

















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,4 concentration. A higher CH, 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

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].

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 Um,
the sponge was water resistant. When the pore size
was smaller than 150 Um, 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.
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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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