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ABSTRACT

Recently, three-dimensional graphene/graphene oxide (GO) networks (3DGNs) in the form of foams,

sponges and aerogels have attracted much attention. 3D structures provide graphene materials with high

specific surface areas, large pore volumes, strong mechanical strengths and fast mass and electron transport,

owing to the combination of the 3D porous structures and the excellent intrinsic properties of graphene.
This review focuses on the latest advances in the preparation, properties and potential applications of 3D
micro-/nano-architectures made of graphene/GO-based networks, with emphasis on graphene foams and

sponges.

Keywords: graphene, graphene oxide, three-dimensional network, graphene foam, graphene sponge,

graphene aerogel

INTRODUCTION

Graphene has many unique and excellent proper-
ties, such as its electronic properties, associated with
its unique gapless conical band structure, its high
mechanical strength, flexibility, thermal conductiv-
ity and stability, and its efficient wide range of light
absorption. These properties have made graphene
a promising candidate for a broad range of ap-
plications in many fields [1-3]. It is hoped that
graphene, in bulk or in composite materials, can pre-
serve its extraordinary properties. However, the ir-
reversible agglomeration or restacking of graphene
sheets, because of the strong van der Waals inter-
actions and high inter-sheet junction contact re-
sistance between isolated graphene sheets, severely
suppress the intrinsically high conductivity and me-
chanical strength of individual graphene sheets and
diminish its accessible surface area.

Many efforts have been made to tackle this chal-
lenge. One effective way is to engineer a graphene
material in which individual graphene sheets are
bonded together to construct three-dimensional
(3D) networks, avoiding re-stacking of individual
graphene sheets. This is important for maintain-
ing graphene’s intrinsic properties in the bulk and

enhancing the use of graphene in practical appli-
cations. Tremendous efforts have been devoted
to developing the synthesis and applications of
3D graphene networks (3DGNs) with various
morphologies, structures and properties [4-7].
Typical 3DGNs reported in the literature include
graphene foams (GFs), graphene sponges (GSs)
and graphene aerogels (GAs). GFs were first syn-
thesized using nickel foam as the template [8]. Thus,
the GFs inherited the macroporous structure of the
nickel foam, with a continuous and interconnected
3DGN. GSs have a similar porous structure to GFs,
but the graphene sheets are partially oriented or
aligned nearly parallel with each other, creating an
anisotropic lamellar structure [9]. GSs are named
for their highly efficient and recyclable absorption
performance, similar to sponges [10]. GAs are
usually produced using sol-gel chemistry, which
involves reducing graphene oxide (GO) to form
a highly cross-linked graphene hydrogel (GH),
followed by freeze-drying or supercritical drying to
remove the absorbed water [11, 12]. Although they
have differences in their structures and properties,
GFs, GSs and GAs all have excellent properties, such
as a high surface area, high porosity, low density,
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high electric conductivity and good mechanical
properties.

Until recently, a number of synthetic methods to
fabricate 3DGNs, based on the strategies of either
direct growth from a carbon source or by the assem-
bly of GO/graphene sheets have been developed.
The 3D structures provide graphene materials with
high specific surface areas (SSA), strong mechani-
cal strengths and fast mass and electron transport
kinetics, owing to the combination of 3D porous
structures and the excellent intrinsic properties of
graphene. 3D structures can be used in many fields
including use as absorbents, catalysis, sensors, and
use in energy storage and conversion and biologi-
cal applications. The synthesis routes and applica-
tions of 3DGNs have been summarized in detail
in several specialized reviews with different empha-
sis [5—8]. Here, this review will focus on the latest
advances in the preparation, properties and poten-
tial applications of 3D micro-/nano-architectures of
graphene/GO-based networks, especially on GFs
and GSs, in a more general view.

SYNTHESIS

Several methods have been reported for fabricating
3DGNs. These methods have been classified accord-
ing to the different points of view in the published
reviews [4-7]. Here, they are grouped into two cat-
egories: one is the direct synthesis of 3DGNs from
carbon sources such as methane, ethanol and sugar.
The other is the assembly of GO or graphene sheets
through a variety of ways.

Direct synthesis of 3DGN
Template-assisted CVD growth

Chemical vapor deposition (CVD) is a convenient
way to grow graphene with controlled layers and
sizes. Based on the conventional CVD process for
graphene growth, which uses flat metal substrates
as catalysts, 3DGNs can be prepared by CVD using
pre-fabricated 3D metal substrates (such as nickel
foam) as the catalysts and templates [8, 13-16]. Af-
ter etching off the nickel template, free-standing
3DGNs with controlled morphologies and prop-
erties can be obtained. Furthermore, by coating a
nickel layer on a predefined substrate structure, for
example nickel-coated pyrolyzed photoresist films
[17], 3DGNs with the desired morphologies can
also be produced. Along with the 3D metal sub-
strates being used as the sacrificial template, other
materials such as anodic aluminum oxide (AAO)
[18], MgO [19], ZnO [20], metal nanostructures
[20-23] and even metallic salts [24,25] have also
been used as templates to produce 3DGNE.

Cheng and his group first reported the synthe-
sis of 3D GFs using nickel foam as the template us-
ing CVD [8]. By pyrolyzing CH,4 at 1000°C under
ambient pressure at a constant rate in the presence
of nickel foam with an interconnected 3D macrop-
orous structure, three-layered graphene films were
precipitated on the surfaces of the nickel foam. Then,
a thin layer of polymethyl methacrylate (PMMA)
was deposited on the surfaces of the graphene films
to protect the graphene network, followed by etch-
ing the nickel skeleton in an HCI (or FeCl;) solu-
tion. By using hot acetone to remove the PMMA
layer, a free-standing GF was obtained. The resultant
GF monoliths exhibited a continuous and intercon-
nected 3DGN in which all of the graphene sheets
were in direct contact with each other, without any
breaks, inheriting the interconnected 3D framework
from the nickel foam template. The surface area of
the 3DGNs was dependent on the number of lay-
ers in the graphene film, which could be as high as
850 m? /g for SDGNs made of a three-layer graphene
film. Importantly, the 3DGNs also exhibited unique
properties in their electrical conductivity, mechan-
ical strength [8,13,14] and thermal conductivity
[15]. GFs with monolayer graphene sheets were also
prepared using Cu foam as the template. However,
a free-standing sheet could not be obtained because
monolayer graphene cannot bear the liquid capillary
force caused by the evaporation of acetone.

Similar high-quality 3DGNs have been achieved
by other groups using different carbon sources
and/or different conditions [26-30]. Zhang’s group
showed that 3DGNs could be produced with an at-
mospheric pressure CVD process using ethanol as
the carbon source [26]. By soaking nickel foam in an
asphalt-toluene solution and then placing it in a fur-
nace under an Ar-H, flow at 940°C for 10 min, Li
and coworkers synthesized GFs [27].

Ruoff and coworkers [31] explored the effect of
different etching agents for removing Ni, on the
thickness of the 3D GFs. They found that the Ni
etching processes, using ferric nitrate (Fe(NO3)3)
and ammonium persulfate ((NH;),5,03), were
much slower and gentler than using diluted HCIL.
This is helpful for controlling the density of the re-
sulting 3DGNs, which is ultimately critical for the
temperature-dependent electron and phonon trans-
port in these materials.

A Ni foam/sponge-template-assisted-CVD pro-
cess is an effective way to produce 3DGNs with
controlled morphologies. However, as the GF in-
herited the structure of the nickel foam template,
which usually has a pore size of hundreds of mi-
crometers in diameter, the obtained GF possessed
large pore sizes with a high porosity (about 99.7%)
[8]. To obtain GF with a pore size on the scale of
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micro- or nanometers, other template precursors
have been explored.

Zhou et al. [18] reported the growth of 3D
graphene on porous Al, O3 ceramics using CVD. The
AAO template is a regular 1D channel array with an
average pore size of 95 nm and a pore center-to-
center distance of 125 nm, after firing at 1200°C
for 2 h. Graphene was grown at 1200°C for 30 min
under the flow of Ar:H,:CH,; = 450:50:10 sccm.
Bilayer graphene sheets grew around the surfaces
of the AAO channel. The graphene/Al,O; com-
posite contained an interconnected macroporous
graphene framework with low sheet electrical resis-
tance, down to 0.11 €2/sq, and a thermal conductiv-
ity of 8.28 W/(m K).

Wei and his group [19] produced 3D graphene
with nanomeshes by using porous MgO layers as the
template. After introducing methane for the CVD
growth of graphene, one to two graphene layers
were formed on the MgO surfaces. The graphene
nanomeshes had large SSAs up to 1654 m*/g with
pore diameters around 10 nm.

Chen and coworkers [23] developed a
nanoporous Ni-based CVD technique to grow
high-quality 3D nanoporous graphene sheets with
tunable pore sizes from ca. 100 nm to ca. 2.0 pm, as
well as coherent quantum electronic properties in
the interconnected 3D structures. A nanoporous Ni
(np-Ni) substrate with a thickness of ca. 30 um and
an average nanopore size of ca. 10 nm was prepared
by electrochemically leaching Mn from a NizoMnyg
precursor in a weak acidic solution. The as-prepared
np-Ni was annealed at 900°C for 5-30 min in a
CVD system under a mixed atmosphere of H,, Ar
and benzene. Graphene films uniformly grew on
the surfaces of the nanosized Ni ligaments and the
pore size of the graphene could be tailored from
100 nm to 2.0 pm by controlling the CVD time and
temperature.

A nickel salt (NiCl,-6H,0O) has also been used
both as a catalyst and a template precursor to
synthesize GFs [25]. The first step was to anneal
NiCl,-6H, 0 at 600°C to form a 3D Ni skeleton. In
this process, NiCl,-6H, O was first flowed through a
H,-Ar mixed gas and then treated with a mixture of
water vapor and hydrogen chloride. The subsequent
procedure was CVD growth, operated at 1000°C,
followed by etching the Ni. A 3D graphene macro-
scopic network was obtained. The pore size of the
3DGN was several micrometers, with a relatively
high density ranging from 22 to 100 mg/cm?, com-
pared with that of the Ni foam (1 mg/cm®) [8].

Non-template approach
Along with the template-assisted CVD method,
non-template approaches to directly synthesize

3DGNs have also been reported [32-35]. Chen’s
group [32-34] developed a direct current plasma-
enhanced CVD approach to directly grow vertical
graphene sheets on various conductive substrates,
including Au and stainless steel, using CH,4 as the
carbon source. The graphene sheets firmly adhered
to the substrates with many active sites at the edges
of the sheets and connected with each other forming
3D porous graphene, making them suitable for
sensing applications. Recently, inspired by an an-
cient food art of ‘blown sugar’, Wang and coworkers
developed a technique to grow a 3D self-supported
graphene bubble network [35]. This foam-like
architecture was packed full of large polyhedral bub-
bles with an average diameter of 186 pum. A typical
synthesis procedure is as follows: 10 g of glucose was
mixed with 10 g of ammonium salt (NH,Cl), which
was then heated at a rate of 4°C/min. Then it was
treated at 1350°C for 3 h under an Ar atmosphere
in a tube furnace. A black foam-like 3D graphene
bubble network was obtained. The bubble network
consisted of either mono- or few-layered graphitic
membranes that were tightly glued, rigidly fixed and
spatially scaffolded by micrometer-scale graphitic
struts. Such a topological configuration provides
intimate structural interconnectivities, a freeway for
electrons/phonons to transport, a huge accessible
surface area as well as robust mechanical properties.
This approach is a general path to synthesize 3D
graphene analogs.

Assembly of GO sheets

The assembly of 2D GO/graphene sheets to form
3DGNs begins by dispersing GO in a solution. In
a GO solution, there is a force balance between
the van der Waals attractions from the basal planes
and the electrostatic repulsions from the functional
groups of the GO sheets [4]. Once the balance is
broken (for instance by changing the pH of the
GO dispersion solution [36]), adding cross-linkers
[37] or ultrasonicating the GO dispersion solution
[38] causes gelation to occur. In a typical proce-
dure, GO sheets are first dispersed in a solution and
then through a series of procedures, involving gela-
tion and reduction processes, followed by special
drying techniques, 3DGNSs are obtained with the
graphene sheets. They are either physically or chem-
ically linked to each other.

A variety of methods based on this strategy
have been developed, including chemical reduction
[39,40], electrochemical reduction [41,42], hy-
drothermal processes [43-48], metal ion-induced
self-assembly [49], flow-directed assembly, [50]
evaporation-induced ~ self-assembly [S1], the
Langmuir-Blodgett technique [52], layer-by-layer
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deposition [53] and a nucleate boiling method [54]
for GO dispersions. Apart from these, to suppress
the restacking of the graphene sheets during assem-
bly, a functionalization-lyophilization-microwave
treatment was designed, and ultralight GAs with
excellent elasticity were produced [S5].

As this strategy has already been thoroughly sum-
marized and analyzed [4-7], in the following, we will
focus on several typical techniques and on latest ad-
vances in this field.

Self-assembly of GO through chemical, elec-

trochemical or hydrothermal reduction

GHs and GAs could be produced via the simple
chemical reduction of a GO aqueous dispersion
[39, 40]. Sodium ascorbate, NaHSO,, Na,S, Vita-
min C, hydrogen iodide or hydroquinone could be
used as the reducing agent. A reducing agent is typ-
ically added to aqueous suspensions containing GO
and heated to 90-95°C for a certain period of time
(30 min-3 h). Then, GHs and GAs can be obtained
after removing the residual inorganic compounds
and absorbed water, respectively. The mechanical
properties of GHs are comparable to those of chem-
ically cross-linked polymer hydrogels. The bulk elec-
trical conductivity of the GA was around 1 S/cm,
similar to a GA prepared by organic sol-gel chem-
istry combined with pyrolysis.

Electrochemical reduction is usually used to di-
rectly fabricate 3D graphene-based electrodes [41,
42]. The typical procedure is to electrochemically
reduce GO on metal electrodes (e.g. Au) in a
3 mg/ml aqueous GO suspension containing 0.1 M
lithium perchlorate (LiClO,) at an applied potential
of —1.2'V (vs saturated calomel electrode) for 10 s.
During this process, GO sheets were deposited on
the surfaces of the electrodes and assembled into 3D
interpenetrating networks and at the same time they
were reduced to conductive reduced GO (RGO).

Hydrothermal reductions have been widely used
to reduce GO and induce the self-assembly of GO,
using an autoclave at moderately high tempera-
tures (90-200°C) and elevated solution pressures.
3DGNs have been produced through hydrothermal
processing [43-48]. GHs with high electrical con-
ductivity have been fabricated via a one-step hy-
drothermal process [43]. They were easily produced
by heating a 2 mg/ml GO aqueous dispersion sealed
in a Teflon-lined autoclave at 18°C for 12 h. Af-
ter freeze-drying, the resultant hydrogels had well-
defined and physically interconnected 3D porous
networks. They had a relatively high electrical con-
ductivity (5 x 1073 S/cm) from the recovery of the
7 -conjugated system of GO sheets upon hydrother-
mal reduction.

Freeze-drying/Freeze-casting

Generally, a drying procedure should be applied af-
ter gelation and reduction of the GO dispersion
to remove any water and organic molecules from
the pores in the 3DGNSs. The most commonly used
drying technique is freeze-drying/freeze-casting, as
it is the most convenient and efficient way to re-
move absorbed molecules without destroying the
3D graphene framework.

Freeze-drying is a versatile method, used to pre-
pare GAs from GHs. Mechanically strong and elec-
trically conductive GAs can be prepared by either
supercritical drying or freeze-drying hydrogel pre-
cursors [11]. Hydrogel precursors have been ob-
tained by mixing uniformly quantitative L-ascorbic
acid (AA) with an aqueous GO suspension and
then heating the mixture without stirring for 2 h.
GAs have been obtained by forming physical cross-
links between graphene sheets using sol-gel chem-
istry. Sol-gel chemistry involves reducing GO to
form highly cross-linked hydrogels, which can then
be freeze-dried or supercritical-CO,-dried to form
GAs.

GSs could be produced through a hydrothermal
process followed by freeze-drying/freeze-casting.
Sun and coworkers fabricated GSs by the self-
assembly of GO solutions with hydrothermal reduc-
tions and freeze-drying [10]. By changing the pa-
rameters during freeze-casting, especially the freez-
ing temperature, the porous microstructures of GSs
can be controlled (Fig. 2) [9]. With this route,
0.5 ml ammonia (30 v/v%) was added to a homoge-
neous GO (60 mg) colloidal dispersion (20 ml) to
tune the pH value to 10. The GO dispersion was then
transferred into a sealed reactor and heated to 180°C
for 20 h and then a RGO gel block was obtained.
The RGO block was placed in a cold source at a
constant temperature. The rate of crystal growth was
controlled by regulating the temperature of the cold
source. Freezing lasted for several minutes, until the
gel block was fully solidified. After the gel was com-
pletely frozen, the samples were placed in a freeze-
dryer for 48 h, generating black GSs.

Assembly of GO on conductive substrates

Inspired by the recent findings on GO being di-
rectly reduced by active metals (such as Al, Fe and
Cu), a new method of substrate-assisted reduction
and the assembly of GO for the spontaneous forma-
tion of 3D graphene structures on arbitrary conduc-
tive substrates was developed [56]. These graphene
assemblies include microtubes, four-way pipes, spi-
ral tubes, multi-channel networks and micropat-
terns. The substrates containing the active metals
Zn, Fe and Cu, the inert metals Ag, Pt and Au, a
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semiconducting Si wafer, a non-metallic carbon-
based film and even indium-tin oxide (ITO) have
been readily achieved without any additional reduc-
ing agents.

Taking the active metal Cu foil as an example,
when a Cu foil was immersed in an aqueous 1 mg/ml
GO suspension with a pH of 4.0 for several hours
without any additives, a black layer of RGO cov-
ered the whole surface, which was composed of a
3D network of RGO sheets. The reduction of GO
and the oxidation of the metal substrates are associ-
ated with GO gaining electrons and the metal losing
electrons. For inert metals or other conductive sur-
faces, by simply supporting them on an active metal
substrate, GO could be reduced and deposited on
the surfaces via a process in which the inert conduc-
tive substrate acts as a cathode to reduce GO and to
deposit RGO from the suspension, while the active
metal foil serves as an anode, where the metal is oxi-

dized.

Template-assisted assembly

Alternatively, 3D graphene architectures can be fab-
ricated by assembling GO/graphene sheets on the
surfaces of the templates through electrophoretic
deposition, dip-coating, refluxing in an autoclave
and template-assisted freeze-drying [4]. Apart from
the nickel foams used in the CVD method, spher-
ical materials such as polystyrene (PS) balls [57]
and silica nanoparticles (NPs) [58], skeleton mate-
rials including commercially available sponges [59],
Nafion scaffolds [60] and textile fibers [61] can also
be used as templates.

Free-standing 3D macroporous graphene films
have been fabricated with PS spheres (2.0 um) as
the template [57]. First, a negatively charged chemi-
cally modified graphene (CMG) colloid and a pos-
itively charged PS suspension were prepared sepa-
rately. Then they were mixed and dispersed in a so-
lution under a controlled pH (=2), where the two
compounds had the same surface charges. When the
pH was increased to 6, CMGs and PS spheres assem-
bled because of the electrostatic interactions and hy-
drophobic characteristics between them. These were
subsequently integrated into PS/CMG composite
films through a filtering process. The PS particles in
the PS/CMG composite films were selectively re-
moved using toluene, leaving behind an open porous
structure. The porous structure did not collapse af-
ter the PS template was removed because of the in-
terconnected nature of the multilayered CMG walls
in the assembled 3D structures. The well-defined
interconnected pore networks of the embossed-
CMG films also had a high electrical conductivity
(1204 S/m).

Assembly using cross-linkers

Addinga cross-linker to the GO dispersion function-
alized the graphene surfaces and improved the inter-
actions between the GO/graphene sheets. The first
cross-linker reported was polyvinyl alcohol (PVA)
[37], which promoted the gelation process of a GO
dispersion to form 3D graphene structures. There-
after, many materials have been used in literature
as cross-linkers to assemble GO sheets, such as
DNA [62], metal ions [49], polymers [63], amines
[64, 65] and organic molecules [66, 67].

Qu and coworkers used pyrrole (Py) as a cross-
linker to produce GSs [67]. Using this approach, the
nitrogen-rich molecules were able to interact with
the GO sheets through hydrogen bonding and 77—
7 interactions, strengthening the binding between
the GO sheets and reducing the self-stacking of
the GO during the hydrothermal reduction process.
As a result, the sponge volume was 500% greater
than that with only GO. Furthermore, polypyrrole
(PPy) RGO sponges exhibited a high conductivity
of 30 S/cm. Luan et al. [65] designed and fabri-
cated 3D GO structures on the molecular level us-
ing different aromatic diamines such as o-phenylene
diamine (0PDA) and p-phenylene diamine (pPDA)
as the cross-linking agents. At the same GO con-
centration, the pPDA-GO hydrogels (GOHs) ex-
hibited Brunauer-Emmett-Teller surface areas and
pore volumes that were about twice as large as those
of the oPDA-GOHs because of the longer amine-
to-amine distance of pPDA. The adsorption capabil-
ity of pPDA-GOH was five times higher than that
of the graphene/carbon nanotubes (CNT) hybrid
structure due to the well-developed 3D networks.
Recently, Chen et al. [68] reported the template-
free assembly of 3DGN hollow spheres, cross-linked
by PVA fibers at the water/toluene interface. This
method involved the formation of highly stable
micron-sized Pickering emulsions by mildly sonicat-
ing the GO aqueous solution and toluene in the pres-
ence of PVA, followed by direct freeze-drying the
mixture to preserve the unique 3D hollow spheri-
cal structures. The presence of PVA is critical for
supporting the spherical GO structures and inter-
connecting the GO hollow spheres into stable 3D
structures.

PROPERTIES

Table 1 lists some of the physical properties of sev-
eral typical samples of 3DGNs, including the SSA,
electric conductivity, pore structure, density and
mechanical properties. It shows that 3DGNs, espe-
cially GFs, GSs and GAs, possess excellent proper-
ties including large surface areas and pore volumes,
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Table 1. Physical properties of several typical samples of 3DGNs, synthesized using different methods
Specific surface Density Electrical conductivity

No.  Synthesis method area (m?/g) Pore structure (mg/cm?) (S/em) Mechanical property Ref.

1 GF/Ni Foam ~ 850 (~3 Porosity ~ 99.7% ~§ (~3 Layer ~7 (~3 Layer graphene) Flexible [8]
template-assisted Layer Pore size ~400 um  graphene)
CVD growth graphene)

2 GS/freezingdrying ~ 53.4 Pore size 2-100nm 9 0.54 Good Flexibility, Young’s [68]
of GH Moduli 7.56 kPa

3 GS/Self-assembly 423 Long axis 12+5 [10]
of GO, ~570-620 pm
hydrothermal short axis
freeze-drying ~150-300 pum

4 GA/supercritical 512 Pore volumes 2.48 12-96 ~1 Young’s moduli [11]
drying or freeze cm’ /g, pore size 1.2-6.2MPa
drying of GH 2-100 nm

S GA/organic 584 Pore volume 2.96 10 ~1 [12]
cross-linker cm’ /g, pore size

1-100 nm

6 GA/organic Porosity 3-5 Highly compressible [55]
cross-linker 99.7-99.8%

7 GA/Chemical 15 0.87 (39]
reduction

8 GH/hydrothermal Pore size ~ 0.1-7 5x1073 [43]

um

9 3D 30 2.5x1073 Compressive strength 0.042  [44]

RGO/hydrothermal MPa, compress modulus

freeze-drying

0.26 MPa

low densities, good electrical conductivities and me-
chanical properties.

In general, 3DGNs with chemically bonded
structures have better properties than physically as-
sembled structures, such as a lower contact resis-
tance, better conductivity, and they are stronger,
tougher and more flexible. Table 1 shows that the
bulk electrical conductivity of a chemically bonded
GA is about 1 S/cm (Table 1, sample 5), more
than two orders of magnitude greater than those re-
ported for the macroscopic 3DGNs prepared with
either physical cross-linkers alone or partial chemi-
cal bonding, for example, GO hydrogel having a con-
ductivity of S x 1073 S/cm (Table 1, sample 8)
and 3D RGO having a conductivity of 2.5 x 1073
S/cm (Table 1, sample 9). In comparison, GFs
have a much higher electrical conductivity, owing to
their unique continuous interconnected networks.
The GAs had similar high electric conductivities of
around 1 S/cm, both with and without an organic
cross-linker. This may have been caused by cross-
linking between the functional groups on the sur-
faces and edges of the GO during the sol-gel process.

Changes in the fabrication conditions caused dif-
ferences in the structural features, such as the ori-
entation and arrangement of the graphene sheets,
the physical or chemical links between the graphene

sheets, the pore size and porosity and the number of
layers of graphene sheets, changing their properties.
The orientations of the graphene sheets in GFs and
GSs are different. In GFs, the graphene sheets have
no orientation. Thus, GFs have an isotropic structure
(see Figs 1b and 2e) and properties. Conversely, the
graphene nanosheets in GSs are stacked in highly or-
dered film-like structures and these large graphene

Figure 1. (a) Scanning electron microscope (SEM) image of
an as-grown graphene film on the surface of a nickel foam.
(band c) SEM images of a free-standing GF and (d) the cross-
sectional view [8].
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Figure 2. (a—d) SEM images of the porous structures of four
3DGNs fabricated at different freezing temperatures of —
170, —40, —20 and —10°C, respectively. (e) Enlargement of
the square area in image (a) [9].

films are aligned nearly parallel with each other, cre-
ating an anisotropic structure (see Figs 2b and 3a).
The preparation process for GFs is very versa-
tile and can control both the macrostructure and
microstructure [8]. The pore size and porosity can
be tuned by changing the pore structure of the Ni
foam. The average number of graphene layers, SSA
and density of GFs can be controlled by changing
the CH, concentration. A higher CH,4 concentra-
tion led to an increase in the number of graphene
layers, and consequently large changes in the SSA,
density and electrical conductivity of the GFs. The
thickness and mass of the GFs increased as the num-
ber of graphene layers increased, while the density
and SSA decreased with an increasing number of lay-
ers. The reason for the decrease in the density with an

b

S$G: 0.32g

A

\-

odecane:

¢
16.1g

| os=s=4
\ N _Artificial

Figure 3. SEM image and oil absorption of a spongy graphene (SG), RGO sponge. (a)
SEM image of the microporous structure of a RGO sponge. (b) Efficiency of oil absorp-
tion. A RGO sponge can be molded into any shape. The bulk of a RGO sponge with the
shape of a triangular prism was obtained, with a mass of 0.32 g. This block absorbed
16.1 g of dodecane floating on water, corresponding to a weight gain of 50.3 g/g.
(c—f) Absorption of dodecane in RGO sponge at intervals of 20 s. All of the dodecane
(stained with Sudan red 5B) floating on artificial seawater was completely absorbed
within 80 s [10].
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increase in the number of graphene layers may have
caused the framework to shrink and the HCl and ace-
tone etching reduced with an increase in the thick-
ness of the GFs. The electrical conductivity of the
GFs first increased and then decreased as the num-
ber of graphene layers increased.

The microstructure and properties of GSs can be
tuned by adjusting the synthesis conditions. When
producing GSs by freeze-drying GH [9], the freez-
ing temperature is critical. Both the pore size and
pore wall thickness decreased over a wide range of
80 and 4000 times, respectively, as the freezing tem-
perature decreased from —10 to —170°C. The pore
morphology changed dramatically from anisotropic
lamellar to uniform cellular structures. The Young’s
Modulus of the sponge could also be varied by 15
times (from 13.7 to 204.4 kPa). The mean pore
size determines the water absorption properties of
a GS. When the pore size was larger than 300 pm,
the sponge was water resistant. When the pore size
was smaller than 150 pm, the sponge could absorb
water. When the pore size was between 150 and
300 pm, some areas near the center of the sponge
were water absorbent, whereas the edges were wa-
ter resistant. Water-absorbent GSs may be useful as
electrodes in ionic liquids, whereas water-resistant
GSs could be applied as oil absorbers. The properties
of GSs could be regulated by controlling the freezing
temperature, depending on what it is being used for.

APPLICATIONS

3DGNs are composed of GO/graphene sheets.
Thus, they inherit the excellent properties and wide
range of applications of GO/graphene. Further-
more, as the shortcomings of GO/graphene have
been overcome, at least partially, by constructing
into 3D networks, 3DGNs show more excellent
performance in practical applications.

Catalysts

GO/graphene has been found to have potential cat-
alytic properties in some reactions [69-71], includ-
ing the hydration of alkynes, oxidation, oxidative
coupling, Friedel-Crafts addition, aza-Michael ad-
dition, polymerization and photo-oxidation. Also,
GO/graphene can be used as a catalyst support in
many reactions, such as Suzuki—Miyaura coupling
[72] and photocatalysis [73], owing to its 2D struc-
ture, large surface area, extraordinary electronic and
mechanical properties and the abundant functional
groups on the GO surfaces that provide many fa-
vorable sites where functional nanocomponents can
anchor [70,71]. Graphene-based catalysts can be
used in organic synthesis, sensors, environmental
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protection and energy-related systems. However,
the large resistance from structural defects and the
strong planar stacking of graphene sheets lead to
drastic deterioration of the properties. These short-
comings can be overcome by forming 3D graphene
skeletons. The porous interconnected network is
beneficial for ion diffusion and transfer kinetics,
and provides a special reaction microenvironment
and conductively multiplexed pathways for rapid
charge transfer and conduction [7]. 3D GO/GNs
are promising for use as either metal-free catalysts
or robust matrices for accommodating metals, metal
oxides and catalyst precursors for applications in
many catalytic systems.

3DGNs as metal-free catalysts

Inrecentyears, oxidative desulfurization hasbecome
a promising and emerging alternative to the con-
ventional hydrodesulfurization technology used by
most oil refineries around the world. Marques and
coworkers [74] used 3D GO foams (GOFs) as cat-
alysts to oxidize thioanisole. The GOFs were fab-
ricated by hydrothermal treatment of an aqueous
suspension of GO at 180°C for 12 h. The 3D GO
catalysts had high catalytic activities (>90%) for
the oxidation of thioanisole. This performed bet-
ter than 2D GO and other metal-free catalysts such
as fullerenes, periodic mesoporous silicas and cy-
clodextrins. Furthermore, the dosage of 3D GO was
very low, around 11 wt% relative to the substrate.
This is much lower than the 2D GOs usually found in
the literature. More importantly, reactions catalyzed
by 3D GO can be performed at room temperature.
Thus, using 3D GO as a catalyst has many advan-
tages, since it is a simple, metal-free and inexpensive
catalyst. In addition, it can be recovered from the re-
action media and subsequently reutilized.

Doped 3DGNs as metal-free catalysts

The electronic properties of 3DGN’s can be modified
by doping them with heteroatoms, suchas S, P,B and
N. This helps to extend their potential applications
[44,75,76].

Sulfur-doped graphene networks for oxygen reduction re-
actions (ORR). The —C-S-C- configuration of sulfur
in a carbon matrix has been suggested to be the
active site for promoting ORR activity [75]. Re-
cently, Tan’s group [75] reported the ORR prop-
erties of 3D sulfur-doped graphene networks (3D
S-GNs). 3D S-GNs were synthesized using an ion-
exchange/activation combination method with a
732-type sulfonic acid ion-exchange resin as the car-
bon precursor. The 3D S-GNs exhibited higher elec-
trocatalytic activity than sulfur-free 3D GNs and

sulfur-doped carbon nanocages. Because of their
unique structure and composition, the 3D S-GNs
exhibited a similar electrocatalytic activity, but su-
perior stability and methanol tolerance to the com-
mercial Pt/C catalyst for four-electron oxygen re-
ductions in alkaline solutions.

B, N-doped GF as a metal-free catalyst for ORR. By mod-
ifying the CVD method reported by Cheng’s group,
Qu and coworkers successfully prepared a series of
nitrogen (3.1 atom%), boron (2.1 atom%) doped
GFs and GFs co-doped with nitrogen (4.5 atom%)
and boron (3 atom%) (BN-GFs)[76]. They used
them as eletrocatalysts in ORR through electro-
chemical measurements. The results showed that N-
doping significantly improved the electrocatalytic
activity. The synergetic effect associated with B- and
N-co-doping caused the 3D BN-GF electrodes to
become active, performing slightly better than Pt—
C/GC electrodes in terms of the reduction in the
peak current. This was because, not only the isolated
N and B atoms could act as active sites for ORR
through charge transfer with neighboring C atoms
but also the interaction between the adjacent N and
B atoms could reduce the bandgap energy, further fa-
cilitating the ORR performance of the BN-GF elec-
trodes. B- and N-co-doping could also significantly
enhance the electroactive surface area.

3DGNs and heteroatoms-doped 3DGNs as cat-

alyst supports

The 3D porous structures of the 3DGNss facilitate
the mass transfer and maximize the accessibility to
the catalyst surfaces. Thus, 3DGNs are suited to sup-
port catalyst active materials. The ease of catalyst
separation, high turnover, low catalyst loading and
recyclability could potentially render 3DGNs appli-
cable to industrial settings [77-82].

Qi and coworkers synthesized a 3D graphene-
based CdS/P25/GA using a one-step hydrothermal
self-assembled approach and used it in photoelec-
trochemical hydrogen production from water reduc-
tion under sunlight [77]. As a new photocatalyst,
CdS/P25/GA exhibited enhanced light absorption,
improved photocurrent, extremely efficient charge
separation properties and superior durability.

Hu and coworkers [82] designed a complex
catalyst system of ternary Pt/PdCu nanoboxes
anchored to 3D graphene sheets by a dual
solvothermal process. The electrocatalytic ac-
tivity of Pt/PdCu/3DGF for ethanol oxidation was
not only significantly higher than those of pure Pt
and PdCu electrodes but also had a roughly 4-fold
improvement over the well-established commercial
Pt/C catalysts.
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Absorbents

One of the important features of 3D GO/graphene
structures is their large accessible SSAs, and thus
they can effectively absorb organic and inorganic
contaminants. Furthermore, 3DGNS5 can be easily
separated from solution, making them convenient to
collect and recyclable. Thus, GO/GFs and GSs can
be used as super absorbers in environmental remedi-
ation to remove a range of organic contaminants and
heavy metal ions with high efficiencies [7, 25, 83].

Organic contaminants

There has been a growing need for recyclable ab-
sorbents that can remove organic pollutants or
oil spills from water. GO/grapheme-based foams,
sponges and hydrogels with high surface areas, uni-
form structures, chemical stability in organic sol-
vents, the ability to withstand high temperatures,
and highly hydrophobic and oleophilic surfaces have
been demonstrated to be effective as absorbers for a
wide variety of oils, alkanes, water soluble alcohols
and organic solvents [7, 10, 67, 84-89].

Shi’s group found that a GO/DNA composite
hydrogel could efficiently extract and remove the
model dye safranin O from water, with the load-
ing capacity estimated to be 960 mg/g GO [85].
Sun and coworkers fabricated RGO sponges with a
430 m?/g surface area and used them to absorb a se-
ries of oils and organic solvents [10]. Fig. 3 shows
the structure of a RGO sponge and how much do-
decane (stained with Sudan red SB) it could absorb.
This RGO sponge was able to absorb 20-85 g of oil
or organic solvent per gram of RGO.

Metal ions
Heavy metal ions that cause water pollution are cur-
rently attracting much attention owing to their toxic
effects on the health of humans and other organisms
in the environment [83]. 3D GOFs have high sur-
face areas and huge pore volumes, with GO sheets
containing many functional groups on their surfaces,
which can act as binding sites for the complexation
of metal ions. Thus, GO is a suitable adsorbent to re-
move a wide range of heavy metal ions [25, 83, 90].
Lei et al. [90] synthesized 3D GOF/Fe;04
nanocomposites for the removal of Cr(IV), and
the nanocomposites exhibited a very large surface
area of 574.2 m?/ g and a maximum absorption
capacity of 258.6 mg/g. Zhang’s group explored
the effect of 3D GOFs as an absorbent to remove
heavy metal ions [83]. The GOFs had a high sur-
face area (578.4 m?/g) and abundant oxygen func-
tional groups. The maximum adsorption capacity
for Zn*t is 3264 mg/g, which is much higher
than that of most conventional adsorbents, such as

activated carbon (22.03 mg/g), CNT (43.66 mg/g),
carbon foam (130.76 mg/g) and 2D GO sheets
(246 mg/g). For the removal of other cationic heavy
metals, such as Cd**, Pb>" and Fe’T, the max-
imum adsorption capacities are 252.5, 381.3 and
587.6 mg/g, respectively.

Sensors

3DGNes are efficient biosensors and gas-sensing de-
vices owing to their low-mass densities, large surface
areas, good mechanical stabilities and high electrical
conductivities [6,7,13].

Yavari et al. [13] reported highly sensitive gas de-
tectors using macroscopic 3D GF networks. The per-
formances of GFs as the active material in sensing
devices were evaluated by monitoring their change
in resistance (AR/R) as a function of time in a
chemiresistor with a four-probe configuration for
different analyte concentrations. The AR/R of the
GF active layers decreased from ~30% for 1000 ppm
to ~5% for 20 ppm of NHj, exhibiting an improved
sensitivity relative to individual single-wall nanotube
device and commercially available conducting poly-
mer sensors. In addition to NH;3, GF sensors exhibit
high efficiencies for detecting NO, with a AR/R of
~4% for 20 ppm NO,.

The 3D structures of GFs/GSs are also suit-
able for accommodating biomolecules, bacteria or
even cells to resemble an in vivo 3D environment.
For this purpose, Huang and coworkers prepared
3DGF/CuO nanoflower composites as monolithic
free-standing 3D biosensors for the electrochem-
ical detection of AA [91]. The 3D conductive
structures of the GFs were favorable for current
collection, mass transport and loading bioactive
chemicals. CuO nanoflowers further increased the
active surface area and catalyzed the redox of AA.
Thus, all of these features give the 3DGF/CuO com-
posites outstanding biosensing properties such as
an ultrahigh sensitivity of 2.06 mA mM ™' cm™? to
AA ataresponse time of 3 s.

Biological applications

Along with biosensors, 3DGNs also exhibit great
potential in biomedical applications [92, 93]. The
first study used 3DGFs as cell culture substrates
for human bone marrow-derived mesenchymal stem
cells (hMSCs) [92]. GFs maintain the hMSC via-
bility and stimulate changes in the morphology and
protein expression patterns, indicating that sponta-
neous osteogenic differentiation occurs without ex-
trinsic biochemical inputs. Tang and Cheng’s group
[93] investigated the pro- and anti-inflammatory
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responses of microgliain GF culturing systems. They
found that GFs supported the growth of microglia
and showed comparable biocompatibility with com-
mercially available tissue culture PS. These results
open up new opportunities for the use of 3DGNS in
biomedical applications.

Transparent conductive electrodes

Kim and coworkers reported GF-based transparent
conductive electrodes for use in GaN-based blue
light emitting diodes (LEDs) [94]. Fig. 4 shows the
fabrication procedure. The transmittance of the GF
at 438 nm was about 71%, and it was 95 and 75% for
bilayer graphene and ITO (150 nm), respectively.
The sheet resistance of the GF on a quartz substrate
was 800 $2/sq, which is lower compared with 2D
graphene films (1500-3000 €2/sq). The forward op-
erating voltage and light output power at an injection
current of 100 mA for GaN-based blue LEDs with
GF-based transparent conductive electrodes were
improved by about 26 and 14%, respectively.

Energy storage and conversion

Because of the high conductivity of the intercon-
nected networks, the 3D porous structure, high
electrochemical stability and the promise of high
elasticity and mechanical stability, 3DGNs are
considered as attractive and competent materials
for application in the fields of energy storage and
conversion, including fuel cells, batteries, solar cells
and supercapacitors [4-7,95].

3D graphene foam/3D Cu foam

PMMA/3D graphene foam
a b . —

C

PMMA/3D graphene foam/3D Cu foam

d

e
graphene foam

Figure 4. Fabrication processes of blue LED devices with GF-based transparent conduc-
tive electrodes. (a) A graphene film grown on Cu foam and (b) a GF-Cu foam spin-coated
onto PMMA. (c) The Cu foam was etched by a 1 wt% (NH4),S,0g solution. (d) After the
PMMA-coated GF was transferred onto the p-GaN layer in the GaN-based blue LEDs,
the PMMA layer was removed. (e and f) Blue LED devices were fabricated using stan-
dard photolithography processes. The structure of the shaded square-shaped area in (f)
is the GF/LED/sapphire substrate. There was no GF outside the shaded square-shaped
area [94]. MQW stands for multiple-quantum-well.

Maand Chen | 49

Fuel cells

As described in the above, 3DGNs can be used ei-
ther as catalysts or catalyst carrier supporting metals
and alloys in oxidation and ORRs. In fuel cells, the
role of 3DGNis is generally as a part of catalyst [75—
82]. Yan’s group [96] used GSs as the anode in mi-
crobial fuel cells (MFCs). The maximum power den-
sity reached was 427.0 W/m?, which is higher than
that of the MFCs fabricated using carbon felt as the
anode [96]. The macroporous structure of the GSs
ensured that the microbes could easily diffuse and
propagate inside the materials, resulting in a higher
MEC performance.

Batteries

Similar to 2D GO/graphene, 3DGNs have been
used as active electrode materials in lithium-ion
and lithium—sulfur (Li-S) batteries [4, 6, 14,45, 97—
100]. Fan and coworkers reported a bottom-up strat-
egy, assisted by atomic layer deposition, to graft
bicontinuous mesoporous nanostructured Fe;O4
onto 3DGFs and directly used the composite as the
lithium-ion battery anode [97]. This electrode ex-
hibited a highly reversible capacity and fast charg-
ing and discharging capabilities. A high capacity of
785 mAh/gwas achieved atarate of 1 C, which could
be maintained without decaying up to 500 cycles.
Moreover, a rate up to 60 C was also demonstrated,
rendering a fast discharge potential.

Wu and coworkers used a 3D electrode of sul-
fur embedded in porous GSs in Li-S batteries [ 100].
The GSs worked as a framework that could provide a
high electronic conductive network, the ability to ab-
sorb intermediate polysulfides, and mechanical sup-
port to accommodate the volume changes during the
charge and discharge processes. As a result, the S-GS
electrodes with 80 wt% sulfur could deliver a high
areal specific capacity (4.53 mAh/cm? after 300 cy-
cles) and a slow decay rate at 0.1 C (0.08% per cycle
after 300 cycles). This is a significant step toward the
application of Li-S batteries.

Supercapacitors

3DGNs have been used as electrodes in both
double-layer capacitors and pseudo-capacitors
[7,8,28,101-108].  Supercapacitor electrodes
based on 3D hierarchical graphene/polypyrrole
aerogels exhibit excellent electrochemical perfor-
mance, including a high specific capacitance up to
253 F/g, a good rate performance and outstanding
cycle stability [101]. Huang and coworkers used
3DGNs as the working electrode in a supercapacitor
[103]. A capacitance of 341 F/g and an energy
density of 16.2 Wh/kg were measured in an alkali
electrolyte, while the values were 166 F/g and
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52.5 Wh/kg, respectively, in an organic electrolyte.
Additionally, because of the high packing density
of the 3DGNSs, higher volumetric power densities
of 20.7 and 67.2 Wh/L in alkali and organic elec-
trolytes were obtained. After 1000 galvanostatic
charge/discharge cycles, over 96 and 86% of the
original capacitance could be retained in alkaline
and organic electrolytes, respectively.

Solar cells

3DGNs can be used as transparent conducting films
or as the active material in solar cells [30]. In
dye sensitized solar cells (DSSCs), 3DGNs pre-
pared by CVD with a nickel foam rod as the tem-
plate were added to the photoanode to boost the
photovoltaic performance [109]. Even with a small
amount of the 3DGN (0.2 wt%), the short-circuit
current density and power conversion efficiency
(1) were improved, which was caused by the en-
hanced amount of dye absorption and the prolonged
electron lifetime. Compared with that of a pure
P25 photoanode-based DSSC, the 1 increased by
32.7% under AM-1.5G with the light intensity of one
sun when a 3DGN (1 wt%)-P25 photoanode was
adopted (from 4.96 to 6.58%). After optimizing the
thickness of the added 3DGN layer, the 7 further in-
creased to 6.87%.

PERSPECTIVES

Much progress has been achieved on the synthesis
and application of graphene/GO-based 3D frame-
works. However, there are still some challenges to
overcome. The first is the precise control of the
3DGN structures, including the growth of layers, the
pore size and porosity. Most of the reported 3DGN’s
have a wide pore size distribution, ranging from one
hundred to several hundreds of micrometers. Large
pore sizes decrease the mechanical properties of
the resulting materials. Thus, single-layered 3DGN’s
are hardly ever synthesized, owing to their fragile
mechanical properties and large pore sizes. The fab-
rication of 3DGNs with uniform meso- or micro-
pores and controlled layers are much needed. In
template-assisted synthesis, the fabrication of a tem-
plate with uniform meso- or micropores is impor-
tant. In the assembly approach, gaining more control
over the layer growth and size of the GO/graphene
sheets will be helpful. The second challenge is to fur-
ther improve the mechanical and electrical proper-
ties of the 3DGNSs. Increasing and strengthening the
cross-linking between the graphene/GO sheets by
increasing the surface functional moieties or adding
cross-linkers will improve the inter-sheet binding
of the graphene/GO sheets and the mechanical
and electrical properties. Thus, continued innovative

research and development is required to further im-
prove the properties and applications of 3DGN:Ss.
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