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Due to the high specific surface area, excellent conductivity, low mass density, good compatibility and
elegant flexibility, three-dimensional graphene composites with interconnected porous structures possess
unusual and novel physical and electronic properties, unsurpassed chemical functionalities and other
attractive features. Therefore, different three-dimensional graphene-based nano porous scaffolds have
been extensively designed, prepared and investigated for practical applications in lithium-ion batteries,
super-capacitors, solar cells, catalysis, thermal management, environment pollution enrichment and
separation, and chemical sensors with high performances from both fundamental and technological
viewpoints. To present the readers a better understanding of this kind of important porous materials, in
this feature article, we will highlight the main achievements made for preparing 3D graphene micro-
and/or nano-architectures and their potential applications in the fields as aforementioned.

To present the readers a systematic overview, the following

1. Introduction sections will highlight the development of preparation and

application of 3D graphene-based macroscopic porous

so composites, based on the work developed during the recent years,

which will be different from the previous overviews summarizing

3D graphene architectures comprehensively in the literatures
before.? 3>

Graphene, a two-dimensional (2D) monolayer sheet of hexagonal
sp*-hybridized carbon atoms arranged in a honeycomb lattice, has
attracted extreme attention since its experimental discovery in
2004." Owing to its remarkable properties, such as large specific
surface area, excellently electrical and thermal conductivity, good
light transmission, high mechanical strength, graphene-based
materials have been developed for active materials of energy
storage and  conversion,”’  transparent  conductors,®'' ss 2.1 Self-assembly methods
nanoelectronics,”>* and chemical sensors,”>"® etc. There being
strong m-n stacking interaction, Van der Waals forces and high
surface energy, however, graphene monolayer sheets tend to
stack and self-aggregate. So many graphene macro-assemblies
with three dimensional (3D) nanostructures have appeared in
recent reports using in situ reduction-assembly method,*® !
chemical vapor deposition (CVD)??* and template-direction
methods.”*® 3D graphene porous nano composites with
interconnected networks are high conductive and mechanically
robust compared with 2D graphene monolayer. Also, the low
mass density, high specific surface area, good compatibility and
excellent flexibility make 3D graphene networks novelly or
specially physical and electronic properties, unsurpassed
chemical functionality and other attractive features. Now, they
have been widely applied in energy storage/conversion,”” **
contamination absorbents,?’ catalyses,’* ' composites,”® and
chemical sensors™** with better functions than 2D graphene. All
these conclusions strongly demonstrated that integrating nano
monolayer graphene into macroscopic 3D porous interconnected
networks has proved ro be a key role to realize their practical
applications, through which the properities at the nanoscale could
be effectively translated into that on the macroscopic level.

2. Preparation methods

Self-assembly is a ubiquitous natural phenomenon capable of
spontaneously forming multiple ordered structures within a
system composing of many individual subunits through non-
covalent bonds, such as hydrogen bond, van der Waals force,
¢ metalto-ligand bond, electrostatic force, hydrophobic-hydrophilic
interaction, and z-7 stacking interaction.***’ Especially, self-
assembly could integrate and translate the individuals into the
resultant macrostructures with numerous breakthrough and
special  applications in  optoelectronics, energy-storage,
6s biomedicine and environmental pollution separation. For example,
Vickery, et al.*' reported two high-order 3D graphene-polymer
nanocomposites, i.e., sponge-like macroporous scaffold and
hollow micrometer-sized sphere, using template-directed self-
assembly methods. As shown in top Figure 1la, sponge-like
70 macroporous scaffold could be controllably fabricated by ice-
segregation-induced self-assembly. A homogeneous aqueous
mixture of poly(vinyl alcohol) (PVA) and polystyrene sulfonate-
stabilized graphene sheets (PSS-G) was first transferred into an
insulin syringe and frozen by controlled immersion into liquid
75 nitrogen. The frozen scaffold was then freeze-dried to sublime the
ice crystals to produce a macro-porous monolith, whose
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morphologies could be effectively controlled by immersion rate,
graphene concentration and polymer type. On the other hand,
PSS-G-coated polymer hollow micro-spheres were constructed
by controllably depositing negatively charged PSS-G dispersions

s on the surface of positively charged polymer beads (down Figure
la). Subsequently treated with toluene to remove the core
template, hollow PSS-G microspheres were produced. This study
demonstrates that electrostatically induced assembly is a feasible
method for controlling the high-order graphene-based

10 architectures from polymer-stabilized graphene sheets dispersed
in aqueous solutions.
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Figure 1. The representative self-assembly routes for 3D
graphene composites proposed in the literatures*!#%4474°
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Using polystyrene-grafted graphene oxide (GO) as precursors,
Lee, et al.*? reported a “breath-figure” method to self-assembly
3D macroporous carbon films with tunable porous morphologies.
As shown in Figure 1b, the dispersion was cast onto a suitable
substrate and exposed to a stream of humid air after GO platelets
20 were dispersed in benzene. Endothermic evaporation of the

volatile organic solvent resulted in the spontaneous condensation

and close packing of aqueous droplets at the organic solution
surface. Subsequently drying the polymer-grafted GO on the
substrate, a mechanically flexible and robust macroporous film,
2s comprised of reduced graphene oxide (RGO) platelets, was
formed and constructed upon pyrolysis. The pore size and the
number of porous layers could be effectively controlled by the
concentration of the organic precursor dispersion and the length
of polymer chains grafted to the GO surface. Therefore, a more
30 straightforward self-assembly method to fabricate high ordered,
mechanically flexible macro-porous RGO assemblies with
tunable open porous morphologies was developed. Latest reporter
further developed some self-assembled 3D RGO structures via
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Using a hydrothermal method with the assistance of noble-
metal nanoparticles (Au, Ag, Pd, Ir, Rh, Pt, etc.), Tang, et al®
described a 3D GO assembly with macro-porous structures as
shown in Figure lc. For example, Pd nanoparticles anchored
onto GO sheets could act as active sites for self-assembly with
another GO sheet. The corrugations formed in the Pd-bearing GO
would also result in porous structures, which could be easily
controlled by adjusting the volume of the vessel and the effective
concentration of GO. The work not only provides a simple way to
fabricate porous structures from GO, but also indicates that GO
can be self-assembled into more complicated 3D structures with
high catalytic activity and selectivity in the chemical reaction for
either a fixed- or fluid-bed processes in large-scale production.

Lv, et al® developed a one-pot self-assembly process to
construct cylinder-like 3D graphene macro-assemblies with core-
shell structures below 100 °C at normal atmospheric pressure
(Figure 1d). Catalyzed by MnO, nanoparticles decomposed from
KMnO,, the self-assembly was effectively to avoid the face-to-
face stacking of RGO sheets as shown in Figure 1d (right).
What’s more, the porous structure and the size of the assembly
can be tuned by changing the KMnO, fraction. The one-pot
assembled nano-porous carbons with layered shells show
potential application in electrochemical energy storage devices.

By heating the mixture of GO aqueous dispersion and double-
stranded DNA (dsDNA) aqueous solution (1:1 V/V) at 90 °C for
5 min, Xu, et al.*® prepared a typical GO/DNA composite self-
assembled hydrogel. As illustrated in Figure le, dsDNA was
unwound to single-stranded DNA (ssDNA) during the heating
process, and then the in situ formed ssDNA chains bridged
adjacent GO sheets via strong noncovalent interactions, such as
n-n stacking interaction, efc. Thus, a stable self-assembled
hydrogel was constructed from GO sheets and ssDNA chains.
This work provides a new insight for the assembly of
functionalized graphene with biomolecules, which will benefit
rational design and fabrication of hierarchical graphene-based
materials.

By virtue of the chemical bond and hydrogen bond among
RGO sheets, divalent metal ions (Ca**, Ni**, or Co*") and water
molecules, Jiang, et al.¥" assembled RGO sheets into gel-like 3D
architectures under hydrothermal treatment (Figure 1f). After GO
was dispersed into deionized water under sonication, some CaCl,
with different Ca>*/GO weight ratios was added into and stirred
for 3 h. The mixture was then treated hydrothermally at 120 °C
for 10 h. After the autoclave was cooled down to the room
temperature, a black gel-like cylinder was formed in the bottom
of the autoclave. Replacing CaCl, by NiCl, or CoCl,, similar
RGO cylinders were also obtained. The as-prepared RGO
cylinder was immersed in 0.25 wt % PVA (MW~20000) solution
for 5 min and then freeze-dried to prepare PV A-strengthened 3D
architecture. In the resultant porous structures, RGO sheets, water
molecules and divalent ions play the role of skeleton, filler, and
linker, respectively. The large amount of water (~99 wt %) in the
galleries of RGO sheets can offer many water channels for
introducing PVA molecules. It presents a promising potential in

o0 preparing versatile 3D RGO-based host-guest composites.

Using covalent carbon cross-links between graphene sheets
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instead of common physical bonds, Worsley, et al.*® prepared a
kind of 3D graphene aerogel. The GO suspension was gelated via
resorcinol-formaldehyde (RF) sol-gel chemistry first. The
resulting GO-RF wet gel was then dried and pyrolyzed to produce
the graphene aerogel, whose electrical conductivity was orders of
magnitude higher than that of graphene aerogel made through
physical cross-links alone. Later, using the sol-gel chemistry
proposed, they®™ further introduced chemical bonds between
graphene sheets to control the bulk properties of graphene-based
aerogels. 3D graphene assembly with decreasing RF content
possesses a higher degree of exfoliation and less C-H bonding
than that with higher RF contents, while maintains the high
conductivity.

Chen, et al.*’ reported a universal strategy for fabricating 3D
porous graphene-based composites with a two-step electro-
chemical deposition process. As shown in Figure 1g, a porous
3D graphene framework was first prepared by electrochemical
reduction of GO aqueous solution, and then the second
component was incorporated into this 3D framework by in situ
electrochemical deposition. Low deposition rate is quite
necessary for the uniform deposition of the second component.
Recently, through n-n stacking interaction, Wang, et al.>® further
developed the in situ self-assembly of 3D graphene sheets using
the chemical reduction of GO in the presence of natural phenolic
acids. This method enjoys low cost, environmentally friendly
procedure and mild reaction conditions.

Combining self-assembly with hot press technique, Wu, ez al.>'
fabricated 3D graphene-polymer composites using polystyrene
and ethylene vinyl acetate as raw materials. The obtained
composite possessed a higher electrical conductivity than that of
the corresponding reported composites chemically functionalized
with the same components.’> Another substrate-assisted GO
reduction and assembly method was developed by Hu, et al.,>
without any additional reducing agents on arbitrary substrates.
The substrate-assisted assembly method offers a facile and
efficient approach to construct a variety of unique graphene
assemblies for practical applications.

2.2 Chemical vapor deposition (CVD) method

Template-directed chemical vapor deposition is another important
and easy method to prepare 3D foam-like graphene
macrostructures with entire sp>-hybridized carbon atoms. Using
this methodology, Chen, ef al.** first reported foam-like graphene
macrostructures (GFs) using an interconnected 3D nickel scaffold
as a template. As shown in Figure 2a, carbon was first
introduced and precipitated on the surface of the nickel template
by decomposing CHy at 1,000 °C under ambient pressure. Owing
to the difference between the thermal expansion coefficients of
nickel and graphene, ripples and wrinkles could be formed on the
graphene films, which resulted in an improved mechanical
interlocking and better adhesion with polymer chains to form
different functional composites. So poly(methyl methacrylate)
(PMMA) was easily deposited on the surface of the graphene
films to prevent graphene networks from collapsing before
etching away the nickel skeleton by hot HCI (or FeCls) solution.
After the PMMA layer was carefully removed by hot acetone, a
monolith of continuous and interconnected 3D graphene network
was obtained. The GF copied and inherited the interconnected 3D
scaffold structure of the nickel foam template. The as-prepared
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GF possesses an electrical conductivity of ~10-S-cm™, 6 orders
of magnitude higher than that of chemically derived graphene-
based composites,55 due to the interconnected flexible network
for the fast transport channel of charge carriers.
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Figure 2 The representative chemical-vapor-deposition routes for
3D graphene composites proposed in the literatures®*>

Using ecofriendly ionic liquids and microwave irradiation as
the energy source, Sridhar, et al.*® constructed 3D graphene shell-
plate nanostructures with “nano-cup arrays” vertically anchored
on few-layered graphene substrates. The synthetic procedure
included two simple steps, i.e., one-pot synthesis of composites
with metal nanoparticles anchored on the graphene surface, and
etching of metals with dilute HCI to result in unique graphene-
based shell-plate nano-structures subsequently. It provides a
promising and convenient pathway to achieve mass production of
3D graphene with domestic microwave and green ionic liquids.

Recently, using plasma enhanced chemical vapor deposition,
our group’’ obtained a 3D graphene scaffold with much larger
surface area. When the Ni foam was heated to 550 °C, hydrogen
plasma was produced by introducing a 1,300 W microwave
power. After the Ni foam scaffold was etched, 3D graphene
micro-graphene tube was obtained, which was a bit different from
the one grown by Chen, et al> ie., it was a 3D graphene
architecture grown on the surface of the 3D graphene scaffold,
which was named as a micro-graphene nanotube accordingly.

Using PVA/iron as precursors, Yoon, et al>® reported a
substrate-free CVD method to fabricate 3D graphene composites.
The PVA/iron precursor was annealed under a hydrogen
environment and then infiltrated into 3D colloidal silica. During
the experiment, iron ions were reduced and few-layer graphene
was precipitated on the surface of the reduced iron, whose
dimension could be effectively tuned by regulating the creation of
nano-networks. Importantly, the resultant 3D graphene could be
further transferred onto any arbitrary substrate for flexible
devices.

Xiao, et al® described the conversion of predefined 3D
pyrolyzed photoresist films into well-defined 3D porous graphene.
The conversion experienced a three-step process as shown in
Figure 2b, where 3D amorphous carbon structures were

This journal is © The Royal Society of Chemistry [year]
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conformably sputtered with nickel and annealed to convert the
material into 3D graphene monoliths. After acidic etching to
remove the remaining nickel template, hollow and interconnected
3D multilayered graphene structures were chemically converted
with pore sizes around 500 nm.

2.3 Other methods

It has been discovered that local strain in a graphene sheet can
alter its conducting property and transport gap. Based on this

point, Li, et al® developed a scalably strain-engineering
technique to generate 3D graphene nanostructures. Utilizing
laser-induced shock pressure, the graphene sheet was

conformably pressed onto the mold patterns and taken the shape
of the patterns with tunable strains as shown in Figure 3a. The
process could be scaled up to roll to roll ones by changing laser
beam size and scanning speed. The proposed approach possesses
a great potential to realize all graphene circuit for applications in
various nano-electrical devices.

Tunable Laser 3D
nano shaping

Graphene

<

1 Fe, e-beam
2.Al O e-beam

CH or PMMA
1,000 ° C

Figure 3 The other representative routes for 3D graphene
composites proposed in the literatures®™*>

Freeze casting is another template-free strategy for fabricating
graphene sponge developed recently. For example, Xie, et al.®'
proposed a very convenient and general protocol to finely tailor
the porous architecture and property. Using the modified freeze
casting process, the resulting pore sizes and wall thicknesses
could be gradually tuned from 10 to 800 mm and from 20 to 80
mm, respectively, with corresponding properties changing from
hydrophilic to hydrophobic and the Young’s Modulus varying by
15 times.

To simultaneously combine the excellent properties of carbon
nanotubes (CNTs) and graphene, Zhu, ef al.** devised a sandwich
structure using graphene and CNTs through covalent bonds. As
shown in Figure 3b, graphene was grown on a copper foil by
decomposing CH; or PMMA at 1,000 °C. Then the iron catalyst
and alumina buffer layer were deposited on the graphene in series
by electron beam evaporation. During the process, iron catalyst
and alumina buffer layer were lifted up and the CNT carpet was
grown directly out of the graphene. There was no barrier between
graphene and nanotube carpet. The top alumina layer acted as a
floating buffer layer to assist the formation of small-diameter
CNT carpets. Not only serving standalone properties, the hybrid
material also exhibited a specific surface area of 42,000 m*g™'
with ohmic contact from the vertically aligned single-walled CNT
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to graphene. The work provides a new benchmark to understand
the 3D graphene/single-walled CNT-conjoined materials.

Using a uniquely defect-engineered microwave technique,
Sridhar, et al.®® grew CNTs on graphene sheets to form 3D
carbon nanostructures. The sequential process included defect
generation on graphene sheets under microwave irradiation,
anchoring of palladium nanoparticles on these defects and growth
of carbon nanotubes with the aid of an ionic liquid. The resulting
3D graphene-CNT-palladium composites was consisted of carbon
nanotubes vertically standing on graphene sheets through
covalent bonding and palladium nanoparticles attached at the top
of the carbon nanotubes. You, et al.®* further reported 3D N-
doped graphene-CNT networks by hydrothermal treatment,
freeze-drying and subsequent carbonization of graphene oxide-
dispersed pristine CNTs in the presence of pyrrole successively.
Its key feature was using GO as “‘surfactant’’ to directly disperse
pristine CNTs without any additives.

Li, et al.% reported a one-step ion-exchange/activation method
to construct 3D graphene-based materials using a metal ion
exchange resin as a carbon precursor at low temperature. The ion-
exchange resin containing Ni** decomposed, carbonized, and
finally graphitized to generate gaseous CO and CO,, which
resulted in porous graphene-like network structures. In the
presence of KOH, the graphene-like materials were then activated
to form 3D hierarchical porous architectures. The method is
simple, scalable and compatible.

Recently, the ordered 3D conjugated polyaniline (PANI)-
graphene composites were fabricated by Liu, et al,% using in-situ
chemical oxidative polymerization of aniline in the presence of
amino-functionalized graphene sheets. PANI polymerization
could be initiated by amino groups on graphene. Also, the density
and size of ordered PANI nanorod arrays could be manipulated
by controlling the amount of amino-functionalized graphene
sheets. Owing to conjugated covalent bonds and ordered PANI
nanorod arrays, the resultant composite possessed high special
capacitance, low electrical resistance and excellent cycling
stability.

3. Performances and Applications
3.1 Lithium-ion Batteries

The lithium-ion battery (LIB) is one of the most important power
sources for portable electronic devices in our daily life. Devising
and exploring new electrode materials with high conductivity is
an urgent task in constructing next-generation high-performance
LIBs. By virtue of its excellent conductivity, large surface area,
high stability and mechanical robustness, 3D graphene-based
porous materials with interconnected networks have been a
promising candidate for high-performance LIBs.

Tang, et al.%’ reported 3D porous graphene networks decorated
with LiFePOy, as electrodes for LIBs. Due to the incorporation of
3D graphene networks, LiFePO,-based composites exhibited high
conductivity of ~600-S cm ', low square resistance of 1.6 Q-sq”'
and excellent rate performance of 109 mA-h-g”' at 10 C,
indicating a promising application in high-performance LIBs.
Later, Ding, et al.®® further confirmed the application of 3D
graphene/LiFePO, composites for flexible LIBs. Even with low
graphene contents, the composites exhibited a high capacity of
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163.7mA-h-g”" at 0.1 C and 114 mA-h-g”" at 5 C without further
incorporating any other conductive agents. The similar result was
also confirmed by Kuo, e? al®

Using mesoporous TiO, submicrospheres embedded in 3D
RGO networks (MTO/3D-GN), Yu, et al.”® developed a novel
electrode for LIBs. As shown in Figure 4, even at a high current
rate of 20 C, MTO/3D-GN still possessed a favorable reversible
capacity of 124 mA-h-g”!, while MTO-G and pure mesoporous
TiO, only exhibited capacities of 81 mA-h-g"' and 38 mA-h-g ',
respectively. The cycling performance and rate capability of
MTO/3D-GN at each rate were also superior to those of MTO-G
and pure mesoporous TiO, without RGO support. The action
mechanism might be that MTO/3D-GN provided a high contact
area between the electrolyte and electrode, favorable diffusion
kinetics for both electrons and lithium ions, double protection
against the volume changes of electro-active TiO, materials and
the excellent electrical conductivity of the overall electrode
during electrochemical processes.
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Figure 4 (left) Cycling performance of pure TiO,, TiO,—G
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By depositing MoS, on the surface of 3D graphene networks,
Cao, ef al.”' demonstrated a binder-free anode for LIBs. The as-
prepared anode possessed excellent electrochemical performances,
i.e., reversible capacities of 877 and 665 mA-h-g' during the
50th cycle at current densities of 100 and 500 mA-g ', and a
10th-cycle capacity of 466 mA-h-g™" at a high current density of
4 A-g', respectively. What’s more, the interconnected porous 3D
graphene networks saving as effective pathways for electronic
and Li" ion exchange, there was no need to add any other
conductive additives for constructing LIBs.

Fe;0,4 has always been regarded as a promising anode material
for LIBs except for its poor cyclability and low rate capability. To
overcome this shortcoming, Luo, et al.”? developed a bi-
continuous mesoporous Fe;O, attached onto 3D GFs and utilized
it directly as the LIB anode. The resultant anode exhibited a high
capacity of 785 mA-h/g at 1C rate without decay up to 500 cycles.
It may be the best rate performance reported for Fe;O, used in
LIBs by then.

Chen, et al.”> constructed a multi-walled carbon nanotube/
sulfur MWCNT@S) composite with core-shell structure, which
ss was further embedded into the interlay galleries of graphene
sheets (GS). The cathode for Li/S batteries with this composite
expressed a higher initial capacity of 1396 mA-h/g at a current
density of 0.2 C comparing to the corresponding ones without GS
or MWCNT." The synergistic effects between GS and MWCNTs
so provides a 3D conductive network for electron transfer, open
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channels for ion diffusion, strong confinement for soluble
polysulfides, and effective buffer for volume expansion of the S-
containing cathode during discharge.

Near recently, Ye, et al.” reported a 3D interconnected
network of GAs with lattice defects introduced by 3 MeV He ion
bombardment. Used as anodes for LIBs under the same condition,
the resultant 3D GAs showed drastically different charge/
discharge behavior from that of graphite. The initial lithiation
capacity and the reversible capacity of 3D GAs were ~3200
mAh/g [nearly one order of magnitude higher than that of
graphite (~372 mAh/g)] and ~770 mAh/g (twice the value of
graphite) at the same conditions, respectively. What’s more, the
capacity of 3D GAs could be obtained mainly below the
discharge voltage of 1.0 V, whereas little capacity would be
observed between 0.5 and 1.0 V discharge potential in graphite.
The study indicated first the importance of defect types to affect
the lithium storage capacity of graphene materials.

Our group also devotes to construct 3D graphene-based
composites for LIBs. For example, a novel Sn-3D graphene
anode was designed, which possessed excellent electrochemical
performances and a dramatic improvement in the aspects of
capacity, cycle life, and rate capacity with very high reversible
capacity and long cycling life.”® The Sn-3D graphene electrode
delivered a reversible capacity of 794 mA-h-g' under 1/3 C for
400 cycles with over 100% capacity retention and 466 mA-h-g™'
under 1 C for 4000 cycles with 100% capacity retention. The
superior performance could be attributed to the unique
architecture, intrinsic flexibility, and high conductivity of the
designed 3D foothill-like graphene scaffold. On the basis of this
work, another anode for LIBs was further developed using 3D Si
thin films supported on a graphene scaffold.> Owing to the good
electrical conductivity and excellent mechanical flexibility of 3D
graphene scaffold, the Si anode exhibited a gravimetric capacity
as high as 1560 mA-h-g”' at a current density of 797 mA-g™' and
a capacity retention of 84% after 500 cycles relative to the
capacity value in the 50th cycle. Meanwhile, specific capacities
of 1083 and 803 mA-h-g™ were demonstrated after 1200 cycles
at 2390 mA g™ and 7170 mA-g™', respectively. All the studies
will pave a new way for preparing 3D Si-graphene hybrid
structures as robust and scalable Si-based anodes for all-solid-
state thin film LIBs.

3.2 Super-capacitors

Super-capacitors are a kind of important energy-storage devices
since they can deliver orders of magnitude higher power density,
cycle efficiency, and charge/discharge rates than a common
battery. 3D graphene nano-structures represent a new class of
ultralight and porous carbon materials that are associated with
high strength-to-weight and surface-area-to-volume ratios. More
importantly, interconnected 3D porous networks can provide
multidimensional electron transport pathways, easy access to the
solid-state electrolyte, and minimized transport distances between
bulk electrode and electrolyte. All the features strongly suggest
that 3D porous graphene composites could be qualified for
application as super-capacitor electrodes.

Fan, et al.”’ for the first time, applied 3D CNT/graphene
sandwich structures, with CNT pillars grown between the
graphene layers, as super-capacitor electrodes. The unique
structure endowed the electrode with a high-rate transportation of

This journal is © The Royal Society of Chemistry [year]
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electrolyte ions and electrons, resulting in a specific capacitance
of 385 F-g ' at 10 mV-s™' in 6 M KOH solution. Importantly, the
electrode possessed excellent electrochemical stability. For
example, the capacitance increased by ca. 20% comparing with
the initial one even after 2000 cycles. By controlling the lengths
of vertical CNT forests emanated from the graphene surface, Yan,
et al.”® prepared 3D seamless metal-graphene-CNT hybrids on
porous nickel substrates. The resulting 3D porous seamless
structure effectively overcame inadequate CNT-metal-electrode
10 contact, low surface-area-utilization efficacy and post-transfer
difficulties. The high-performance capacitor was further
confirmed by You, et al.®* using 3D N-doped graphene-CNT
networks as super-capacitor electrodes.
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Figure 5 The representative properties of supercapacitors using
15 3D graphene-based composites’®®

Wu, et al.” presented 3D graphene-based hierarchical macro-

and meso-porous carbons (GA-MC) as super-capacitor electrodes.

As shown in Figure Sa, the cyclic voltammetry profiles exhibit a
20 typical electrical double layer behavior at all sweeping rates by
virtue of a strong synergistic effect between macro- and meso-
pores. 3D GA-MC manifested outstanding specific capacitance of
226 F-g ' at 1 mV-s ', which was much higher than those of the
macroporous graphene, mesoporous carbon without involving
»s graphene, physically mixed GA-MC with a 1:1 weight ratio, 2D
graphene-based mesoporous carbon sheets without macropores,
and reduced graphene powder (Figure S5b). There was no
remarkable capacitance loss for GA-MC electrodes even after
5000 cycles (Figure 5c). The reason might be attributed to the
30 improvement of ion accessibility in 3D graphene frameworks
during the cycling process. Later, using 3D N and B co-doped
monolithic graphene aerogels (BN-GAs), the group further
initiated a simplified prototype of all-solid-state super-capacitors
(ASSSs).%" In the integrated electrode-separator-electrolyte
35 prototype, GAs served as additive/binder-free electrodes and a

PVA/H,SO, gel as solid-state electrolyte and thinner separator,
respectively. Owing to doping N and/or B in carbon networks,
charge transfer was greatly facilitated between neighboring
carbon atoms, with high specific capacitance (~62 F-g'') and

40 enhanced energy density (~8.65 W-h-kg™') and power density
(~1600 W-kg™") comparing to the corresponding undoped, N
doped or B doped GAs. Monolithic GAs materials would provide
a potential for more efficient, light, minimized energy-storage
devices.

45 By virtue of the reinforcing effect of PANI, Tai, et al®¥!
developed a 3D graphene/polyaniline (GNS/PANI) composite
hydrogel as supercapacitor electrodes. The as-prepared device
exhibited a specific capacitance of 334 F-g', which is about 150%
higher than that of pure GNS hydrogel-based electrode.

so GNS/PANI hydrogel might be a novel promising candidate for
high-performance capacitor electrodes. Soon later, the same
conclusion was effectively confirmed by Dong, et al. ¥ Liu, et
al® and Liu, et al.3, respectively.

In 2013, Xu, et al® reported a flexible solid-state

ss supercapacitor using a 120 pum-thick graphene hydrogel film as
the electrode and PVA/H,SO, gel as the electrolyte (Figure 5d).
The resulting device exhibited a high gravimetric specific
capacitance of 186 F/g at 1 A/g, excellent rate capability of 70%
retention at 20 A/g, a small leakage current of as little as 10.6 pA,

o0 and an unprecedented area-specific capacitance of 372 mF/cnr’.
Especially, at a current density of 10 A/g, only 8.4% capacitance
decayed over 10000 charge/discharge cycles (Figure 5e). The
reason may be attributed to the exceptionally mechanical and
electrical robustness of the high interconnected network structure

os of graphene hydrogel films.

3D graphene networks have been confirmed to be an ideal
supporter for active materials. From this point, He, et al.®
reported a flexible super-capacitor using 3D graphene networks
loaded with MnO, as electrodes. Under the optimized MnO,

70 content, a maximum specific capacitance of 130 F/g and a high
area capacitance of 1.42 F/cm® at a scan rate of 2 mV/s were
reached. Ji, et al.¥” and Wang, et al®® further described MnO,-
wrapped graphene aerogels and graphene-VO, nanobelt
hydrogels as super-capacitor electrodes, respectively. All the

ss resultant  hydrogels exhibited high specific capacitance,
remarkable rate capability and excellent cycling ability.

Ye, et al.*’ utilized graphene aerogel-nickel foam as a binder-
free super-capacitor electrode. The resulting electrode exhibited a
high specific capacitance of 366 F-g ' at a current density of 2

o A-g ' owing to the synergistic effect among the hierarchically
porous structure, large specific surface area, high conductivity,
low contact resistance, and sufficient deposition mass of
graphene aerogel. Bello, et al’® reported the application of
graphene foams decorated with silver nanoparticles in a three-

ss electrode electrochemical cell. Soon later, binding bimetal to
flexible graphene sheets, Xu, et al.’' prepared a 3D graphene
sandwiched structures with NiAl-layered double hydroxide
nanosheets. The as-prepared electrode showed a specific
capacitance of 1329 F-g™' at a current density of 3.57 A-g™' and at

o0 least 91% of the specific capacitance maintained after 500 cycles
at 15.3 A-g”'. All these demonstrated that graphene foams were
an excellent platform to incorporate metal particles for improving
their electrochemical performance.

6|Journal Name, [year], [vol], 00—00
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In order to obtain excellent desalination behavior during the
capacitive deionization (CDI) process, Wang, et al.”* opened up a
novel opportunity to prepare high performance CDI electrodes
utilizing 3D macroporous graphene architectures (3DMGA). The
electro sorption capacity of the proposed 3DMGA electrode was
ca. 3.9 mg-g"', which was much higher than those of commercial
activated carbon (2.9 mg-g™") and 2D graphene in the literature
(1.0~2.0 mg-g™).” ** 3DMGA are promising materials for high
performance CDI electrodes. Using a 3D graphene-based
hierarchically porous carbon as an electrode for CDI, Wen, et
al.®”® drew the same conclusion as above.

Very recently, Li, et al.,”® fureher presented a KOH-activated
3D graphene as electrode materials for the CDI application. The
resultant electrode possessed a super-large specific surface area
of 3513m?/g, high electrical conductivity of 104S/m, and a high
electrosorption capacity of 11.86 mg NaCl/g C for 74 mg/L NaCl
solution within 25 min. The superior electrosorption capacity and
the fast adsorption rate make KOH-activated 3D graphene an
ideal electrode material for micro CDI in miniaturized water-
cooling system.

Our group grew porous NiO nanoflakes on 3D graphene
scaffolds and utilized them as monolithic free-standing electrodes
for pseudo-supercapacitor without any other binders or metal-
based current collectors.”” The hierarchical NiO-3D graphene
composite delivered a high specific capacity of ~1829 F-g™' at a
current density of 3 A-g™' (the theoretical capacitance of NiO is
2584 F-g ). A full-cell was realized with an energy density of
138 Wh-kg™" at a power density of 5.25 kW-kg™', which is much
superior than commercial ones as well as reported devices in
asymmetric capacitors of NiO. Furthermore, the asymmetric
super-capacitor exhibited capacitance retention of 85% after 5000
cycles relative to the initial value of the Ist cycle.

3.3 Solar cells and fuel cells

LomPT| ———

g \‘.‘..
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£ V, =078V

£ 101 J_=20.10 mA/cm?

2 4| FF=58%
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%0 0z 04 o8 o8
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Figure 6 The J-V characteristics of CdTe solar cell with 3D
graphene back electrode *’

Nowadays, environmental concerns and the finite nature of fossil
fuels have led to great interest and fast development in the field
of renewable energy sources. Solar energy conversion is one of
the most promising ways to resolve this problem. Among all the
methods to utilize solar energy, solar cells are a common
electrical device that directly converts the energy of light into
electricity by the photovoltaic effect. To investigate the
application of 3D graphene composites in solar cells, Bi, et al.”’
prepared 3D graphene networks and utilized them as back
electrodes of CdTe solar cells. As shown in Figure 6, the as-
constructed CdTe solar cell possessed a short-circuit photocurrent
density (J.) of 20.1 mA-cm>, an open-circuit voltage (V,.) of
0.78 V, a fill factor (FF) of 58.0% and an overall power
so conversion efficiency () of 9.1%. The n was much higher than
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those of CdTe cells with RGO (6.50%), B-doped graphene
(7.86%) and carbon nanotubes (7.0%) as back electrodes. The
reason maybe result from the fact that 3D interconnected porous
network can greatly improve the hole-collecting ability and
reduce the barrier height to form a better back contact with the p-
CdTe.

Further, Tang, et al.”® added 3D graphene networks into the
photo-anodes of dye sensitized solar cells to boost the
photovoltaic performance. Under AM-1.5G light intensity, the
resultant # with 3D graphene networks (1 wt %)-P25 photo-anode
increased by 32.7% from 4.96% to 6.58% comparing to that of
pure P25 photo-anode. Under the optimized quality of the added
3D graphene networks, the # could further increase to 6.87%. The
continuous porous structures of 3D graphene networks could
efficiently reduce inter-sheet junction contact resistance between
the graphene sheets and make the sample a great channel for
carrier transport besides enhancing dye absorption and
prolonging electron lifetime.

Microbial fuel cells (MFC) are another important sustainable
and green energy source that can convert chemical energy in
organic wastes into electricity and integrate environmental
bioremediation with power production. To enhance bacteria
loading onto the electrode and to increase extracellular electron
transfer efficiency between bacteria and electrodes, Yong, et al®
developed a macroporous and monolithic MFC anode with PANI
hybridized 3D graphene. The 3D graphene/PANI electrode with
large specific surface area could integrate with bacterial biofilms
three-dimensionally and accept electrons through multiplexing
and highly conductive pathways. The maximum power density
obtained from the resultant MFC is ~768 mW/rnz, which is about
4 times higher than that from the carbon cloth MFC (~158
mW/m?). This study provides a new dimension to MFC anode
design as well as to the applications of 3D porous graphene
networks.

3.4 Cocatalytic Activity

Cocatalysts, a kind of polynary catalysts, play a crucial role in
many heterogeneous catalytic processes. Since the properties of
cocatalysts are dependent not only on their components but also
on their structures, the development of cocatalysts with 3D
structures have opened up a new opportunity for enhanced the
catalytic properties. Moreover, 3D cocatalysts are crucial and
easy to achieve the optimized properties by tailoring their
structures with high loadings.

For example, Hu, et al.'® designed a novel cocatalyst system
with ternary Pt/PdCu nanoboxes anchored onto 3D graphene
sheets (Pt/PdCu/3DGF). The peak current density was 183
mA-cm® for ethanol oxidation reaction on Pt/PdCu/3DGF
electrode, which was 3, 4, and 6 times more than those on the
Pt/C electrode (55 mA-cm %), Pt/3DGF electrode (45 mA-cm )
and PdCu/3DGF electrode (27 mA-cm ), respectively. A more
than 6-fold improvement in activity per unit mass of Pt over the
commercial Pt/C catalyst (E-TEK 20%) was obtained for the
Pt/PdCu/3DGF electrode based on the peak current density. The
geometry-defined Pt/PdCu/3DGF will be an excellent cocatalyst
for ethanol electro-oxidation in alkaline media with great
potentials.

Maiyalagan, et al.'®" further reported a catalyst for methanol
electro-oxidation in acidic media, i.e., a 3D porous graphene

This journal is © The Royal Society of Chemistry [year]
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monolith decorated with Pt nanoparticles. Due to the 3D
seamlessly interconnected porous structure, high surface area and
excellent conductivity, the obtained 3D graphene composites
possessed much improved catalytic activity for methanol
oxidation comparing with the 3D carbon fibers scaffold. The peak
current density of the forward anodic peaks with 3D-graphene
was approximately 1.6 mA-cm 2, nearly two times the peak
current density of the carbon fiber (0.8 mA-cm ) and also more
than that of commercial Pt/C catalyst (1.39 mA cm 2).'% All this
further suggests that 3D-graphene plays a critical role in
promoting methanol oxidation. The work could be excellently
extended by decorating free-standing 3D graphene with other
noble metal nanoparticles or alloys for various electro-catalysis
applications. For example, with Cu nanoparticles deposited onto
3D graphene hydrogels, Wu, e al.'® demonstrated their good
catalytic performance for both the reduction of 4-nitrophenol and
the photo degradation of methyl orange.

Employing GO and ammonium thiocyanate as precursors, Su,
et al.'® developed 3D N and S co-doped graphene frameworks
(N/S-GFs) as a metal-free catalyst to accelerate oxygen reduction
reaction in alkaline condition. N/S-GFs showed a kinetic-limiting
current density of 3.90 mA/cm?, which was comparable to that of
commercial Pt/C catalyst (4.2 mA/cm?) and was much higher
than 2.8 mA/cm? for N-GFs measured at ~0.36 V.

Recently, Chen, et al.'”® reported a 3D graphene-MnO,
framework incorporated with NiCo,0; (G-Mn-NiCo). The
resultant 3D porous G-Mn-NiCo presented an outstanding
catalytic activity for electro-catalytic oxygen evolution with a
more negative onset potential of 321 mV than other catalytic
samples (366 mV for G-NiCo, 475 mV for 2DG-Mn-NiCo, 366
mV for G-Mn, 399 mV for graphene and 365 mV for NiCo),
respectively. As the edges and defects of NiCo,0,4 were all active
centers to expedite water dissociation, graphene-MnO, in the
polynary coanalyst could significantly increase the use of
NiCo,04 active species. For example, O atoms in MnO, or
functional groups of graphene had low electronegativity, they
might interact with Ni or Co atoms of NiCo,0,4 to form strong
metal-O bonds. Moreover, Ni(Co)-O bonds were another active
centers to boost water oxidation. Thus, a dual-active-site
mechanism will be responsible for the great catalytic performance
of G-Mn-NiCo.

3.5 Thermal Interface Material

Low operation temperature and efficient heat dissipation are quite
important for device life in current photonic and electronic
technologies. However, high interfacial thermal resistance
between contact solid surfaces resulted in a major bottleneck of
heat dissipation in various devices. 3D graphene-based porous
structures may be a novel promising candidate for thermal
interfacial materials (TIMs) by both theoretical and experimental
investigations owing to its high thermal conductivity, the large
surface-to-volume ratio and continuously covalent-bond porous
networks. For example, Liang, ef al.'® constructed 3D vertically
aligned multilayer graphene sheets TIM (VA-fMG TIM) between
silicon/silicon surfaces using pure indium as a metallic medium.
The target composites VA-fMG possessed an excellent thermal
conductivity of ~112 W-m "K' at 25 °C and an ultralow
thermal expansion coefficient of ~— 0.71 ppm-K™" in the in-plane
direction without any reduction process. Compared with their
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counterpart of recumbent aligned multilayer graphene sheets

o between silicon surfaces, VA-fMG TIM had a significantly

higher equivalent thermal conductivity of 75.5 W-m™"-K™' and a
lower contact thermal resistance of 5.1 mm*K-W™'. This finding
will provide a throughout approach for a graphene-based TIM
assembly as well as knowledge of vertically aligned graphene
architectures.

Pettes, et a prepared 3D freestanding GFs comprised of
few layer graphene and ultrathin graphite and studied their
thermal properties in detail. The room-temperature thermal
conductivity (kgp) of the resultant GF, with a solid concentration
of ca. 0.45+0.09 vol %, was increased from 0.26 to 1.7 W
m "K' when the etchants for the sacrificial nickel supports
changed from an aggressive hydrochloric acid to a slow
ammonium persulfate. The kgr showed a quadratic dependence
on temperature between 11 and 75 K and peaked at ca. 150 K,
eliminating internal contact thermal resistance in the continuous
GF structure. 3D graphene-based architecture would be a
promising thermal interface and heat spreading material.

Ahn, et al'®™ reported a novel boiling heat transfer
phenomenon using RGO colloid. A 3D interconnected foam-like
graphene multilayer will be self-assembled on the heater surface
once the RGO colloid boiled. This phenomenon would provide an
efficient and safe boiling heat transfer mode to eliminate the
sudden and rapid increase of wall temperature at critical heat flux,
a dangerous limitation of nucleate boiling heat transfer.

Recently, Zhang, et al.'® uncovered the thermal interface
properties of GF, too. The thermal interfacial resistance of GF at
Si-Al interface was as low as 0.04 cm>K-W, which
outperformed the commercially available thermal grease and
pastes, and had an enhancement of at least ~75% to that of the
best reported among carbon-based TIMs.''"!'? The thermal
contact resistance between GF and the mating surface accounted
for the major part of all the overall thermal resistance, with an
asymptotic-type conformation and a plateau value at an ultralow
contact pressure (~0.1 MPa). 3D GF could conform well to the
mating surface and fill in the gaps between the mating surfaces,
so it could serve as next generation high performance TIM for
thermal management in electronic packages.

1'107

3.6 Sensors

3D porous graphene nanostructures have great advantages for
applying as an excellent sensing platform due to the strong
synergistic effects between graphene and the chromophores,
besides its large 3D active surface area which maximizes
exposure to analytes. Charge carriers can also move rapidly with
a little resistance through the continuous and interconnected
graphene networks and so boost analytic sensitivity.

Combining 3D graphene porous structure with 1-butyl-3-
methylimidazolium hexafluorophosphate ionic liquid, Ng, et
al'"® reported a novel carbon paste electrode for amperometric
detection of NO. The NO oxidation in the presence of the
resultant composite possessed a fast response of less than 4
seconds, an excellent sensitivity of 11.2 mA-cm *(mmol/L)™" and
an extremely low detection limit of 16 nM, which were all
superior to those of all relevant reported works based on carbon
nanotubes and nanoparticles.''* ''* The results demonstrate that

s the 3D graphene/ionic liquid composites can provide a sensitive

NO detection and further a robust electrode material in various

8|Journal Name, [year], [vol], 00-00
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electrochemical devices.

Yavari, et al.''® reported a foam-like 3D graphene network,
which efficiently merged the merits of both nanostructures and
conducting-polymer. Based on the changes in their electrical
conductivity, the proposed sensor to detect NH; and NO,
possessed a highly sensitivity of parts-per-million level detection
limit in air at room-temperature. Especially, only through Joule-
heating, all the chemisorbed molecules could be expelled from
the foam’s surface leading to full-reversibility. This work
provides a promising thought for reversibly determining,
enriching and separating air pollutions.

Using 3D graphene as a template to anchor some electro-active
materials, i.e. Pt nanoparticles and multiwalled carbon nanotubes,
Cao, et al.”" for the first time, developed them as electrochemical
sensors to detect H,O,. The detection limit was as low as 8.6 nM.
3D porous graphene networks would be a novel and promising
platform to anchor other electro-active materials for electro-
chemical sensors. Later, 3D GFs incorporating Pt-Ru bimetallic
nanoparticles (PtRu/3DGF) was developed by Kung, et al.'"” for
detecting H,0,. PtRu/3DGF exhibited an excellent catalytic
activity toward electrochemical oxidation of H,O, without any
additional mediator, showing a high sensitivity (1023.1 mA-mM"
L.em™) and a low detection limit (0.04 mM). Yuan, et al.''®
reported 3D graphene hydrogel decorated with PdCu bimetallic
nanoparticles (PdCu/GE) to detect glucose in the alkaline solution
containing chloride ions. At —0.4 V, the PdCu/GE modified
electrode presented quick respond to glucose oxidation with a
wide linear range from ImM to 18 mM and a reproducible
sensitivity of 48 pA(mg-mM) .

Yang, et al.'"® constructed a flexible 3D graphene network-
based chemical sensor deposited on paper substrate. After 3D
graphene foam network was transferred to a flexible and
environment-friendly paper substrate, a sensing electrode was
established. The resulting 3D graphene foam-based sensor on a
paper substrate was very reliable with sensitivity up to 200 ppm
and 800 ppm, respectively, when either compressive (—0.5%) or
tensile (+0.5%) strain was applied with introducing NO, gas.
After each experiment, the sensors could be refreshed by UV
treatment in a vacuum condition, which assured the lowest
baseline by accelerating the desorption process.

Yang, et al.'*® prepared large-area 3D graphene intercalated by
PANI nanofibers and investigated it to determine guanine and

adenine. Because of the negative charge and the specific structure,

the resultant composite could prompt adsorbing positively
charged guanine and adenine via strong m-m" interactions or
electrostatic adsorption. Under the optimized conditions, the
anodic peak currents to detect guanine and adenine were linear
over a large range of 0.5 to 200 pmol-L™" with the detection
limits of 7.5x107 and 5.0x10™ mol-L™" for guanine and adenine,
respectively. In the related physiological process, the developed
sensing platform would be used to determinate other small
molecules.

Another 3D graphene incorporated with polydimethyl-siloxane
micropillars was constructed for sensitively enzyme-based phenol
detection.'”' Using the proposed 3D graphene-based composite as
a working electrode, an excellent electron-transfer property was
demonstrated in 1 mM K3Fe(CN)g and 0.1 M KCl solution. After
tyrosinase enzymes were immobilized on the surface of the

S

graphene micropillar, it was effective to detect phenol in the

60 microchannel with a detection limit of 50 nM. This is the first

demonstration of wusing 3D graphene as an excellent
electrochemical biosensor in the microfluidic system.

Xi, et al'* developed another 3D non-enzymatic
electrochemical sensor for sensitively detecting H,O,. Using in-
situ polymerized polydopamine as the linker, the 3D graphene-
based electrode was functionalized with thionine molecules to
mediate the reduction of H,0, at close proximity to the electrode
surface. Such a sensor could detect H,O, with a wide linear range
(0.4 to 660 uM), high sensitivity (169.7 pA mM '), low detection
limit (80 nM), and fast response (reaching 95% of the steady
current within 3 s). Furthermore, this sensor was efficiently used
for real-time detection of dynamic release of H,O, from live
cancer cells in response to a pro-inflammatory stimulant.

3.7 Enrichment and Separation

Owing to the global scale of severe water and air contaminations
arising from industrial/agricultural pollutants and oil spills, the
development of novel strategies to separate and absorb air and
water contaminants should be of significant importance for
environmental issues.'” However, to produce functional materials
with high absorbency and excellent recyclability and tolerance
under harsh conditions still remains a key challenge for practical
applications. 3D graphene porous nano networks have attracted a
great deal of research interest because of their intriguing
properties such as superior chemical stability, large surface-to-

ss volume ratio, excellent electrical conductivities, and high thermal

and mechanical stability, etc.
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Figure 7 (a) Theoretical absorption capacities of 3D-SMF for
different organic compounds and oils. (b) Relationship between
washing times and water CA of the SMF'>

The sorption abilities of 3D graphene networks to N,, H,, CO,
and water vapor were investigated and reported by Wang, et al.'®
3D graphene materials, with a mesoporosity centered at 4 nm and
a specific surface area of ca. 477 m?/g, possessed quite high

95 absorbencies to the gases above. For example, the H, sorption

capacities were 1.40 and 1.25% by weight at 77 and 87 K under

This journal is © The Royal Society of Chemistry [year]
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106.6 kPa, respectively. The CO, sorption capacity was 2.98% by
weight at 273 K under 106.6 kPa and the water vapor sorption
capacity was 18.7% by weight at 293 K under 97.0 kPa. All the
data could be used for characterization and molecular simulation
of adsorption/diffusion in carbonaceous adsorbents.

As water pollutant adsorbents, Liu, et al.'** demonstrated the
potential of 3D GO sponges to remove both methylene blue (MB)
and methyl violet (MV) dyes, two main contaminants from the
dye manufacturing and textile finishing. The results showed that
99.1% of MB and 98.8% of MV could be removed and the
equilibrium status could reach within 2 min. 3D GO sponges
displayed an excellent adsorption capacity as high as 397 and 467
mg'g' for MB and MV dye, respectively. The adsorption
mechanism for MB and MV may be attributed to the endothermic
chemical adsorption through the strong n-m stacking and anion-
cation interaction with the activation energy of 50.3 and 70.9 kJ
mol !, respectively. 3D GO sponges possess a high capability as a
promising organic dye scavenger with a good efficiency.

Utilizing 3D graphene super-wetting mesh film (3D-SMF)
prepared by a simple dip-coating method, Sun, et al.'* developed
a new strategy for selectively separating and absorbing organic
compounds or oils from polluted water. As shown in Figure 7a,
3D-SMF possessed higher volume absorption capacities for a
wide range of organic compounds and oils than that of any bulk
absorbent materials reported by then.'?*'*° Importantly, 3D-SMF
can be regenerated simply by washing out the organic compounds
or oils attached on the surface of the 3D-SMF after use and
remained nearly unchanged after six cycles of absorption/
washing test (Figure 7b). It means that 3D-SMF would be an
ideal absorbent material for removing organic compounds or oils
from polluted water on a large scale. 3D-SMF opens a
prospective insight in liquid-liquid separation or selective
absorption technology.
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Figure 8 (a) The absorption capacities (saturated) of different oils
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Wu, et al.'” fabricated porous graphene-based aerogels (GAs)
and studied their absorption performances for different oils and
organic dyes. As shown in Figure 8a, the absorption capacities
were 28 to 40 times the weight of the GAs for the different oils
related to the density of the oils. The absorption capacities of
GAs for the different organic dyes ranged from 150 mg-g™ to
650 mg g™ (Figure 8b). These results further confirm that GAs
would be promising absorbents for removing dye or oil pollutants
from contaminated water.

3.7 Others

Some other potential applications were also investigated apart
from the major application fields mentioned above. For instance,
Wang, et al.'®' prepared 3D graphene networks doped with
different amount of Ni-B nanoalloys for hydrogen storage. 3D
graphene with 0.83 wt% Ni and 1.09 wt% B showed a maximal
reversible hydrogen storage capacity of 4.4 wt%, which was three
times better than that of pristine graphene reported. The analysis
of BET specific surface area and pore volume confirmed that the
high hydrogen adsorption capacity comes from a process other
than physical adsorption. To dope appropriate contents of Ni-B
nanoalloys can lead to the dissociative chemisorption of hydrogen
molecules by spillover to achieve a high hydrogen storage
capacity.

Yu, et al.'* demonstrated that 3D stacked multilayer graphene
(s-MLG) for a potential candidate of interconnect applications.
Compared with 3D exfoliated multilayer graphene, s-MLG
possessed superior conduction due to the interlayer decoupling.
The wire resistivity of s-MLG was continually reduced with
increasing layers, while the contact resistance would be saturated
with more stacked layer numbers. Therefore, the s-MLG system
offers a promising material platform for high performance on-
chip interconnect applications in the future.

Kim, al'» efficiently demonstrated 3D GF-based
transparent conductive electrodes for GaN-based blue light-
emitting diodes (LEDs). After 3D GFs grown on 3D Cu foam
were transferred onto a p-GaN layer of blue LEDs, their optical
and electrical performances would be enhanced greatly. For
example, at an injection current of 100 mA, the forward operating
voltage and the light output power were improved by ~26% and
~14%, respectively. The robustness, high transmittance, and
outstanding conductivity make 3D GFs great potentials for
advanced transparent conductive electrodes in LED devices.

Due to their specific topographical, chemical and electrical
properties, 3D GFs could be a promising candidate for novel
tissue scaffold in the field of tissue engineering. Li, et al.,"* for
the first time, utilized 3D porous GFs as a scaffold for neural
stem cells (NSCs) in vitro. The result confirmed that 3D GFs
could support NSCs growth, and also kept cells at a more active
proliferation state with up regulation of Ki67 expression than that
of 2D graphene films. The study implies the great potential of 3D
GFs in NSC research, neural tissue engineering and neural
prostheses, and so on.

et

4. Conclusions

3D graphene, as a vital platform to construct porous functional
composites, has been at the center stage of research recently from
both fundamental and technological viewpoints. A wide range of

10|Journal Name, [year], [vol], 00—00
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3D graphene-based nano composites have been constructed and
reported in recent reports through in situ reduction-assembly
method, chemical vapor deposition, cross-linking method and
template-direction methods. By virtue of their highly conductivity,
robustly mechanical intensity, low mass density, high specific
surface area, good compatibility and excellent flexibility, 3D
graphene porous composites with interconnected networks have
been widely applied in lithium-ion batteries, super-capacitors,
solar cells and fuel cells, co-catalysts, chemical sensors,
contamination absorbents and even biomimetic composites with
excellent performances and potentials. It is expected that with the
research effort of all us, the engineering and applications of 3D
graphene-based porous nano composites will have a much greater
and better future either in all of the above-mentioned fields or in
other novel applications not envisaged.
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