less dependence on
gravimetric capacitance in electrode mass loading [146].
However, the surface area loss caused by load-bearing com-
pression and large load-dependent capacitances still signifi-
cantly limited the use of expansion.

3. Conclusion and Future Research Directions

The past few decades have reported the evolution of (i) mac-
roscopic (macrofoams, millispheres, fibers, and films) and
(ii) microscopic (3D honeycomb-like graphene, hollow
spheres, strutted nanostructures, and crumpled sheets) 3D
graphene materials. The macroscopic 3D graphene struc-
tures can be employed as free-standing units, while the
microscopic ones can be turned into arbitrary forms without
detailing the restacking issue. As per preconstructed 3D
morphologies responsible for preventing the restacking of
sheets, the engineering 3D graphene structures and materials
are widely used in energy storage applications, environmen-
tal remediation, sensors, etc. The macroscopic structure,
convenient surface area, conductivities, pore distribution,
mechanical properties, and site density are crucial factors
in designing 3D graphene for particular application. The
3D structure prepared through 3D self-assembly and reduc-
tion is dominating because of its ease of manipulation. Fac-
tors like shape, microstructures, functional groups, and
dopants of 3D rGO can be achieved by manipulating the
GO precursor properties, controlling reaction and reduction
conditions, involving additives, and using templates. How-
ever, connections between stochastic physical sheets and
overstacking of sheets are some of the important issues of
the 3D rGO architecture.

Considerable efforts are needed to precisely manage the
defects in resulting 3D materials. Its unique topology and
external flaws serve as an active seat for a variety of applica-
tions. However, apprehending the role of various disordered
sites in different applications is undoubtedly limited. Fur-
thermore, there is still a point of doubt among rich active
sites, high conductivities (thermal and electrical), and strong
mechanical strength. An accurate control over faulty sites in
3D graphene-based material is key to stabilize this equilib-
rium and attain an optimum performance.

The versatility of 3D graphene also requires exploration
for new and promising application areas. 3D graphene films
can be utilized in thermal or electromagnetic cloaking. With

high transmittance, exceptional mechanical properties, and
low sheet resistance, the graphene materials are considered
next-generation conduction materials for developing trans-
parent electrodes to be applied into strain sensors, touch
screens, optoelectronic devices, organic resistive memory,
LCDs, LEDs, flexible electronics, and thin-film photovoltaics
[147–152]. However, the applicability of graphene layers in
other fields gets limited because the sheets tend to restack,
resulting in a decrease of surface area and unique characteris-
tics belonging to thin layers. The 3D graphene structures
deliberately eliminate the possibility of face-to-face restacking,
expanding the usage of graphene in a broad range of fields. 3D
graphene structures can be promising in electrochemical
applications like supercapacitors, sensors, fuel cells, hydrogen
storage, and flexible electronics [5, 153–160]. Furthermore, 3D
graphene materials can be effectively employed as support cat-
alysts in chemical and electrochemical reactions, especially in
environmental remedy, where macroscopic structures are
advantageous in recycling and recovery.

Also, the microscopic architectures can prove important
in scaling the future devices. Various 3D graphene materials
also show the scalability of the industry in terms of produc-
tion and utilization. More importance can be given towards
upscaling the lab-based facilities to minimize the production
cost. There are high possibilities for 3D graphene materials
to overtake markets in the coming years.
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