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AbstractUltralight three-dimensional (3D) cellular architectures are both a challenge and an opportunity for those
academic and industrial applications involved with high performance material design. The challenges have been
accessed by employing a variety of materials. Accordingly, graphene has shown greatest potential by virtue of its unique
chemical, thermal, electronic, and mechanical properties for applications ranging from structural materials to energy
storage/conversion devices. In this review, we highlight recent efforts and advances made in the implementation of
graphene-based 3D cellular architectures, especially focusing on the ultralight density region (<10 mg·cm3). First, we
reviewed the synthetic approaches for generating graphene-based 3D lightweight cellular structures according to the
criteria of closed-cellular structures (CCSs) or open-cellular structures (OCSs) whether cell faces between constituent
unit cells exist or not, respectively. These structural differences could lead to discerning physical properties, such as in
mass transport across pores, heat/electron transfer through graphene framework, and various modes in mechanical
deformation. We then collectively introduce recent achievements for representative applications utilizing different types
of cellular structures such as flexible electronics, energy storage/conversion systems, fluid absorption, mechanical
dampers, and sensors. Finally, we highlight the future perspectives of graphene-based lightweight cellular structures to
surpass existing technological challenges.
Keywords: Graphene, Aerogel, Lightweight, Porous Materials, Open-cellular Structures, Closed-cellular Structures

INTRODUCTION

Graphene, well-known one-atom-thick two-dimensional (2D)
monolayers composed of sp2 bonded carbons, has attracted much
attention due to its remarkable physical and chemical properties, such
as lightweight, high specific surface area (SSA) (~2,630 m2·g1) [1,2],
outstanding thermal/electronic conductivity [3-5], a wide wave-
length range of light absorption [6,7], high mechanical flexibility [8],
strong mechanical strength (~1 TPa) [9], and excellent chemical sta-
bility [10]. Harnessing these outstanding physical, chemical and
mechanical properties of graphene, tremendous amount of researches
have been reported for not only how to synthesize and structure
graphene-derivative materials [11-14], but also a wide range of appli-
cations such as for flexible electronics [15], high capacity energy
storage/conversion [16-18], electrochemical catalysis [19-21], gas-
separation membranes [22,23], fluid absorption/separation [24-27],
mechanical/acoustic damping [28], and biomedical sensors [29-31].

In the earlier period of graphene research, authors mainly focused
on elucidating physical/chemical properties of graphene (unique
gapless conical band structure) within atomistic level [32]. How-
ever, with the times, several graphene-related studies have been shifted
to improve physical properties for maximizing the mechanical
strength, production efficiency, long-term durability/stability par-
ticularly for scalable applications. Basically, this trend has been mostly
driven by the development of two representative preparation meth-

ods of graphene: (1) chemical vapor deposition (CVD) of graphene
monolayer, and (2) solution-based synthetic approach of graphene
oxide (GO) nanoflakes. The CVD-graphene is prepared on specif-
ically catalyzed metallic substrates (Pt, Ni, Cu) and easily transferred
onto other targeted substrates [12,33]. This technique ensures the
growth of large-area graphene films with high crystalline quality and
allows for precise control over the number of graphene layers. On
the other hand, chemical synthesis of GO is a facile and low-cost
approach treating graphite powder using harsh oxidizing solution
process. The GO flakes obtained from liquid phase exfoliation of
graphite oxide would generally show the O/C atomic ratio of ~0.5.
Subsequently, a reducing agent (hydrazine or sodium borohydride)
and thermal annealing treatment under Ar or H2 environment
would remove the oxygen moieties from GOs; then the O/C ratio
of reduced graphene oxide (rGO) is decreased to 0.1-0.3 accord-
ing to the degree of reduction [34]. In a combination of nano- and
micro-scale architecturing method, these basic building units of
graphene-related materials are assembled into complexly structured
architectures with enhanced properties, which are further tunable
according to the targeted demand for specific applications.

Cellular structures, which are commonly observed in nature
(e.g., basic framework of cork, honeycomb, or trabecular bones)
[35], are highly efficient and advanced structures capable of accom-
modating excessive mechanical stress while retaining lightweight
characteristics. Generally, the mechanical properties of lightweight
cellular structured materials are varied according to intrinsic char-
acteristics of the selected material, relative density, cell geometry,
pore size, and cell size. Gibson and Ashby first derived the scaling
relationship between the normalized mechanical properties of cel-
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lular structure and its relative density [35].

(1)

where * and s are the densities of the cellular structured mate-
rial and the bulk solid material, respectively, and C is a constant
determined by the cell geometry. The value of n is the scaling expo-
nent that represents the deformation mode of the cellular mate-
rial, such as bending, stretching, and/or buckling. In the case of
OCSs, the scaling law is written as E*/Es~(*/s)2, */s~(*/s)1.5.
For the case of ideal CCSs with a low density, the normalized
mechanical properties would follow a linear scaling relationship
with respect to their relative density (E*/Es~(*/s), */s~(*/s)).
Likewise, cellular structures are commonly observed in natural
materials due to their strong and stiff mechanical properties. For
instance, the trabecular bone with a light density of ~0.2 g·cm3

can exhibit relatively high Young’s modulus of 12-120 MPa and elas-
tic strength of ~1.36 MPa [36]. Thanks to this notable advantage,
cellular structures generally offer an optimized design strategy even
with sophisticated constraints in material selection. In addition,
they can impart highly enlarged surface area, which is a prerequi-
site for the efficient mass exchange and interfacial contact between
heterogeneous species. Motivated by these superior advantages in
cellular structures, therefore, tremendous studies have been devoted
for developing advanced lightweight cellular structures while exploit-
ing nanocarbon-related materials (carbon nanotubes or graphene) as
well as conventional ones (nanofibrous polymers or cellulosic mate-
rials). Similarly, 2D nanosheets (hexagonal boron nitride (h-BN),
MoS2, etc.) have also been utilized for structuring 3D cellular materi-
als recently. However, considering intrinsic physical properties of the
material and potential feasibility toward mass production, graphene is
to be chosen as the most promising material that outperforms other
candidates in realizing high performance 3D cellular structures.

In this review, we focus on the recent efforts and significant
advances made in the implementation of graphene-based 3D cel-
lular architectures within the ultralight density region (<10 mg·
cm3) [37]. In particular, the ultralight density characteristic is tar-
geted for next generation energy storage/conversion, fluid absorb-
ing, electrical, thermal, and structural-reinforcement applications.
We systematically reviewed various synthetic approaches for dif-
ferent types of graphene-based 3D lightweight cellular structures
on the basis of structural criteria of OCSs or CCSs: whether the
pore interconnectivity between neighbored cellular domains is
retained or not. Subsequently, various types of cellular structures
are implemented with different structural factors in the size or the
shape of unit cell. These differences are directly correlated to the
structural characteristics and the tunability of 3D-structured graphene
monolith, especially for Young’s modulus, mechanical stability, electri-
cal conductivity, effective surface area, volumetric porosity, and trans-
port properties. Furthermore, 3D structuring strategies are employed
for synergistically combining these properties, such as using freeze-
drying, hydrothermal, template-directed CVD, and 3D-printing
method. Therefore, developing methods for realizing advanced 3D

cellular structures of graphene with a structural hierarchy would
significantly improve these material properties. As for graphene-
based 3D cellular structures, they not only inherit a structural hier-
archy with superior physicochemical properties, but also serve as a
platform for creating novel functionalities, enabling them to be use-
ful for diverse applications. In the following second section, we intro-
duce recently developed strategies for utilizing the graphene-based
3D lightweight cellular structures as state-of-the-art applications for
energy storage/conversion systems, electrochemical catalysts, nano-
electronics, fluid absorbers, thermal management, and mechani-
cal dampers.

SYNTHETIC METHODS FOR GRAPHENE-BASED 3D 
LIGHTWEIGHT CELLULAR STRUCTURES

In the first section, we highlight the fabrication methods of
graphene-based 3D lightweight cellular structures and categorize
them into two groups based on the structural interconnectivity of
internal pores. In general, OCSs of graphene-based 3D lightweight
materials are more likely obtained from various synthetic meth-
ods, including direct gelation method of GO, self-assembly of GO
followed by reduction treatment, or bottom-up growth of CVD
graphene over 3D porous template of metal catalyst. On the other
hand, for fabricating CCSs using GO-based materials, a water-im-
miscible oil phase as the counterpart of aqueous dispersion of GO
is generally required. The water-immiscible oil phase is essential for
the formation oil-in-water emulsions. Finally, the inner oil phase is
removed and becomes empty, and the outer encompassing aque-
ous phase comprising GO dispersion forms cell struts and faces
between individual unit cells. OCSs have well-connected internal
pathways; thus, this structural characteristic would be highly bene-
ficial for the applications requiring facilitated mass transport, such
as for electrolyte-incorporated energy storage/conversion systems
or fluid absorbing materials. On the other hand, CCSs with isolated
unit cells would rather show some advantages in applications where
the structural reinforcement is of importance. Accordingly, a fully
interconnected framework including isolated internal domains would
offer the maximized mechanical stability and highly enhanced ther-
mal/electrical conductivities. In the following subsections, we intro-
duce various preparation methods for generating graphene-based
3D lightweight cellular structures and discuss the differences in
structural properties.
1. OCS: Freeze-drying Process

Freeze-drying is a conventional technique for removing liquid
fraction from liquid-laden materials. From the 1990s, this technique
has been widely adopted for fabricating aerogel from a gel phase
while imparting material properties of flexibility, lightweight, and
high strength [38,39]. In the case of applying to GO solution, a re-
moval process of residual moisture should be essentially performed
to form the porous cellular structures of graphene. This is due to the
intrinsic properties of waterborne-based dispersity of exfoliated
GO nanosheets. In addition, it is possible to create anisotropically
aligned macroporous structures when the direction of a cold source
for the freeze-drying process is controlled. This is generally termed
as ice-templated unidirectional freeze casting. During the freezing
step, dispersed GO nanosheets are gradually accumulated between
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the growing ice crystals. Finally, the segregated GO layers can form
the solidified columnar or lamellar-like cellular structures after the
sublimation process of the ice (Fig. 1) [40].

However, 3D graphene monoliths prepared only by using freeze
drying method from aqueous GO solution generally suffer from
weak mechanical properties. This is because the binding interac-
tions of van der Waals attraction between GO nanosheets are not
strong enough for accommodating the externally applied stress.
Therefore, to form mechanically reinforced 3D graphene aerogels
(GA), some studies have introduced additional chemical bonding
between GO nanosheets using thermal/chemical reduction or hy-
bridization with other sturdy species for further imparting stron-
ger binding interactions. For example, Sun et al. reported multi-
functional ultra-flyweight (0.16 mg·cm3) carbon aerogel, which
was created by hybridizing graphene with carbon nanotubes, fol-
lowed by additional chemical reduction using hydrazine vapor [41].
2. OCS: Hydrothermal Process

The hydrothermal process has been traditionally employed for
a facile transformation from carbohydrate molecules to homoge-
neous carbon nanoparticles. Likewise, the hydrothermal process
on GO aqueous solution has also been widely utilized after the first
report by Zhou et al. for forming 3D graphene hydrogels [42]. This
technological expansion originates from several notable advantages
of the hydrothermal approach compared to conventional chemi-
cal reduction methods: (1) it only requires a simple and straight-
forward experimental setup of the autoclave, (2) it readily allows
for production-level scalability, (3) it efficiently excludes the con-
tamination issue from external impurities since it only uses pure
water as the solvent, (4) it facilitates the structural recovery of sp2

conjugation after the dehydration under high temperature and
pressure condition within the closed autoclave cell, and (5) it offers
easy controllability over the degree of reduction simply by varying
the parameters of temperature or pressure. First, Zhou et al. re-
ported hydrothermal dehydration method for a green reduction of

exfoliated GOs to graphene [42]. They carefully controlled the reduc-
tion temperature and analyzed the corresponding mechanical char-
acteristics of rGOs. Motivated by this pioneering approach, Xu et
al. reported a formation of self-assembled 3D graphene hydrogels
using the hydrothermal process (Fig. 2(a)) [43]. They identified that
the graphene hydrogel formation was feasible only within a specific
concentration range (>1mg·cm3). Also, they analyzed the mechani-
cal and electrical properties of resulting graphene hydrogels accord-
ing to the variation of thermal reduction time performed at 180 oC
(Fig. 2).

By virtue of the development of this facile and controllable
method, numerous studies for generating graphene hydrogels or
aerogels have been reported. Among them, Wu et al. reported 3D
graphene spongy-like structure which possessed super-compres-
sive elasticity and near-zero Poisson ratio characteristics [44]. Mean-
while, they also referred to the limitation of freeze-drying process
[45], mostly originating from the structural asymmetry by the direc-
tional ice removal during the sublimation process. Hence, they
proposed an advanced approach to minimize the structural asym-
metry of hydrogels while retaining super-elasticity (recover up to
98% compression in air) and lightweight properties (0.3 to 14 mg·
cm3) by employing ethanol-solvent-based anisotropic solvother-
mal process. The required amount of GO (having ~20 to 50m in
lateral sizes) solution for forming the cellular structures could be
substantially reduced to half that required for the case of using pure
aqueous solvent [44]. In a similar way to freeze-drying, additional
reducing or cross-linking methods have also been introduced for
imparting stronger cohesive interactions or forming the covalent
bonding between rGO nanosheets. In due course, the hydrother-
mal process has become one of the most widely accepted proce-
dures for the hydrogelation of GO solution.
3. OCS: Chemical Reducing or Cross-linking Process

As introduced in the preceding regarding freeze-drying and hy-
drothermal processes, researchers have attempted to create aero-

Fig. 1. (a) Digital photographic image of the GO foams. The red arrow indicates the direction of ice freezing. (b) Scanning electron micro-
scopic (SEM) images showing longitudinal (parallel to ice freezing direction) and (c) cross-sectional (perpendicular to ice freezing
direction) morphology of the as-prepared GO foam. (d) The digital image of the rGO foam. Internal microstructures of the rGO foams
along the longitudinal direction (e) and cross-sectional direction (f). Reproduced with permission from ref. [40]. Copyright 2013, The
Royal Society of Chemistry.
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gel-like structure using graphene nanosheets while simultaneously
imparting lightweight and high mechanical strength properties. To
attain this goal, further reducing or cross-linking process has been
generally introduced to strengthen the interconnectivity between
building units of graphene. Therefore, higher degree of reduction
could secure a greater amount of recovery of the sp2 conjugation

that manifests not only the formation of stronger interactions be-
tween basal planes of rGO nanosheets but also the reinforced
mechanical strength of the GA structures [46]. For instance, Chen
et al. reported chemically reduced lightweight GAs with a density
of ~15 mg·cm3 using a freeze-drying of GO with a mild reducing
agent, such as vitamin C, Na2S, HI, and NaHSO3 [47]. Similarly,

Fig. 2. (a) Digital photographic images of homogeneous GO aqueous dispersion (2 mg·ml1) before and after hydrothermal reduction at
180 oC for 12 h. (b) Photographs of strongly self-assembled graphene hydrogels allowing easy handling and supporting weight. (c)-(e)
SEM images of interior microstructures with different magnifications for self-assembled graphene hydrogels. (f) Room temperature I-
V curve of the self-assembled graphene hydrogel exhibiting Ohmic characteristic. Reproduced with permission from ref. [43]. Copy-
right 2010, American Chemical Society.

Fig. 3. (a) Digital photographic images of aqueous suspension of GO with oxalic acid and NaI before the reaction, (b) graphene hydrogel
after the reduction reaction, and (c) freeze-dried aerogel. (d) and (e) SEM images of the freeze-dried GA with different magnifica-
tions. Digital images of aqueous suspension of GO (f) and graphene hydrogel stored in a vial prepared by heating the mixture of GO
and L-ascorbic acid without stirring (g). (h) GAs with supercritical CO2-drying (left) and freeze-drying (right). (i) 7.1 mg-weigh-GA
pillar supporting a 100 g counterpoise. Reproduced with permission from ref. [48]. Copyright 2012, The Royal Society of Chemistry.
Reproduced with permission from ref. [49]. Copyright 2011, The Royal Society of Chemistry.
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Zhang et al. reported a chemical reduction-induced preparation of
lightweight GAs with the density range from 2.2 to 14.2 mg·cm3

by using the combination of oxalic acid and NaI species (Fig. 3(a)-
(e)) [48]. In addition, other reducing agents, such as ascorbic acid
(Fig. 3(f)-(i)) [45,49,50], ammonia [24,51], ethylenediamine [52],
and mixture of H3PO2 and I2, have also been suggested for induc-
ing the higher-degree reduction of GO solution to compensate for
the limitation of the conventional freeze-drying process [53].

However, the establishment of superelastic and highly flexible
3D-structured GAs has confronted a great challenge due to the prob-
lems of re-stacking of graphene layers, structural collapse, and the
occurrence of irreversible plastic deformation. To overcome these
limitations, significant efforts have been made for attaining the en-
hanced mechanical durability and structural efficiency while incorpo-
rating other additive species. Zhao et al. demonstrated the nitro-
gen (N)-doped graphene foam with ultralow density of 2.1 mg·
cm3 [54]. They prepared N-doped graphene foams by means of
hydrothermal assembling of GO aqueous solution in the presence
of 5 vol% pyrrole, which was then freeze-dried and annealed at
1,050 oC for 3 h. The pyrrole species served not only as a nitrogen
donor but also as an inter-layer swelling agent. It easily adhered to

the surfaces of GO nanosheets because of the formation of pi-pi
interactions or hydrogen bonding by its conjugated structure with
electron-rich N atoms. Additionally, the pyrrole could substantially
inhibit irreversible self-stacking between GO nanosheets during
the hydrothermal reduction process, thereby facilitating the forma-
tion of GAs with a high structural efficiency. The resulting structures
exhibited a high SSA of 280 m2·g1 with a predominant macropo-
rous structure and could recover the structural volume even after
applying a compressive strain of up to 60%.

In addition, Hong et al. reported polymeric cross-linked GAs
using poly(vinyl alcohol) (PVA) and glutaraldehyde as the cross-
linker to covalently bind each graphene nanosheet by esterification
and acetalization reactions (Fig. 4) [16]. The resulting graphene/PVA
monolith showed characteristics of a low density (10.6 mg·cm3),
enhanced compressive modulus by a factor of 1.8 (from 91.4 to 168.6
kPa), and 8.6-times greater compressive stress (from 21.0 to 182.0
kPa) as compared to those of non-cross-linked rGO aerogels. Sim-
ilarly, Qin et al. showed that superelastic graphene/polyimide (PI)
aerogel could be synthesized by a co-polymerization of GO with
poly(amic acid) (as a PI precursor) followed by a freeze-drying. The
resulting GO/PI aerogels could exhibit robust Young’s modulus

Fig. 4. (a) Schematic illustration showing different steps for selectively fabricating rGO aerogel (upper) and cross-linked rGO aerogel (lower).
Insets at center show the as-prepared chemically converted rGO wet-gel (upper) and cross-linked rGO wet-gel (lower) after self-assem-
bly. These wet-gels are transformed into graphene-based aerogels by freeze-drying method. (b) SEM image of the resulting cross-
linked rGO aerogel with lower magnification. Inset shows a centimeter-sized cross-linked rGO aerogel. (c) SEM image of the cross-
linked rGO aerogel. (d) Transmission electron microscopy (TEM) image of cross-linked rGO aerogel. Reproduced with permission
from ref. [16]. Copyright 2015, Wiley-VCH.
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property of 1.74 MPa, and its maximum yield strength value was
measured to be 157.3 kPa with a lightweight density of 10 mg·cm3.
Furthermore, Vinod et al. reported that GO/h-BN nanocomposite
foams with a density of 5 mg·cm3 could be fabricated by chemical
reduction and freeze-drying using a mixed solution of GO and h-
BN nanosheets [55]. The multilayered stacking/incorporation of
h-BN could lead to enhanced mechanical and thermal stability,
and the crack propagations were mitigated compared to the con-
ventional GAs without h-BN.
4. OCS: Sol-gel Process

Sol-gel method, which is another efficient way to fabricate graph-
ene-based porous structures, is a kind of polymerization process
widely utilized to synthesize several mesoporous structures [56].
Importantly, sol-gel method can create foam structures by directly
facilitating the formation of covalent bonds between GO nanosheets
in the synthetic procedure, whereas the previously introduced meth-
ods partially utilized the implementation of additional pi-pi inter-
actions or covalent bonds to reinforce the structural stability. First,
Worsely et al. reported the synthesis of GAs using sol-gel polymer-
ization of resorcinol (R) and formaldehyde (F) with sodium car-
bonate as a catalyst in a GO aqueous solution (Fig. 5) [57,58]. The
resulting graphene/carbon hybridized aerogels showed a low den-
sity from ~10 mg·cm3 and high SSA with 1,200 m2·g1. The bulk
properties of the resulting graphene-based aerogels, such as surface
area, pore volume, pore size, and the nature of chemical bonding
in carbon phase (sp2 vs sp3), could readily be controlled by adjust-
ing the content of sol-gel precursor. Furthermore, Meng et al. de-
monstrated a graphene/carbon aerogel while excluding the use of
additional catalyst during sol-gel process. They suggested the use
of alkali-treated GO as a solid base catalyst to trigger the polymer-
ization reaction of R with F [59]. The resulting graphene/carbon

aerogel showed a narrow pore distribution (10-50 nm), a relatively
higher density (0.11-0.19 g·cm3) and smaller SSA (361-763 m2·g1).
5. OCS: Template-direct CVD Process

Unlike the previously introduced self-assembly approaches using
GO nanosheets as a building unit, the template-directed CVD tech-
nique could offer the merit of easily adjusting the structural factors
of the resulting graphene foam [60]. To realize the feasibility of this
process, in particular, the role of templating substrate is decisive
and it needs to satisfy some conditions: (1) easy controllability in

Fig. 5. Field-emission scanning electron microscopic (FE-SEM) images
of the GAs with lower (a) and higher (b) magnification. TEM
of the GAs with lower (c) and higher (d) magnification. Repro-
duced with permission from ref. [57]. Copyright 2010, Ameri-
can Chemical Society.

Fig. 6. Schematic procedure for fabricating graphene foam (GF)/PDMS composites. (a), (b) CVD growth of graphene films (Ni-G, b) over a
nickel foam template (Ni foam, a). (c) Coating of thin poly(methyl methacrylate) (PMMA) layer over as-grown graphene film (Ni-G-
PMMA). (d) GF coated with PMMA (GF-PMMA) after etching the nickel foam with hot HCl (or FeCl3/HCl) solution. (e) Free-stand-
ing GF after dissolving the PMMA layer with acetone. (f) GF/PDMS composite film after infiltrating PDMS into GF. In insets of SEM
images, all the scale bars are 500m. Reproduced with permission from ref. [8]. Copyright 2011, Nature Publishing Group.
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the size and shape, (2) intrinsically OCS to facilitate the transport
of gas-phase precursor, and (3) high etching selectivity without
disturbing the deposited graphene layer. For these reasons, the fab-
ricated graphene foams from templated CVD method strongly
depend on the selection of the sacrificial template.

For example, Chen et al. reported flexible and conductive graph-
ene foam on a nickel foam with an ultralow density of 5 mg·cm3

(Fig. 6) using CVD method [8]. It also has a high porosity (~99.7%)
and SSA up to 850 m2·g1 with an average number of deposited
graphene layers of ~3. To obtain much lighter structures, Mecklen-
burg et al. demonstrated one of the lightest, yet mechanically robust
carbon aerogels called aerographite [61]. They utilized freely adjust-
able 3D network of tetrapod-like ZnO as the sacrificial template.
The density of resulting aerographite was only 0.18 mg·cm3 by vir-
tue of employing a novel single-step CVD method over the hierar-
chically interconnected ZnO tetrapod networks. Also, its Young’s
moduli were measured to be 15 and 0.88 kPa as tensile and com-
pressive modulus, respectively. Furthermore, motivated by mechan-
ically robust carbon nanotube structures, Bi et al. fabricated tubular-
networked graphene cellular structures [62]. Initially, they synthe-
sized mesoporous SiO2 monoliths using sol-gel method as the sac-
rificial template, and then used template-directed CVD technique
and annealed subsequently for tubular-networked GA. The result-
ing tubular-networked graphene cellular structures showed ultralow
density (1.6 mg·cm3), excellent strength and stiffness (E~1.81 in the
density range of 1-100mg·cm3), full shape recovery (after 95% com-
pression), and mechanical stability (over 80% maximum stress reten-
tion after 1,000 cycles of 80-90% compression).
6. OCS: 3D-printing Process

3D-printing has attracted great attention because it can readily
and quickly create desired 3D structures with variety in material
selection. For the purpose of implementing ultralight 3D-printed
structures, there has also been an attempt to combine the excellent
characteristics of graphene material with 3D-printing technique.
For instance, García-Tuñon et al. suggested that GA could be pre-
pared by 3D-printing in a desired way [63]. They printed the solu-
tion consisting of chemically functionalized GO nanosheets and
pH-responsive polymer, which formed a stable 3D network via hy-
drogen bonds and hydrophobic interactions. After the subsequent
freeze-drying and thermal reduction process, it underwent a transfor-
mation into lightweight structure. The resulting 3D printed structure
showed a Young’s modulus of 130 kPa at a density of 6 mg·cm3.
However, there is still a possibility of improvement in terms of elastic-
ity because it exhibited insufficient elasticity that could recover the
deformation (up to 90%) only upon applying 20% compression.

To overcome this limitation, several strategies have been sug-
gested to minimize the density of 3D structures and to ensure the
elasticity [64-67]. For example, Zhu et al. reported highly compress-
ible 3D GA microlattices using sol-gel precursors (R and F) to impart
a proper distance between GO nanosheets and to bridge them
with covalent bonds (Fig. 7) [64]. This method turned out to be
effective in improving elasticity characteristics. However, the mini-
mum density value increased to ~30 mg·cm3 due to a decrease in
the pore size. In addition, some approaches have been made to im-
prove the mechanical properties by printing the mixed solution of
GO and CNT [65], or direct printing of GO solution with subse-

quent freeze-casting [66,67].
7. CCS: Emulsified Hydrothermal or Freeze-drying Method

It is necessary to use two immiscible phases in the synthetic pro-
cess to structurally distinguish the internal void and the outer sur-
rounding septum phases, respectively. For example, GO, most widely
used structuring material, can easily be prepared as a dispersed state
in water. Therefore, one feasible way to fabricate a CCS using water-
soluble GO would be to create the oil-in-water emulsion by intro-
ducing water-immiscible organic phase. Particularly, dispersed GO
has the characteristic of assembling at the interface with immisci-
ble phase, much like as a surfactant molecule, which allows for the
emulsion interface to be considerably stable without causing prob-
lematic cases of merging or collapse [68-70]. Li et al. proposed
closed-cellular macroporous graphene monoliths prepared from oil
(hexane)-in-water (GO solution) emulsified hydrothermal method.
The resulting hydrogels were immersed in 80 oC de-ionized water
to selectively evaporate the hexane, and then freeze-dried to form
an CCS aerogel with an ultralow density of 6.73 mg·cm3 [71]. Sim-
ilarly, Zhang et al. reported that the size distribution of GO emul-
sions and the resulting density of graphene monoliths could be
controlled by concentrating the GO solution (Fig. 8) [19]. With
increasing the concentration of GO, the average size of unit cells
decreases with a narrower distribution. The resulting densities of
graphene monolith ranged from 1.1 to 2.8 mg·cm3. Moreover, they
reported improved mechanical properties of Young’s modulus of
4.3 kPa at a density of 1.1 mg·cm3 and a superior elastic stability

Fig. 7. (a) Digital photographic image of 3D printed GA microlat-
tice. SEM images of (b) 3D printed GA microlattice, (c) GA
without R-F after etching, and (d) GA with 4 wt% R-F after
etching. Digital image of (e) 3D printed GA microlattices with
varying thicknesses and (f) 3D printed GA honeycomb. Repro-
duced with permission from ref. [64]. Copyright 2015, Nature
Publishing Group.
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even with the excessive compressive strain up to 80%.
Several efforts have also been made while excluding the use of

the hydrothermal method. Although an oil-in-water emulsion sys-
tem was essentially utilized, a sequential method of freeze-drying
and thermal reduction process could be adopted for structuring
the graphene cellular network. For instance, Barg et al. demonstrated
a mesoscale assembly of graphene into a closed cellular network, for
which a mixture of GO solution including organic additives (sucrose
or PVA) and toluene was emulsified [72]. The organic additives
were added for further adjusting the architecture and physical prop-
erties of the assembled structure. The PVA molecules, an organic
additive, could accelerate the emulsification and increase the stabil-
ity of smaller emulsions. Likewise, sucrose served as a binder that
would support to hold the cellular structures tightly even after the
liquid is removed. Also, it affects the morphology of ice crystals
during the unidirectional freezing process. The resulting closed
cellular network showed lightweight densities ranging from 1 to
200 mg·cm3 depending on the variation of the cell size (from ~7

to over 60m), thickness of the wall (from 1 to 100 nm), and the
amount of organic additives. Furthermore, Ni et al. reported that
the microscopic CCS could be predictably controlled by the size of
the GO flakes [28]. The cellular structures made of larger-sized
GO flakes (>20m) have shown superelastic properties of exhibit-
ing high energy damping capability, much greater than those ob-
tained from smaller sized GO flakes (<2m).
8. CCS: Wet-spinning with Coagulation

Wet-spinning method has successfully demonstrated the feasi-
bility of generating superelastic and lightweight GA through one-
step self-assembly of GOs in a facile way. Bead-like GAs were formed
by the injection of droplets of GO solution in a coagulation bath.
Although this example is classified as a CCS in this review, upon
applying a strict structural evaluation, the bead-like material can
be regarded as one type of core-shell structure. For instance, Bao
et al. obtained GO beads using four different types of coagulating
agents (calcium chloride, cetyltrimethylammonium bromide (CTAB),
polyethylenimine (PEI), poly(diallyldimethylammonium chloride)

Fig. 8. Synthetic procedure and characterization of GA. (a) Scheme illustrating the synthetic process of GA from the assembly of GO at oil-
water interface and the subsequent chemical reduction. (b) Macroscopic observation of GA derived from the emulsion with GO con-
centration of 2.0 mg·ml1, revealing that the bulk of aerogel is entirely composed of cellular-like pores. (c) Image showing closely
linked pores with polyhedral morphology. (d) Hexagonal pore shares the boundary with other six adjacent pores, ensuring firm
bridging for the interconnection. (e) The ultrathin and wrinkled wall structure. (f) UV-vis spectra of aqueous suspensions of GO and
GA. (g) Raman spectra of GO and GA. (h) C 1s X-ray photoelectron spectroscopy spectrum of GA. Reproduced with permission
from ref. [19]. Copyright 2016, Nature Publishing Group.
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(PDDA)) [73]. In a preparation step, GO droplets were injected
into a coagulation bath through the nozzle to form the GO beads
(Fig. 9). Then, the injected GO droplets were cross-linked by the
diffused coagulation agent and then freeze-dried. As a result, milli-
meter-sized GO beads could exhibit a Young’s modulus of 345 kPa
with a density of 20 mg·cm3 and high energy absorption (1 kJ·kg1)
properties. In a similar manner, the realization of superelastic GA
milli-spheres was reported by Zhao et al., especially using high tem-
perature annealing process at 2,500 oC. As a result, unusually shaped

core-shell structures with excellent elasticity (full recovery from a
compression with 95% strain or a repetitive recovery from 1,000
cycles with 70% strain) and low densities (5.0-7.8 mg·cm3) were
obtained [74].
9. CCS: Sugar-blowing Method

Sugar-blowing is a simple synthetic method for preparing open
or closed cellular polymer foams by employing physical or chemi-
cal blowing agents. As introduced in the related reviews, OCSs or
CCSs can be implemented depending on material composition or

Fig. 9. (a) Optical microscopic image of a GO bead. (b) GO bead consists of a core/shell structure. (c) SEM image showing the cross section
of a GO bead. (d) Illustration of the preparation set-up for GO bead synthesis; GO/water dispersions flow through the nozzle, form
droplets, and drip into a coagulation bath. (e) Snapshot of the GO bead production. GO/water (1.5 wt%) droplets drip into the coagu-
lation bath (1 wt% CTAB/water solution) and form GO beads. (f) Obtained GO beads. Reproduced with permission from ref. [73].
Copyright 2016, The Royal Society of Chemistry.

Fig. 10. (a) False colored SEM images of glucose (crystals colored in green) and NH4Cl (in blue), which are subsequently transformed to
melanoidin bubbles (in brown) under a browning reaction; these are finally converted into the strutted graphene containing gra-
phitic membranes and struts (in gray). (b)-(d) SEM images of the strutted graphene products grown at the heating rates of 1, 20 and
100 oC·min1, respectively. (e) Changes of SSA and the ratio of cell perimeter to strut width versus heating rates. Reproduced with
permission from ref. [77]. Copyright 2013, Nature Publishing Group.
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foaming condition [75,76]. As an example of using the sugar-blow-
ing method to create CCSs, Wang et al. demonstrated 3D self-sup-
ported GA using a mixture of glucose (or sugar) and NH4Cl (Fig. 10)
[77]. Heating a mixture transformed the mixed phase into a molten
syrup, which then gradually polymerized and was blown with the
released NH3 gases (generated from thermally decomposing the
NH4Cl). The polymerized thin walls were subsequently graphi-

tized into graphitic thin film (~2.2nm) under thermal annealing at
1,350 oC. The as-prepared graphitic aerogel showed lightweight den-
sity of 3.0mg·cm3, remarkable electrical conductivity of 0.6S· m1,
and structural recoverability against heavy compression up to 80%.
10. CCS: Microfluidic Generation

Microfluidic synthesis is an effective way to fabricate highly mono-
disperse emulsions or bubbles by utilizing multiple interfaces formed

Fig. 11. Synthesis of microscale solid-shelled graphene bubbles. (a), (b) Optical microscopic image and schematic illustration of the forma-
tion of ultra-stable spherical microbubbles comprising highly-alkylated GO (H-GO) nanoplatelets. (c) SEM image of the microscale
spherical H-GO-shelled bubbles. (d) Measurement of shell thickness of the bubble. (e) A digital photograph of the centimeter-scale
3D CCS of GO microbubbles placed on a green foxtail (after thermal reduction). (f) 3D reconstructed X-ray microtomographic
images of the 3D assembly of thermally reduced H-GO-shelled microbubbles. (g) SEM image of the cross-section of 3D RDH struc-
ture. The inset shows an expected cross-view of ideal RDH structure. (h) Stress-strain curves of the 3D RDH structure (=4.66
mg·cm3) and 3D assembly of H-GO-shelled microbubbles (=11.7 mg·cm3). (i) Consecutive digital photographs showing the
super-compressibility of the 3D RDH structure. (j) An Ashby plot for the 3D RDH structures compared to other carbon-based 3D
porous structures (open- and closed-cellular). Reproduced with permission from ref. [80]. Copyright 2018, Wiley-VCH.
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between immiscible phases. Generally, microfluidic devices are made
of mold-replicated poly(dimethyl siloxane) (PDMS) or glass capil-
laries [78,79]. Emulsions or bubbles are continuously generated at
the junction inside the microfluidic device, depending on the flow
rate of each immiscible fluid. Since the interface formation between
two immiscible fluids is the driving force for forming the particles
or bubbles, when three or more immiscible phase are introduced, the
resulting particles or bubbles are designed to have different internal
and external components with more increased structural complexity.

Despite enormous efforts devoted so far, it remains a great chal-
lenge to attain the lightweight yet mechanically strong structures
with superelasticity. Irregular size distribution of pores in the cellu-
lar networks is one of the biggest drawbacks for creating advanced
structural materials due to the vulnerability to defect formation in
emulsification-based synthetic methods. To address this issue, Yeo
et al. reported a new method for creating graphene bubble-based
closed cellular networks with a size/shape mono-dispersity in unit
cells using microfluidic synthetic method (Fig. 11) [80]. For a micro-
fluidic graphene bubble generation, GO nanosheets were alkyl-func-
tionalized to impart the dispersibility in oil phase, which is necessary
for stably segregating the oily GO phase from the outer aqueous
phase. The highly monodispersed and ultra-stable (shelf life >1
year) GO shelled microbubbles were generated from gas-in-oil-in-
water (G/O/W) compound microfluidic system and the collected
bubbles were utilized as building units for assembling into the inte-
grated closed cellular network. Using this bottom-up-based assem-
bling approach, a specific concern on the size irregularity of unit
cells in cellular network and the subsequent mechanical weaken-
ing could be substantially relieved. Also, the size and shell thick-
ness of GO microbubbles and the resulting mechanical properties
of bubble-assembled structures were readily controlled by altering
the flow rates in microfluidic synthetic process.

Note that graphene microbubbles were closely packed into the
ordered 2D hexagonal or 3D face-centered cubic (FCC) assembled
structures at the water-air interface spontaneously by buoyancy and
capillary attraction. More intriguingly, those assembled structures
could be transformed into 2D honeycomb or 3D rhombic dodeca-
hedral honeycomb (RDH) shaped CCSs using thermal reduction
process. Since the reduction reaction induces the interfacial bond-
ing between adjacent faces of graphene microbubbles, stack-assem-
bled spherical bubbles were transformed into plesiohedron-shaped
unit cells. Accordingly, this structural transformation could rein-
force the interconnectivity between unit cells and result in a dra-
matic improvement in mechanical strength and elasticity. The
resulting plesiohedral CCSs presented a lightweight density of 4.66
mg·cm3 with a corresponding Young’s modulus of 177 kPa, while
securing the superelasticity with a full recovery upon applying com-
pressive strain of 87%. In consequence, the well-defined periodic
CCSs can provide advanced mechanical properties as well as ultralow
density and superelastic characteristics as compared to conven-
tional carbon-based OCSs or CCSs.

APPLICATIONS OF GRAPHENE-BASED 3D 
LIGHTWEIGHT CELLULAR STRUCTURES

Graphene-based 3D cellular structures are composed of 2D

graphene/GO nanosheets, which naturally inherit the superior physi-
cal properties of graphene, including strong mechanical strength/
flexibility (~1 TPa) [9], good electrical conductivity and a huge SSA
(~2,630m2·g1), and a wide range of light absorption [1,2,6,7]. Fur-
thermore, hierarchical 3D cellular structures usually exhibit enhanced
physical properties with multi-dimensional electrical pathways [81],
structural flexibility/superelasticity as well as largely expanded SSA
for surface reaction in electrochemical systems [82,83]. Harness-
ing these attractive physical properties, graphene-based 3D cellu-
lar structures have shown more advanced performances in wide
range of applications than those obtained from conventional car-
bon-based structured materials. In this chapter, we further high-
light the applications of graphene based-lightweight cellular structures
particularly for environmental and electrochemical uses, includ-
ing energy storage, photocatalysts, sensors, liquid absorption, and
other applications.
1. Energy Storage

Graphene based 3D cellular structures have been considered as
highly competent materials for energy storage and conversion appli-
cations because of their unique physical properties, such as high elec-
trical conductivity, electrochemical stability, greatly extended SSA,
mechanical durability, and mechanical responsiveness (superelas-
ticity) of the interconnected graphene networks. For example, ultra-
thin graphite foam having a density ~9.5 mg·cm3, prepared by tem-
plate-directed CVD method, showed remarkably high electrical
conductivity of 1.3×105 S·m1 at room temperature [84]. Used as a
cathode for lithium ion batteries, the maximum specific capacity
of the ultrathin graphite foam was observed as 102 mA·h·g1 with
a high rate capability without exhibiting any parasitic anodic cur-
rent in the potential range of 2-5V. This result is indicative of excel-
lent electrochemical stability and reversibility with high open-circuit
voltage. To develop more effective GA-based cathodes, the intro-
duction of tetrahydroxyl-1,4-benzoquinone (THQ) during GA syn-
thetic procedure has been considered [85]. The strong reducing
ability of THQ would enable the self-assembled formation of 3D
GA from the dispersion of GOs. At the same time, electrochemi-
cally inactive oxygen groups on the surface of GO are transformed
into redox-active oxygen functional groups by THQ. The result-
ing functionalized GA electrodes could exhibit high gravimetric
capacities of ~165 mA·h·g1 in Li ion cells and ~120 mA·h·g1 in
Na ion cells. In another approach, Liu et al. reported polydopamine-
coated GAs prepared by hydrothermal reduction process of a mix-
ture of GO and dopamine [86], by which the polymerized dopa-
mine promoted the charge storage properties for both Li- and Na-
ion storage. This was attributed to the presence of oxygen atoms in
o‐benzoquinone group of polydopamine that facilitated the replace-
ment of proton with lithium or sodium ions. Also, the superheated
condition of water and the proton generation during hydrother-
mal condition effectively suppressed the isolated generation of by-
product of polydopamine particles [87].

Furthermore, graphene-based 3D cellular structures have been
widely utilized as high-performance electrodes for supercapacitors.
For instance, Xu et al. reported self-assembled graphene hydrogel
prepared by a facile one-step hydrothermal synthesis with electri-
cal conductivity as high as 5×103 S·cm1 [43]. The resulting spe-
cific capacitance of the self-assembled graphene hydrogel was meas-
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ured to be 175 and 152 F·g1 at potential scan rates of 10 and 20
mV·s1, respectively. In addition, Zhao et al. presented hydrother-
mally synthesized N-doped graphene frameworks with a density
of 2.1±0.3 mg·cm3 for supercapacitors [54]. The resulting struc-
tures showed high conductivity of 1.2±0.2×103 S·m1 and high spe-
cific capacitance of 484 F·g1 (at a current density of 1 A·g1); thanks
to the synergetic effect of 3D OCS formation with N-doping. Wors-
ley et al. reported 3D graphene macro-assembly using sol-gel syn-
thesis for supercapacitors application [88]. The assembled structures
exhibited high energy density (27 W·h·kg1), power density (10 kW·
kg1), and large capacitance (165 F·g1 at a scan rate of 1 mV·s1).
Likewise, Wang et al. showed 3D strutted graphene networks, grown
by sugar blowing method, especially for supercapacitors with high-
power-density [77]. The 3D strut interconnections could imple-
ment not only generating electronic/phononic pathways but also
prevent the disintegration or restacking of graphitic membranes.
Thus, this 3D strutted graphene networks showed overall high con-
ductivity of 1 S·m1 even under a heavy compression up to 80%.
Also, the resulting observed capacitance was as high as 250 F·g1 at
1 A·g1, and its maximum power density of strutted graphene was
893 kW·g1 at 100 A·g1. Hong et al. also developed reversibly com-
pressible, highly elastic, and durable GAs using cross-linking chemis-
try and freeze-drying method [16]. The resulting cross-linked rGO

aerogel has 240% greater capacitance (295 F·g1) than that of non-
crosslinked rGO aerogel (122 F·g1) (Fig. 12). In response to apply-
ing the programmed compressive strains, the initially obtained gravi-
metric capacitance (110 F·g1) of the cross-linked rGO aerogel was
minimally changed. Also, the capacitance value could be maintained
by 84.5% (93 F·g1) even after 2,000 charge/discharge cycles under
1A·g1. Furthermore, the volumetric capacitances reversibly changed
in the range from 1.19 to 2.97 F·cm3 according to the degree of
applying compressive strains (from 0 to 50%) due to the outstand-
ing elasticity and mechanical durability of the cross-linked rGO
aerogels.

In addition to electrical energy storage applications of GAs, sev-
eral strategies have also been proposed to use GAs for storing heat
energy. The key process is to form the composites by immersing
phase-change materials (PCMs) into GAs. Due to their high poros-
ity and surface area characteristics, GAs can absorb the PCM uni-
formly inside the structure. Notably, the transport of heat flow was
highly facilitated on account of a high thermal conductivity of the
GA scaffold. Yang et al. reported GA microstructure by combin-
ing CVD and self-assembly methods, followed by the hybridiza-
tion of GA with paraffin wax as PCMs [89]. This hybridization
approach successfully improved the form shape stability while secur-
ing low thermal conductivity, which has been a common drawback

Fig. 12. (a) Digital photographs of the two-electrode measurement device under different compression states. (b) Comparison between cyclic
voltammetry curves of rGO aerogel (top) and cross-linked-rGO aerogel (bottom) in original and compressed states (=30 and 50%).
(c) Normalized gravimetric capacitance (C/C0) and (d) volumetric capacitance (Cvol) of rGO aerogel (black) and cross-linked-rGO
aerogel (red) at compressive strains in the range of 0 to 90%. (e) The Cvol of cross-linked-rGO aerogel under sequentially repeated
compression and relaxation for 1,000 cycles. (f) Stability test of cross-linked-rGO aerogel. Cycle performance test showing a capaci-
tance retention >84.5% even after 2,000 charging/discharging cycles under constant compression strains of 0, 30, and 50%. Repro-
duced with permission from ref. [16]. Copyright 2015, Wiley-VCH.
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of PCMs. Compared to pure paraffin wax, the thermal conductiv-
ity of the GA-PCMs hybridized composite was found to be im-
proved by 574%. As for an extended approach, fiber-shaped GAs/
PCMs coated with hydrophobic fluorocarbon resin were also re-
ported as phase-changing smart fibrous material [90]. The result-
ing fibers showed highly extended thermal stability under a wide
range of phase transition temperature and the applied heat energy
(0-186 J·g1).
2. Photocatalyst

Light absorption, photogenerated charge separation, and trans-
fer to active materials in the surface reaction process are recog-
nized as key steps for facilitating photo-induced redox reactions
[91]. In addition, good electrical conductivity, hierarchically devel-
oped electron transport pathways, superior adsorption capacity by
highly porous structure, and abundant presence of functional groups
on large SSA of graphene-based 3D cellular structures are import-
ant properties for implementing high performance photocatalytic
systems [92]. Although the application area of photocatalysts is
enormously wide, we would like to focus on recent strategies asso-
ciated with environmental remedies by considering the impor-
tance of nanocarbons as the environmentally benign next generation
high performance material.

GA-based photocatalysts with excellent recyclability supported
by structural durability have been investigated for removing toxic
ions or organic pollutants in water. Fan et al. reported hydrother-
mally synthesized AgX/GAs (X=Br, Cl) for efficient photocatalytic
degradation of water pollutants. The photocatalytic degradation
characteristics were confirmed through two different degradation
processes: oxidative degradation of organic pollutants and subse-
quent reduction of Cr4+ [93]. As for more practical examples, Tsang
et al. demonstrated benzothiadiazole (BTZ)-copolymer loaded GAs
as a metal-free visible light photocatalyst for the photodecomposi-
tion of organic dyes [94]. This work drew significant attention in
terms of direct utilization of visible light, instead of conventionally
used UV-based photocatalysts [95]. They introduced BTZ-based
conjugated microporous polymers as photocatalytic material that
was flexibly tuned to absorb light in the visible wavelength range,
thanks to their unique properties of extensive organic -conjuga-
tion [96]. The resulting BTZ (5 wt%)-GAs exhibited notably en-
hanced light absorbance and corresponding photocatalytic activ-
ity in removing organic pollutants greater than 90% under an irra-
diation of visible light for 80 min, which surpassed the performances
of other GA-based photocatalysts under the same reaction condi-
tion.

In addition to removal of water pollutants, strategies have been
developed to degrade harmful gas molecules in air. Yang et al. re-
ported BiVO4 (BVO) quantum tubes (QTs)-loaded GAs for the deg-
radation of gaseous formaldehyde [97]. Since GAs had good mechan-
ical strength, high SSA and electrical conductivity, they were able
to maximize the photocatalytic properties of BVO-QTs, resulting
in a degradation of formaldehyde from 1.0 ppm to 0.4 ppm in 15
min. Zhang et al. reported graphitic carbon nitride (g-C3N4) loaded
GAs, which showed efficient photooxidation of NO with a max
removal ratio of 45.9% [98]. Moreover, g-C3N4/GAs exhibited pho-
toreduction reactions of CO2 with CO, CH4 and H2 with produc-
tion rates of 42.9, 4.6 and 1.6mol·g1·h1, respectively. Furthermore,

they reported Pd-embedded g-C3N4/GAs using one-pot thermal
reduction method [99]. The resulting Pd-g-C3N4/GAs showed
improved hydrogenation performance of CO2 to CH4 with a max-
imum CH4 evolution rate of 6.4mol·g1·h1, which is 12.8-fold
enhancement than that obtained from a use of pure g-C3N4.

Likewise, solar-driven water splitting has become one of the most
promising routes as renewable energy utilization, which is signifi-
cant in terms of simultaneous accomplishments of solar energy stor-
age and green production of H2 [100]. GAs not only provide the
huge SSA by which the photocatalysts are homogeneously distrib-
uted with a high areal density, but also possess effective electron
pathways to support the photocarrier transport [91]. Lu et al. re-
ported hydrothermally synthesized GAs as a robust photocatalyst
for H2 production via water splitting under the wavelength range
of UV-visible light by employing a hot electron transfer mecha-
nism [101]. The bare GAs exhibited an H2 production rate of 270
mol·h1·gcat

1. Whereas, TiO2/GA composite achieved a H2 pro-
duction rate of 1,205mol·h1·gcat

1 and a 7.2% of apparent quan-
tum efficiency at 350 nm. Basically, the observed quantum efficiency
in the water splitting process is greater than that obtained from bare
GAs or TiO2 by an order of magnitude due presumably to the fol-
lowing three mechanisms: (a) hot/free electrons can be generated
efficiently by graphene and GAs [102], (b) photo-generated elec-
tron transfer at the interface of graphene and TiO2 occurs several
times faster than electron-phonon energy relaxation [103], and (c)
GAs can reduce the bandgap of anatase phase of TiO2 and accord-
ingly increases the electron transfer from the Fermi level of GAs to
the lower conduction band of TiO2, and suppresses the recombina-
tion of photogenerated electron-hole pairs [104]. Pan et al. demon-
strated rGO-NiS2/g-C3N4 aerogel using continuous thermal oxidation
etching-hydrothermal method to obtain dual co-catalyst modified
aerogels [105]. The resulting rGO-NiS2 modified g-C3N4 aerogel
shows 67-times higher H2 production rate (~1555.34mol·g1∙h1)
than that of pristine g-C3N4 aerogel (~23.13mol·g1·h1), due pri-
marily to the Pt-like electrochemical properties of NiS2. NiS2 acted
as electron acceptor for transferring the photon-generated elec-
trons for accelerating the carrier separation. Also, 2D-structured
rGOs with high conductivity provided good electrical pathways to
transfer the photon-generated electrons to the solution for promot-
ing the H2 production.
3. Sensors

Graphene-based 3D cellular structures can accurately measure
externally applied stimuli with monitoring the structural deforma-
tion and resulting changes in electrical resistance. Therefore, the
materials previously discussed possess suitable structural benefits
for uses as strain sensors owing to their good elasticity, mechani-
cal durability, and electrical sensitivity in response to the structural
deformation. For instance, Li et al. reported electrical resistance
changes upon compressing rGO monoliths prepared by emulsified
hydrothermal synthesis up to 30% strain [71]. They showed highly
stable resistance responses during the repeated compression with
300 times. Kuang et al. demonstrated that thermally-reduced graph-
ene foams prepared by directional freeze-drying method could
exhibit piezo-resistive behavior due to its hierarchical structure [40].
The resulting rGO foams presented not only excellent compres-
sion-recovery feature but also linear piezo-resistive behavior along
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the in-plane direction up to 60% strain. Impressively, unlike con-
ventional strain-gauge sensors, the rGO foams could work success-
fully under extreme temperature conditions (50, 25, and 200 oC)
without sacrificing the properties of rapid response time and high
endurance against the deformation. Based on these characteristics,
the feasibility of rGO foam sensors as a health monitoring system
was successfully demonstrated.

Chen et al. reported flexible and conductive interconnected-3D
graphene foams using CVD method [8]. To impart good flexibil-
ity, PDMS was introduced to form the flexible composite with the
graphene foam. The resulting composites could freely be bent,
stretched and twisted without causing any breakage. Notably, the
electrical resistance increased only ~2.7% after 10,000 folding/un-
folding cycles with a bending radius of 2.5mm. Also, the resistance

rarely changed according to the applied strain before exceeding the
strain value of 60%. Qin et al. presented rGO/PI nanocomposite
aerogel-based strain sensors using freeze-drying and thermal anneal-
ing method [29]. The mechanically fragile rGO aerogels were modi-
fied by complexing the PI, forming highly flexible and elastic
nanocomposite aerogels. As a result, rGO/PI aerogels showed syn-
ergistically improved effect, including good electrical conductivity
(~2.2×102 S·m1), compression sensitivity, and excellent durabil-
ity even after 2,000 compression-recovery cycles (Fig. 13). In addi-
tion, rGO/PI nanocomposites could be formed to have a desired
shape with varying the shape of freeze-drying mold. In this way,
for example, a ribbon-like structured composite foam could exert
delicate sensing capability against the bending and torsion defor-
mations as well as simple compression or stretching. Ho et al. also

Fig. 13. (a) Pressure-response curves for rGO/PI nanocomposite. Inset is a schematic showing current changes in response to the compres-
sion and release. (b) Multiple-cycle tests of changes in resistance with different applied strains. (c) The time retention curves of
changes in resistance and stress with time. (d) Cycling stability test of rGO/PI composite under repeated applied strain of 50% for
2,000 cycles. (e) Variation of the resistance of the rGO/PI composite with the strain of 50% under different strain rates (50-1,000%·
min1). (f) Current-voltage relationship of rGO/PI nanocomposites under different applied stress. (g) The resistance variation of the
rGO/PI nanocomposite in a typical bending cycle. Inset: applying under mechanical deformation of bending and straightening for
each cycle. (h) Electrical-resistance change of rGO/PI nanocomposite as a function of stretching strain of 5%. Inset: applying after 5%
stretching and then releasing for each cycle. (i) Electrical-resistance variation of rGO/PI nanocomposite in a typical torsion cycle.
Inset: applying after 180 degree torsion and then releasing for each cycle. Reproduced with permission from ref. [29]. Copyright
2015, American Chemical Society.
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demonstrated ultra-lightweight strain-responsive 3D graphene net-
work by using multiscale assembly and self-interconnections of
~100m-sized graphene solid bubbles [106]. Since the intercon-
nection process was induced by thermal reduction process, the
resulting CCS aerogels exhibited different gauge factors according
to the degree of reduction reaction. Using a calculation, they revealed
that the difference in tunneling distance between stacked rGO
nanosheets would influence the gauge factor in strain measure-
ments. Consequently, a strain gauge with a gauge factor of ~4 could
be demonstrated when the rGO aerogels were fully reduced under
high temperature reduction process. Furthermore, the aerogels
exhibited excellent mechanical durability over 250 cycles.

Alternatively, Zhang et al. developed a one-step preparation
method of generating 3D rGO assemblies using a reducing agent
for the application of distinguishing organic solvents by polarity
difference [48]. In particular, the rGO/PDMS composite was pro-
posed as an effective sensor for a detection of organic solvents. Inter-
estingly, the observed current values were precipitously reduced
upon applying the solvent (generally within several seconds). This
was due to an increase in the resistance of the composite accord-
ing to the swelling of PDMS matrix. The drop in the current value
was more pronounced with increasing the relative polarity of the
solvent; for example, the reported relative polarity of ethanol, ace-
tone, and chloroform was 0.654, 0.355, and 0.259, respectively.
After the evaporation of the immersed solvent, accordingly, the
current value recovered to its initial state and the sensing proce-
dure could be managed completely reversible. Similarly, 3D printed
graphene lattices fabricated by Zhang et al. also presented sensing
detection performance for organic solvents [67]. The binding of
solvent molecules to rGO sheets could influence the charge trans-
fer characteristics, which would be distinctly monitored by corre-
sponding increase in the resistance.
4. Liquid Absorption

The important physical properties of graphene-based 3D cellu-

lar structures can be generated from huge SSA, ultra-low density,
excellent mechanical properties, and good chemical stability. Since
these structured materials can readily be prepared as a form of free-
standing films, they can effectively be used as the absorbent for
organic or inorganic contaminants from the source of pollution.
Also, the absorbed contaminants are easily released and separated
by mechanically squeezing the graphene foam. As an example, Bi
et al. developed a graphene-based sponge as a highly efficient and
recyclable absorbent for oils and organic solvents (Fig. 14) [24].
The resulting spongy graphene showed massive yet quick absorp-
tion of oils (up to 86-times of its own weight), exhibiting greater
efficiency (>10 times) than that of conventional foam absorbers.
Also, spongy graphene could be reused more than 10-times through
heat treatment while maintaining a high efficiency of oil removal
(>99%).

Similarly, several studies have been reported for liquid absorp-
tion. Fluorinated GAs reported by Hong et al. exhibited not only
high absorption of oils or organic solvents (more than 100 times
of its own weight) but also indicated a good reusable capability
[53]. Also, Sun et al. demonstrated a highly prompt absorption
process of spilled toluene solvent over water using the ultra-fly-
weight aerogel only within 5 s [41]. Remarkably high absorption
capacity of ultra-flyweight aerogel (up to 320 times of its own weight)
was two-orders of magnitude greater than that of commercially
used absorption materials. Barg et al. reported closed-cellular GAs
with excellent organic absorption capability (up to 605-times of its
own weight) [72]. These closed-cellular GAs were introduced in
the previous section on the emulsified freeze-drying method. Due
to their remarkable mechanical and chemical stability, the organic
solvent or oil could readily be released from the cellular GA absorber
by mechanical compressing. The structurally recovered GAs were
reused over several cycles without sacrificing the liquid absorp-
tion capability (>95% of the initial absorption amount). Notably,
Wu et al. reported that GAs (also introduced in the section of hy-

Fig. 14. Oil absorption properties of GAs. (a)-(e) Absorption of dodecane in spongy graphene at intervals of 20 s. Dodecane (stained with
Sudan red 5B) floating on artificial seawater is completely absorbed within 80 s. (f) Efficiency of oil absorption. A GA bulk block with
a mass of 0.32 g absorbs 16.1 g dodecane floating on water, corresponding to a weight gain of 50.3. (g) Contact angle of GA surface
(upper panel) and fast absorption of dodecane (lower panel). The contact angle to water is 114o±2o, but dodecane is quickly absorbed
without any residue remaining on the surface. (h) SEM image of the microporous (fusiform) structure of GA. (i) SEM image of the
graphene skeleton. (j) TEM image of the graphene skeleton. Reproduced with permission from ref. [24]. Copyright 2012, Wiley-VCH.
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drothermal synthesis) could exhibit extremely high liquid absorp-
tion capacity (up to 1,010-times of its own weight) and structural
stability (recovery against the compression up to 98%) for repeated
uses [44]. Since the ultralight GA could be solvothermally synthe-
sized with ethanol based low concentration and large-sized GO
solution (0.20-5.00 mg·ml1, ~20 to 50m in lateral dimension),
the absorbed liquid can be compressed out completely from GA
in seconds, and absorption/release process is highly repeatable with-
out any structural degradation even after hundreds of cycles. As
another approach to improve liquid absorbing performance, Wang
et al. suggested using bi-directional freeze-drying for improving
the structural alignment inside GAs [107]. In conventional freeze-
drying for directional alignment, the growth direction of the ice
crystals is set in the z-axis direction only, from the bottom to the
top. On the other hand, bi-directional freeze-drying method employs
a copper tube with cylindrical hole inside to contain GO solution,
such that ice crystals could grow radially with the shape of lamel-
lae during freezing process initiated from cold side walls to center.
In a combination of concurrently working capillary forces result-
ing from both vertically and radially aligned superstructure, the
bi-directional freeze-drying of GAs has shown the greatest absorp-
tion capacity among three different types of representative aero-
gels: GAs prepared from bi-directional, unidirectional, or common
freezing method.

Moreover, Liu et al. demonstrated efficient absorption of organic
liquids using anisotropically structured GAs (up to 200-times of its
own weight) while applying three different types of recycling method:
burning, distilling, and squeezing [50]. Due to their good thermal
stability, the resulting GAs showed mostly retained absorption effi-
ciency (~10% reduction in absorption capability) even after apply-
ing 10 cycles of absorption/burning removal, during which a slight
volume shrinkage was observed in GAs. Similarly, absorbed organic
liquid could be vaporized from the GAs by distilling it at a tem-
perature near the boiling point that would also ensure the stable
absorption capability for repeated uses. In addition, Bao et al. pre-
sented GO beads with a core/shell structure (core: GO foam, shell:
GO membrane) for a fast absorption of hazardous chemicals such
as concentrated strong acid or base solutions [73]. Notably, the
outer shelled membrane helped to keep the absorbed corrosives
inside the beads and prevent secondary leakage, whereas the inner
core foam could absorb sulfuric acid as much as 44-times its own
weight. Due to the amphiphilicity of GO and porous cellular struc-
ture of the core, GO beads could rapidly absorb a variety of haz-
ardous chemicals (only 1 min for sulfuric acid). In the case of
sulfuric acid (97% concentrated), for example, GO beads could
absorb it 44-times of its own weight only within 1 min. The chem-
ical stability of the GO beads was also remarkable; no changes in
the appearance and structure were observed for 60 min even with
fully absorbing sulfuric acid inside.
5. Other Applications

In addition to the above introduced application areas (energy
storage, photocatalyst, sensors, and liquid absorption), the graphene-
based 3D cellular structures are also expected to be utilized for
other purposes. For example, along with advances in nano- and
micro-structuring technology, structurally well-defined graphene-
based materials can be used as a building unit for their assembled

networks to create excellent physical properties of mechanical rein-
forcement or energy damping [52]. By applying this strategy to
graphene-based CCSs, the assembly of uniform-sized graphene
bubbles generated from microfluidic synthetic process has greatly
improved the structural homogeneity of the assembled networks.
It has been generally regarded as highly irregular and random in
their internally assembled structures due to the excessive incorpo-
ration of non-uniform sized pores [80]. Therefore, minimizing the
structural defects and non-uniformity in the network structures is
the most important key to achieve the enhanced physical and
mechanical properties. As another means to improve mechanical
properties of GAs, a method of hybridizing with shape memory
polymer (SMP) was also suggested [108]. Despite notable advan-
tages of SMPs, such as low cost, high energy efficiency, large defor-
mation (up to 800%), easy processability, and degradability com-
pared to conventional shape memory alloys (SMAs), they gener-
ally suffered from slow response time (~ a few minutes) as a result
of retarded viscoelasticity of SMP chains, which was much slower
than that of SMAs (less than 1 s) [109-111]. However, graphene/
SMP nanocomposite aerogel could exhibit a relatively fast response
(175±40 mm·s1), large deformation (~100%), and a wide response
bandwidth (0.1-20 Hz). In particular, shortened heat transmission
distance in SMP nanofilms and the rapid electrothermal conver-
sion of the graphene framework simultaneously implemented not
only fast response time (50 ms at the minimum) but also durable
cyclability and high recovery ratio (98%) of graphene/SMP nano-
composite aerogel.

Interesting works exploiting the intrinsic thermoelectric proper-
ties of GAs have been also reported. Xie et al. reported free-stand-
ing and chemically reduced GA films exhibiting excellent bolometric
properties in vacuum [112]. [A bolometer is a type of microde-
vice for thermal imaging, which absorbs infrared, visible, or ultra-
violet light from the objects and converts them into electrical signals
to indicate the temperature variation.] With remarkably low ther-
mal conductivity (6.0-0.6 mW·m1·K1 from 295 to 10 K), high
porosity, ultralight density (4 mg·cm3), and populated presences
of nitrogen and oxygen-containing functional groups, GO-based
ultralight GAs have implemented excellent bolometric perfor-
mance [113]. Likewise, Li et al. developed highly efficient cylindri-
cal cryo-thermocells using anisotropically holey GA-structured
electrodes [114]. Unlike bolometers, a thermocell is a thermal energy
harvester that can convert temperature-dependent electrochemi-
cal redox potentials into electrical power. In general, thermocell
devices are weakened in their energy harvesting performance under
low temperature due to subsequently lowered ion conductivity of
electrolytes. To challenge this limitation, they introduced the for-
mamide-mixed electrolyte into the anisotropic holey GA. The for-
mamide aqueous mixture could impart high ion conductivity as
well as much lowered operation temperature down to - 40 oC. In
addition, anisotropic holey-structured GA electrodes rendered
highly enhanced ion conductivity supported by the alignments of
graphene sheets and internal pores [115]. Thanks to these syner-
gistic improvements, the power density and Seebeck coefficient of
a single cylindrical GA thermocell could show superior thermo-
electric properties of 3.6 W·m2 and 1.3 mV·K1, respectively.

Furthermore, GAs have found their way to serve as materials
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for electromagnetic interference (EMI) shielding due to their high
electrical/thermal conductivity, excellent mechanical properties, flex-
ibility, and high aspect ratio [116-118]. Representatively, there have
been a number of reports on the improvement in EMI shielding
effectiveness using graphene, complexed with highly conductive
metallic species, such as iron, silver and copper [119-121]. Mean-
while, Xi et al. reported that the excellent EMI shielding perfor-
mance of GA films was obtained by freely expanding rGO films
with multilayer structures, namely, employing the expansion en-
hancement effect (EEE) [122]. Intriguingly, they identified the
changes in EMI shielding efficiency depending on the compres-
sion ratio of the sample; a 1.4 mm-thick sample showed EMI shield-
ing effectiveness of ~135 dB in 0.1-3 GHz, whereas a compressed
0.3 mm-thick sample showed the effectiveness of ~105 dB. Never-
theless, the intrinsic electrical conductivity and the areal density
maintained as constant. Therefore, they suggested that the opti-
mized control of EEE could effectively improve the EMI shielding
effectiveness. Besides the contribution from EEE, the multilayered
and directionally aligned GA films imparted superior EMI shield-
ing properties than randomly structured graphene foams or graph-
ene composites, because the closed and layered structure along the
direction of the wave transmission could effectively interrupt the
wave propagation. The resulting GA films have shown remark-
ably high EMI shielding effectiveness (~135 dB in 0.1-3 GHz at
thickness of 1.4 mm and 65 to 105 dB in 2-18 GHz at thickness of
120m) and superior properties in the thickness-averaged spe-
cific shielding effectiveness (~100,000 dB·cm2·g1).

Furthermore, extremely high SSA and mechanical durability of
graphene-based cellular networks can infuse great advantages for
the applications in hydrogenation catalytic reactors (Fig. 15) [19].
The highly interconnected porous structures would facilitate the
mass diffusion along with high absorption capability for organic
reactants and facile separation of product. Also, mechanically respon-
sive and compressible features enabled the regeneration of GAs,
repeatedly. In addition, graphene or its derivatives have shown great
potential for flame retardant applications while simultaneously secur-

ing thermal and gas barrier properties [123]. The graphene lattice
structures prepared by 3D printing method sustained a stable flame
retardancy even with applying 30 min combustion test (Fig. 16)
[67]. Furthermore, more effective flame-retardant properties were

Fig. 15. Application for the catalytic hydrogenation using Pd/GA. (a) The illustration showing catalytic hydrogenation using GA as a reactor.
(b) SEM image of the Pd/GA, the inset shows a photograph of the Pd/GA monolith with an integral structure. (c) Magnified SEM
image of cell structure in Pd/GA. (d) TEM image of graphene sheet of the wall bearing Pd nanoparticles. The inset shows the size dis-
tribution of Pd nanoparticles. (e) High-resolution TEM image of Pd/GA reveals the lattice spacing of about 0.195 nm, corresponding
to the lattice fringe of Pd (2 0 0). Reproduced with permission from ref. [19]. Copyright 2016, Nature Publishing Group.

Fig. 16. (a) Digital photographs showing fireproof for 30 min com-
bustion in air. (b) Thermal insulation investigation for graph-
ene lattices heated at the bottom to identify the absorption
inhibition performances of top-applied semisolid asphalt. Re-
produced with permission from ref. [67]. Copyright 2018,
American Chemical Society.



206 M. J. Oh and P. J. Yoo

February, 2020

reported when the GO was complexed with cellulose nanofiber
and silicate nanorods, which are well-known as excellent flame-
retardant species [124].

CONCLUSIONS

We have introduced examples of the fabrication method of graph-
ene-based 3D lightweight cellular structures and their emerging
applications. First, we classified the cellular structures, especially in
the regime of ultra-lightweight materials (<10 mg·cm3), as OCSs
or CCSs according to the internal pore interconnectivity. The syn-
thetic methods, such as freeze-drying, hydrothermal, chemical reduc-
ing/crosslinking, sol-gel, template-directed CVD, and 3D printing,
were representatively introduced as a toolkit for creating graphene-
based OCSs. However, the implementation of CCSs using graphene
materials has been relatively limited due to the technological diffi-
culty in generating constituting unit cells with isolated domains.
Nevertheless, some methods have been proposed to overcome this
intrinsic limitation, such as by employing emulsified hydrothermal/
freeze-drying, wet-spinning with coagulation, sugar blowing, and
microfluidic generation. With further developments in effective fabri-
cation methods, the graphene-based lightweight cellular structures
have evolved into more advanced high-performance materials.
Subsequently, in the second part, emerging applications of graphene-
based 3D lightweight cellular structures were discussed, particu-
larly for energy storage, sensors, and liquid absorption applica-
tions by highlighting their advantages of huge SSA, high electrical
conductivity, facile functionality, mechanical durability, and super
elasticity.

However, there are still some challenges to maximizing the poten-
tial of graphene-based cellular structures. Notably, most of intro-
duced examples of graphene-based 3D lightweight cellular structures
have shown wide distribution in their unit cell size and wall thick-
ness, and irregular porosity, which would eventually act as struc-
tural defects with undermining the mechanical stability and elasticity
of the structured materials. Therefore, there should be further ad-
vances in improving the structural uniformity of graphene-based
cellular structures to fully secure the structural and physical prop-
erties. To this end, fundamental mechanical studies and theoreti-
cal simulations must be accompanied to realize the ideal cellular
structures, which will also offer a valuable solution to maximize
the required properties even in limited circumstances in material
selection. Finally, considering commercialization, it is mandatory
to improve the processability for mass production of graphene-
based cellular structures. In most of the approaches developed so
far, we are still facing problems of high-cost yet small-yield pro-
duction. Toward the realization of the next generation structural,
transportation, and electrical industrial applications, it is very import-
ant to develop more efficient designing and fabrication tools for
producing graphene-based cellular structured materials with scal-
ability.
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