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Three-dimensional graphene based materials have attracted great attention as they not only possess the intrinsic
properties of graphene, but also provide high specific surface area, low density, good electrical conductivity, and
excellent mechanical properties. As a consequence, three-dimensional graphene materials have been extensively
studied for various potential applications, including supercapacitors and batteries for energy storage. Here, we
present a focused review on recent progresses and challenges in the synthesis of three-dimensional graphene
materials and their applications in energy storage devices.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

In the twenty-first century, one of the great challenges is the rapid
increase in global energy consumption while the reserve of fossil fuels
in the nature is limited. Thus, it is critically important to develop new
and eco-friendly energy conversion and storage systems based on inno-
vative materials [1]. In this context, electrode materials with a high elec-
trical conductivity, large surface area, ease of functionalization, and
excellent electrochemical properties are highly desirable [2]. Because
of their special physicochemical structures and excellent electrochemi-
cal properties, carbon nanomaterials (e.g., carbon nanotubes (CNTSs),
graphene) have been widely studied for applications in electrochemical
energy storage systems, including supercapacitors and batteries [1].

Graphene is a monolayer of carbon atoms packed into honeycomb
lattice [3,4]. Since Novoselov and coworkers isolated single layer
graphene by mechanical cleavage from graphite in 2004 [5], graphene
has attracted great attention [6]. Due to its unique structure, graphene
possesses extraordinary physicochemical properties, such as high
carrier mobility [7], high thermal conductivity [8], and promising
elasticity and stiffness [9]. During the past decade, various methods
have been developed to synthesize graphene, including bottom-up
approaches (e.g., epitaxial growth [10,11], chemical vapor deposition
(CVD) [12-14]) and top-down approaches (e.g., chemical or ultrasonic
exfoliation of graphite [15,16]). Among many potential applications,
two-dimensional (2D) graphene sheets have been widely studied
as electrode materials in energy storage devices, particularly
supercapacitors [17,18] and batteries [19,20].
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To further enhance the performance of graphene electrodes, three-
dimensional (3D) architectures of graphene (e.g., foam, network, gels)
have been recently developed [21]. These 3D graphene-based materials
not only possess the intrinsic properties of graphene, but also provide a
high specific surface area, low density, good mechanical strength, and
excellent electrical conductivity [22]. In this article, we will provide a fo-
cused review on the preparation of 3D graphene-based electrode mate-
rials for energy storage applications.

2. 3D graphene-based nanomaterials
2.1. Synthesis and structure of 3D graphene nanomaterials

As shown in Fig. 1, the porous structure is a common characteristic of
3D graphene nanomaterials, including graphene foams, networks, gels,
and graphene-CNT hybrid structures. In particular, graphene foams
can be synthesized by CVD method on nickel foams as the template
(Fig. 1a—f) [23°]. After removal of the nickel foam template, the porous
structure can be reserved. On the other hand, graphene gels can be syn-
thesized by freeze drying graphene oxide, with or without reduction,
leading to a crosslinked graphene hydrogel or aerogel (Fig. 1g-i) [247].
The recently reported graphene-CNT integrated 3D materials with a
pillared structure can be produced by one or multiple-step CVD process-
es (Fig. 1j-m) [25,26°]. Having tunable micro, meso, and macro porous
structures, these 3D graphene nanomaterials possess extraordinary sur-
face, mechanical, and electrical and electrochemical properties.

Table 1 summarizes the main synthesis methods to produce 3D
graphene architectures, along with some of the unique properties and
applications. In the following sections, we will provide more details on
the synthesis of various 3D graphene based materials.
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Fig. 1. (a-f) Synthesis of the 3D graphene foam by template-assisted synthesis and its integration with polydimethylsiloxane (PDMS) [23°]. (Reprinted from Ref. [23"] with permission.
Copyright 2011, Macmillan Publishers Ltd) (g) Schematic illustration of the self-assembled graphene hydrogel (SGH) formation mechanism. (h) Optical image of the SGH with ability
of easy handling and supporting weight; (i) SEM image of the SGH microstructure [24°]. (Reprinted from Ref. [24°] with permission. Copyright 2010, American Chemical Society).
(j) Schematic illustration and (k) typical SEM image of the 3D pillared graphene/CNT nanostructure [25]. (Reprinted from Ref. [25] with permission. Copyright 2011, American Chemical
Society) (1) Schematic illustration and (m) TEM image of the 3D graphene-radially aligned CNT structures with closed end of radially aligned CNTs [26°]. (Reprinted from Ref. [26°] with

permission. Copyright 2015, American Advanced Association for Science).

2.1.1. CVD derived 3D graphene nanomaterials

Bottom-up approach has played an important role in developing
controlled fabrication of desired 3D graphene architectures. The most
commonly used bottom-up approach is CVD, which can lead to high-
quality monolayer/few layers of graphene. During the synthesis, carbon
atoms are directly deposit on a desired network support/template,
which also acts as the catalyst required for the formation of graphene
layer(s) in the 3D architecture.

Chen et al. used nickel or copper foams as templates to grow 3D
graphene foams with interconnected network structures [23°]
(Fig. 1a-f). The resultant free-standing graphene foams were demon-
strated to show an ultralow density of 5 mg/cm® and high specific sur-
face area of ~850 m?/g, being one of the lightest aerogels. Raman
spectra of the 3D graphene foams showed a distinct G band at
~1528 cm™ ! characteristic of the sp? carbon and a negligible disorder-
induced D peak at ~1345 cm™ !, indicating a high graphitization degree
[39]. Consequently, these graphene foams exhibited a high electrical
conductivity of ~10 S/cm, a value which is ~6 order of magnitude higher
than that of the chemically derived graphene [1]. In addition to the

metal substrate, ceramic templates have also been used for the CVD
growth of 3D graphene materials. For instance, Ning et al. used a porous
MgO template for thermal pyrolysis of methane (CH,4) to produce
graphene nanomeshes with a specific surface area as high as 1654 m?/g
[31]. In a similar but independent study, Zhou et al. used porous Al,O3 ce-
ramics as templates to produce graphene tubes and porous graphene/
Al,03 composites with a sheet electrical resistance as low as 0.11 Q/sq
and thermal conductivity of 8.28 W/(m - K) [40].

These highly conductive 3D graphene architectures can serve as
ideal scaffolds and backbones for depositing inorganic materials
(e.g., Fe304 [41,42], Co304 nanowires [43], NiO [44°], ZnO [42], MnO,
[29]) and organic materials (e.g., polyaniline (PANI) [45]) to be used
as high-performance electrodes in supercapacitors and batteries. Fur-
thermore, doping these graphene foam electrodes with heteroatoms
(e.g., N, B, P) can enhance their electrical conductivity and surface hy-
drophilicity [46-48].

An alternative route for effective synthesis of 3D graphene materials
is to use polymer precursors. Since Sun et al. reported the synthesis of
graphene by pyrolysis of poly(methyl methacrylate) (PMMA) precursor
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Table 1
Summary of main methods to synthesize 3D graphene based nanomaterials for energy storage applications.
Prepared method 3D graphene sample Properties Device Ref
CVD on nickel foam Graphene foam Specific surface area ~850 m?/g, ultralow density of ~5 mg/cm?, Lithium-ion [23,27]
high porosity of ~99.7%, high electrical conductivity ~10 S/cm, the batteries
resistance only increases ~2.7% after 10,000 cycles' bending
CVD on nickel foam and nitrogen N-doped graphene foam Specific surface area ~357 m?/g, enhanced thermal stability with a Sodium-ion [28]
doping decompression temperature of 584 °C for N-doped graphene foam batteries

CVD on nickel foam and
electrochemical deposition
CVD on colloidal silica

Graphene foam/MnO,
Graphene network

CVD on porous MgO layers Graphene nanomesh

Surface area ~392 m?/g, lightweight density 0.75 mg/cm?, electrical
conductivity ~55 S/cm

Specific surface area ~1025 m?/g,

electrical conductivity ~52 S/cm

Large specific surface area ~1654 m?/g, unchanged specific surface area after Supercapacitor ~ [31]

Supercapacitor  [29]

Double-layer [30]
capacitor

calcination at up to 1000 °C

CVD via seamless growth of CNTon  Covalently bonded

graphene graphene/CNT hybrid
material
Hydrothermal process Graphene hydrogel

Freeze drying
Hydrothermal process and

electrodeposition foam
Hydrothermal process

Freeze drying
Chemical reduction freeze drying

aerogel
Fe;04/graphene aerogel

Chemical reduction
Filtration
Chemical reduction
Hydrothermal process
Solvent-exchange approach

Macroporous graphene
frameworks
Graphene/CNTcomposites
Solvated graphene
frameworks (SGF)

High specific surface area 2000-2600 m?/g

2.6% graphene sheets electrical conductivity ~5 x 1073 S/cm,
storage modulus ~470 kPa, yield stress ~11.7 kPa
Polypyrrole(PPy)-graphene Specific surface area ~463 m?/g, highly reversible and durable foam behavior Supercapacitor ~ [33’]
after compression at the maximum strain (€ = 50%) for 1000 cycles
N and B Co-doped graphene Specific surface area ~249 m?/g for BN-graphene aerogel

Specific surface area ~96 m?/g, pore size 2-100 nm, pore volume 0.28 cm’/g,
electrical conductivity ~15 S/cm
Specific surface area ~194 m?/g, electrical conductivity ~1024 S/cm

Specific surface area ~539 m?/g
Largely maintained solvated porous network after pressing a high electrical
conductivity of ~950 S/m in the pressed SGF film

Supercapacitor  [32]

Supercapacitor  [24]

Supercapacitor  [34]

Lithium-ion [35]
batteries
Supercapacitor  [36]

Supercapacitor  [37]
Lithium-ion [38]
batteries

on a Cu substrate [49°], 3D graphene nanomaterials have been prepared
by pyrolysis of polymer-3D template mixtures or polymer coated onto
3D templates with pore sizes down to micro and nano scales [30,50]. Of
particular interest, Yoon et al. synthesized 3D graphene nano-networks
with a specific surface area of 1025 m?/g and conductivity of 52 S/cm,
which are much higher than those of traditional 3D graphene materials
[30]. In this particular study, a solution of poly(vinyl alcohol) (PVA)-
FeCl; was infiltrated into a self-assembled nanometer-scaled colloidal
silicon template, and annealed at 1000 °C under hydrogen atmosphere
to produce the 3D graphene nano-network.

Although the synthesis of 3D graphene nanomaterials on the net-
work catalytic substrates by CVD is a scalable process, the substrate re-
moval is tedious and often introduces contaminants that may hinder
applications of the resultant 3D graphene materials. To address this
issue, plasma enhanced CVD (PECVD) has been developed to grow 3D
graphene without catalyst [51-53]. Through plasma deposition of gas
precursors (e.g., methane or acetylene) under hydrogen and argon at-
mosphere, Yang et al. have produced 3D graphene walls on a SiO,
wafer and other dielectric substrate without the involvement of any cat-
alyst [51].

2.1.2. Self-assembled 3D graphene from GO reduction

Graphene oxide (GO), containing epoxy and hydroxyl groups on the
basal plane and carbonyl and carboxyl groups at the edge [15,54], is usu-
ally prepared by oxidizing graphite through the Hummers' method
[557]. Depending on the force balance between their static repulsion
from the functional groups and the van der Waals attraction between
the basal planes, GO can be gelled and reduced into self-assembled 3D
graphene structures [24°,54]. Since Li et al. found that uniform graphene
gels could be obtained by reducing GO with a relatively low concentra-
tion (0.5 mg/mL) [56], considerable efforts have been devoted to the
preparation and optimization of self-assembled 3D graphene via GO re-
duction [57]. Since the preparation of 3D graphene architectures from
reduction of GO has been summarized in several comprehensive re-
views [57-59], we will give a brief focused overview of the work related
to energy storage below.

One of the simplest, but efficient, methods to produce 3D graphene
structures is through in-situ self-assembling of GO during reduction
[24°,58-60]. The formation of GO gels occurred when the increased
van der Waals force between the basal planes during the reduction
overbalanced the static repulsion force of functional groups. As a dem-
onstration of this approach, Xu et al. sealed an aqueous dispersion of
GO with a concentration of 2 mg/mL in a Teflon-lined autoclave, follow-
ed by heating up to 180 °C for 12 h (Fig. 1g), to produce 3D graphene hy-
drogel containing ~2.6% graphene sheets with a high electrical
conductivity of 5000 S/cm [24°] (Fig. 1h and i). On the other hand, Liu
and Seo used a vacuum centrifugal evaporation approach to assemble
3D porous GO networks via van der Waals forces, followed by thermal
annealing under hydrogen and argon to convert GO into 3D reduced
GO (rGO) [61].

Alternatively, 3D graphene architectures can also be obtained by
adding cross-linking agents, such as polymers [62], bio-molecules [63,
64], and/or metal ions [65], to enhance the GO gelation. In this regard,
Bai et al. have mixed a GO dispersion with a PVA solution to obtain
the GO network structure [62], while Xu et al. mixed double-stranded
DNA chains with a GO dispersion to form single-stranded DNA chains,
which bridged GO sheets to produce 3D GO/DNA hydrogels [63].
Other approaches to 3D GO/graphene structures include electrochemi-
cal reduction [66], interferometric lithography [67], template-assisted
assembly [36,68], graphene nanoplatelets by ball-milling [697],
graphene papers [70], graphene fabrics [71] grown on the Ni/Cu fabrics,
and graphene networks [72] derived from the Cu network template.

2.1.3. 3D graphene and CNT hybrids

Two allotropic carbon materials, graphene and CNTs, have been
combined to construct 3D architectures, through either multi-step
growth with metal catalysts [25,32,37,73-75] or one-step growth with-
out catalyst to form 3D seamless carbon nanomaterials [26°]. Graphene-
CNT 3D carbon nanomaterials have been proved to exhibit promising
electrical and thermal conductivities with a large specific surface area
attractive for energy storage [20,74].

For most CVD approaches, catalysts (e.g., Fe and Al,03) are usually
used for depositing graphene, which is followed by CVD growth of
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CNT to form the 3D graphene-CNT hybridcarbon nanomaterials. As re-
ported by Zhu et al. [32], a catalyst layer of 1 nm Fe and 3 nm Al,03
was deposited on a preformed graphene sheet for the CVD growth of
a CNT carpet under ethylene/acetylene, hydrogen and argon atmo-
sphere at 750 °C. TEM images revealed that the open-ended CNT had
the "covalently bonded" with the graphene base around the catalyst
residues. The resultant hybrid 3D graphene-CNT carbon nanomaterials
exhibited a surface area >2000 m?/g, which can been used for
microsupercapacitor fabrication by patterning catalyst particles (Fe/
Al,03) [76]. An alternative approach to the 3D graphene-CNT structure
has been reported by intercalated growth of vertical-aligned CNTs
(VACNTSs) into thermally-expanded highly ordered pyrolytic graphite
(HOPG) [25]. In this case, the thermally-expanded HOPG was first coat-
ed by SiO, derived from silicon tetrachloride (SiCl4) under hydrogen
and argon at 1000-1200 °C. Subsequent pyrolysis of iron phthalocya-
nine (FePc) at 800-1000 °C led to the deposition of pillared VACNTS be-
tween the graphene layers, forming the 3D pillared graphene-VACNT
architecture (Fig. 1j and k). Using surface anodized aluminum wires as
the template, 3D graphene-CNT hollow fiber architectures with
radially-aligned CNTs (RACNTs) seamlessly sheathed by a cylindrical
graphene layer have been recently prepared through one-step
catalyst-free CVD (Fig. 11-m) [26]. This work opens up avenues toward
3D graphene-CNT pillared architectures with covalently-bonded seam-
less pure C-C nodal junctions between the graphene and CNTs even
without catalyst residual at the interface.

3D graphene-CNT sandwiched structures have also been produced
by adding Co(NOs), and urea into a GO dispersion, followed by reduc-
tion under hydrogen and carbon dioxide at 750 °C for simultaneous
growth of CNTs [77]. Other 3D graphene-CNT sandwiched structures
have even been obtained by self-assembling. For example, Yu and Dai
reported graphene-multiwalled CNT (MWNT) hybrid structures pro-
duced from self-assembling of poly(ethyleneimine) (PEI)-modified
graphene nanosheets with acid-oxidized CNTs [75]. By tuning the pH
value, PEI-modified graphene surface was protonated and sequentially
attracted the negatively charged MWNTS to self-assemble them into
the interconnected 3D structure with nanoscale pores. Recently, You
et al. used the hydrothermal self-assembly approach to obtain 3D nitro-
gen doped graphene-CNT structures [74]. In this particular case, the
pristine CNTs were dispersed in a GO solution, followed by dissolving
pyrrole monomers. Upon heating the mixture solution in a sealed
Teflon-lined autoclave at 180 °C for 12 h, 3D interconnected frame-
works were formed due to the cross-linking behavior of polypyrrole
generated from thermal polymerization of pyrrole monomers.

A wide range of the synthetic approaches have been developed to in-
tegrate 2D graphene layer into the 3D graphene structure. Since the
strong van der Waals forces would lead to the m-m restacking interac-
tions between the graphene layers and sacrifice of the specific surface
area, it is important to address several key factors in order to maximize
the specific surface area in the synthesis of 3D graphene. For 3D
graphene architectures derived from the CVD method, the porous den-
sity and the specific surface area are both determined by the template
structure. For the graphene reduced from GO sheets which have been
commonly used to produce the porous structure via self-assembling, it
is critical to expand the distance between the graphene layers and to
avoid the m-m restacking. The introduction of polymers, nanoparticls,
and/or CNTs as separating materials between graphene layers can effi-
ciently increase the specific surface area and the pore size.

3. Applications in energy storage devices

Along with the rapidly increasing energy consumption on the global
scale, the demand for efficient energy storage is growing. Owing to their
high specific surface area, good electrical and electrochemical proper-
ties, excellent chemical stability and mechanical strength, 3D graphene
based materials hold promise for applications in energy storage devices.

In the following sections, we will summarize the applications of various
3D graphene based materials in supercapaictors and batteries.

3.1. Supercapacitors

Supercapapcitors, also called ultracapacitors, are the energy storage
devices based on fast charge storage and high power delivery mecha-
nism [78,79]. Supercapacitors can be classified into electrical double
layer capacitors (EDLC), in which electrostatic charges are accumulated
at the electrode/electrolyte interfaces, and the pseudocapacitors to store
energy by reversible redox reaction on the electrode surface [80,817]. A
typical supercapacitor consists of two electrodes, the electrolyte, and
the separator (Fig. 2) [83]. The electrodes are particularly crucial to de-
termine power and energy densities of a supercapacitor [82]. The use of
3D graphene combined with other pseudocapacitor materials as the
electrodes has led to various high-performance supercapacitors, as
seen below.

3.1.1. Graphene foam based electrodes

Graphene foams have been used as the backbone materials for de-
positing electrochemically active materials, such as transition metal ox-
ides (e.g., NiO [44'], MnO, [29], Co304 [43], CoMo00O, [84]) and
conductive polymers (e.g., PANI [45]), and then used as the electrode
in supercapacitors. In this case, the produced capacitance is contributed
by both electrical double-layer capacitance from the graphene foam and
pseudocapacitance from the metal oxides or conductive polymers. Con-
ductive polymers, which can experience transition between doped and
de-doped states, often give much higher pseudocapacitance than elec-
trical double-layer capacitance. Thus, they have been widely incorporat-
ed into 3D graphene foams to produce high-performance electrodes for
supercapacitors. For example, Dong et al. fabricated a 3D graphene
foam/PANI hybrid electrode material for supercapacitors by in-situ po-
lymerization of aniline monomers on a 3D graphene foam [45]. The re-
sultant supercapacitor exhibited a high specific capacitance of ~346 F/g
and remained stable after 600 cycles in 1 M H,SO4 aqueous electrolyte.
The high specific capacitance was attributed to pseudocapacitance from
PANI and the synergic effect between PANI and 3D graphene architec-
ture. Because of its high electron/electrolyte conductivity and chemical
stability, 3D graphene played a critical role in improving the rate capa-
bility and cyclic stability.

On the other hand, metal oxides usually show high pseudo-
capacitance because their faradic reaction beyond formation of electri-
cal double-layers during charge-discharge processes. Moreover, they
generally exhibit better stability than polymers during cyclic testing.
Therefore, they have also been widely incorporated into 3D graphene

Fig. 2. Supercapacitor device consisting of two graphene electrodes (blue and purple hex-
agonal planes) and a membrane separator (yellow) [83]. (Reprinted from Ref. [83] with
permission. Copyright 2012, Macmillan Publishers Ltd).
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materials to improve the performance of supercapacitor electrodes. In
this context, Cao et al. fabricated 3D graphene foam via ethanol-CVD
by using Ni foam as template [44°] (Fig. 3a). Then, nickel oxide (NiO)
was deposited onto the 3D graphene network by potentiostatic electro-
deposition. Since CVD-produced graphene foam could avoid restacking
of graphene sheets, the electrolyte can readily access through the
network. Furthermore, because of the high specific capacitance and
well-accepted redox behavior of NiO, the 3D graphene/NiO based
supercapacitor exhibited a high specific capacitance of ~816 F/g at a
scan rate of 5 mV/s in 3 M KOH aqueous electrolyte (Fig. 3b-d). Later,
Dong et al. reported even much higher performance of supercapacitors
based on 3D graphene foam/cobalt oxide (Co304) composite electrodes
[43]. The composite was prepared by in-situ growth of Co30,4 nanowires
on a CVD-graphene foam via a hydrothermal method. The resultant 3D
graphene/Co3z0,4 nanowire based supercapacitor had a high specific ca-
pacitance of ~1100 F/g at a current density of 10 A/g in 2 M KOH aque-
ous electrolyte.

3.1.2. Self-assembled 3D graphene based electrodes

Self-assembled 3D graphene based materials possess porous struc-
tures (e.g., hydrogel [24°,86,87], aerogel [34,88,89]) with micro, meso,
and macro pores, which are crucial to enhance the performances of
the supercapacitor. As Xu et al. reported, the self-assembled graphene
exhibited high specific capacitance of 175 F/g in 5 M KOH aqueous elec-
trolyte [24°]. Similarly, the performances of the supercapacitors based
on the porous graphene structures can be further enhanced by combin-
ing with conductive polymers [33°,88] or metal oxides [90,91]. Zhao
et al. have synthesized 3D graphene/PPy structures by mixing pyrrole
monomer with GO by a hydrothermal process, followed by direct
electropolymerization of pyrrole and then reduction of GO [33°]
(Fig. 4a). Since the pyrrole monomer can m-m interact with the GO

Current (A)
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sheets, the self-stacking behavior of GO during hydrothermal process
can be prevented. The obtained 3D PPy/graphene materials have a spe-
cific surface area of 144 m?/g and a density of 40 mg/cm?, and the 3D
graphene/PPy based supercapacitor has the specific capacitance of
~350 F/g in 3 M NaClO4 aqueous electrolyte (Fig. 4b-d). On the other
hand, a specific capacitance of 310 F g~ at 2 mV/s in 1 M NaSO, aque-
ous solution was reported, in which graphene/MnO, was synthesized
by self-limiting deposition of MnO-, on the graphene surface using mi-
crowave irradiation [90].

3.1.3. Graphene-CNT hybrid based electrodes

As mentioned above, graphene-CNT hybrids possess unique advan-
tages as electrode materials for supercapacitors. Yu and Dai developed
a poly(ethyleneimine)-modified graphene/MWNT hybrid as the elec-
trode for a supercapacitor, which exhibited a specific capacitance of
120 F/g in 1 M H,SO,4 aqueous solution and could be charged-
discharged very fast [75]. On the other hand, Du et al. developed a
supercapacitor based on 3D pillared graphene-VACNT hybrid electrodes
by intercalated growth of vertically aligned CNT (VACNT) between ther-
mally expanded highly ordered pyrolytic graphite (HOPG), followed by
nickel hydroxide coating [25]. The 3D pillared graphene-VACNT based
supercapacitor showed a specific capacitance of ~110 F/g while the
Ni(OH),-coated graphene-VACNT based-supercapacitor exhibited a
high specific capacitance of 1065 F/g with a high rate capability and an
excellent cycling ability in 2 M KOH aqueous solution. Similarly, Fan
et al. reported a supercapacitor-based 3D graphene-CNT sandwiched
structure with CNT pillars grown between graphene layers [77]. The re-
sultant supercapacitor exhibited a specific capacitance of 385 F/g at
10 mV/s in 6 M KOH aqueous solution with good cycling stability.
Recently, Lin et al. fabricated a micro-supercapacitor based on 3D
graphene-CNT carpets generated by catalyst (Fe/Al,O3) patterning
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on the graphene, followed by CVD growth of CNTs [76]. The 3D
graphene-CNT carpet based supercapacitor thus produced had
specific capacitances up to 2.16 mF/cm? in aqueous electrolytes and
3.93 mF/cm? in ionic liquid. In addition, a high volumetric energy
density of 2.42 mWh/cm? in the ionic liquid and the power density of
115 W/cm® in aqueous electrolyte were achieved.

3.2. Lithium-ion batteries

Lithium-ion batteries are the rechargeable power sources that con-
sist of negative electrode (cathode), non-aqueous liquid electrolyte, po-
rous separator, and positive electrode (anode) (Fig. 5) [78,92,93].
During charging, lithium ions move from the cathode to the anode
with LiT insertion into the anode. Discharge can be completed by the re-
verse process. Therefore, the anode and the cathode play a crucial role in
determining the performance of lithium-ion batteries, including the ca-
pacity, the energy density, and the power density. As a traditional
anode material, graphite stored lithium through the intercalation of
lithium ion into carbon layers with a theoretical specific capacity of
372 mAh/g by forming LiCg between two carbon layers [92]. In this
case, graphene with single carbon layer structure can store lithium on
both sides and thus are supposed to have a much higher theoretical spe-
cific capacity [2]. With the high conductivity and large specific surface
area, 3D graphene could be an ideal electrode material for lithium-ion
batteries.

3.2.1. Anode

3D graphene with pores, holes and a high specific surface area has
been demonstrated to offer abundant accessible channels for lithium
ion transport [94,95]. Liu et al. synthesized porous graphene paper
through freeze-drying homogeneous GO aqueous dispersion into
aerogels, followed by mechanical pressing [94]. The lithium-ion batte-
ries based on this porous graphene paper delivered a reversible capacity

of 568 mAh/g at 100 mA/g after 100 charge-discharge cycles. Moreover,
3D graphene with hybrid electroactive materials also greatly improved
the cycling performance, which otherwise was rather poor due to the
restacking of graphene sheets [79].

On the other hand, concerning the special structure and excellent
properties, variety of anode materials, such as transition-metal oxides
(e.g., Fe203 [96], F6304 [97]Y T102 [98], MHOZ [99'], MH304 [100]), Sn
[101], Si [102], chalcogenide [85], halogen elements [69], and CNTs
[20,98], have been incorporated with 3D graphene to improve the per-
formance of lithium ion batteries. In this context, Yu et al. fabricated
layer-by-layer assembled graphene/MnO, nanotube hybrid structure
by ultrafiltration technique [99°] (Fig. 6a—c). The resultant hybrid struc-
ture possessed a large surface area for lithium-ion storage and main-
tained a good electrical conductivity. Lithium-ion batteries based on
the layer-by-layer assembled graphene/MnO, anode exhibited a revers-
ible capacity of 686 mAh/g at a current rate of 100 mA/g and 208 mAh/g
at a high current rate of 1600 mA/g (Fig. 6d and e). On the other hand,
Qiu et al. synthesized 3D graphene aerogel/TiO, hybrids by in-situ
growth of TiO, single nanocrystals on the graphene surface using one-
step hydrothermal method [103]. The lithium-ion batteries based on
this hybrid structure delivered first discharge capacitance of
956.2 mAh/g and possessed an excellent capacity of 200 mAh/g after
50 cycles. The high rate capability of these 3D graphene composites
based lithium ion batteries could be ascribed to the excellent conductiv-
ity and porosity of the 3D graphene.

Sn and Si can also be loaded on the 3D graphene surface and used as
anode materials for lithium ion batteries. Specifically, Wang et al. syn-
thesized 3D graphene/Sn architecture by mixing graphene oxide nano-
sheets dispersion with SnCl, aqueous solution, followed by a
simultaneous reduction of GO and Sn™ into graphene and Sn nanopar-
ticle, respectively [101]. Lithium ion batteries based on the 3D
graphene/Sn nanocomposite exhibited a highly reversible capacity of
795 mAh/g in the second cycle and 508 mAh/g in the 100th cycle.
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Fig. 5. Schematic illustration of typical lithium ion batteries. [93] (Reprinted from Ref. [93] with permission. Copyright 2013, Elsevier Ltd.).

Recently, Xu et al. fabricated lithium ion batteries with longer life and
better stability. They fabricated the halogenated graphene nanoplatelets
(XGnPs, X = Cl, Br, or I) by ball-milling graphite with chlorine (Cl,), bro-
mine (Br,) oriodine (I,) [69°] (Fig. 7a-e). The obtained IGnP possessed a
high specific surface area of 736.8 m?/g. The IGnP based lithium ion bat-
teries exhibited the initial charge capacity of 562.8 mAh/g, and
458.0 mAh/g after 500 cycles. Furthermore, IGnP anode showed an
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excellent stability as it still maintained a reversible capacity of
464.1 mAh/g for 100 cycles after 1 month storage at ambient condition
(25 °C) (Fig. 7f-h).

3.2.2. Cathode
The commonly used cathode materials based on lithium-transition
metal oxide have a relatively low electrical conductivity, which limits
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Fig. 6. (a) Schematic illustration of the layer-by-layer graphene/MnO, nanotube structure. (b-c) SEM images of graphene/MnO, film. (d) Galvanostatic charge and discharge curves, and
(e) capacity at various current rates from 100 to 1600 mA g~ with respect to the cycle number of the battery. [99°] (Reprinted from Ref. [99°] with permission. Copyright 2011, American

Chemical Society).
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(Reprinted from Ref. [69°] with permission. Copyright 2014, John Wiley & Sons, Inc.).

the performance of the lithium-ion batteries. Composites containing 3D
graphene have been developed to improve the conductivity for
enhancing the electrochemical properties of the cathode. Examples
include spinel LiMn,O4/graphene hybrid [104], LiFePO4/graphene
[105], LiMn;_ xFexPO4 nanorod/graphene [106], and Li3V2(PO4)3
nanoparticle/graphene network [107,108]. Wang et al. synthesized
LiMn; _ xFe,PO4 nanorod on rGO sheet by two-step approaches [106].
Fe-doped Mns04 nanoparticles were grown on GO by controlled
hydrolysis, followed by a reaction with Li and phosphate ions to form
LiMn; _ 4\Fe,PO4 nanorods on the surface of rGO. The lithium ion batte-
ries based on the hybrid LiMn; _ xFe,PO,4 nanorod/graphene exhibited
stable capacities of 132 mAh/g and 107 mAh/g at high discharge rate
of 20C and 50C, respectively. Similar with anode, the high rate capability
also could be ascribed to the excellent conductivity and porous structure
of the 3D graphene substrate.

Graphene foams produced by CVD method were also used to fabri-
cate cathode as they have a relatively higher conductivity due to less de-
fects. Ji et al. reported the use of 3D interconnected graphene foam/
LiFePO, as a cathode in a lithium ion battery by drop casting process
[109]. This device delivered a specific capacity of 70 mAh/g at a high
charge/discharge rate and a maximum specific capacity of 102 mAh/g,
which was ~23% higher than that of the Al/LiFePO,4 cathode and 170%
higher than that of the Ni foam/LiFePO, cathode because graphene
interacted better with LiFePO,4 than Al or Ni. In another study, Li and co-
workers loaded LisTisO1; and LiFePO,4 onto the 3D graphene foams as
anode and cathode, respectively [27]. These authors found that
Li4TisO,,/graphene foam based lithium-ion batteries showed a high ca-
pacity of 170 mAh/g and retained a specific capacity of 135 mAh/g at a
high charge/discharge rate.

3.3. Other batteries

Considering the high cost of lithium, sodium-ion batteries are an al-
ternative energy storage device. Compared to graphite with relatively
narrow interlayer distance, graphene becomes a good candidate as an
active anode for sodium-ion batteries in view of the relatively larger so-
dium ionic radius in respect with that of lithium [78]. Indeed, Xu et al.
reported the synthesis of nitrogen doped graphene foam as anode to
significantly improve the performance of sodium-ion batteries [28]. In
this case, large-size sodium-ions can access through the mesoporous
network while the storage of sodium-ions can be improved. The nitro-
gen doped graphene foam based sodium-ion batteries exhibited an ex-
tremely high initial reversible capacity of 852.6 mAh/g at a current
density of 500 mA/g and retained a charge capacity of 594 mAh/g
even after 150 cycles. Lithium-air batteries are also one of the most
promising energy storage devices with a theoretical energy density al-
most 10 times that of conventional lithium-ion batteries [110]. Xiao
et al. reported a lithium-air batteries based on porous functionalized
graphene air electrode [111]. Due to the unique bimodal porous struc-
ture, O, can diffuse rapidly while high density of reactive sites for Li-
0, reaction can be provided. As a consequence, the porous functional-
ized graphene based lithium-air batteries exhibited an exceptionally
high capacity of 15,000 mAh/g.

4. Concluding remarks

As can be seen from above, much progress has been made in the de-
velopment of 3D graphene electrode materials and various synthesis
methods have been reported with both bottom-up and top-down
approaches. 3D graphene, either grown on the catalyst substrate or re-
duced from graphene oxide, possesses a large surface area, high
electrical conductivity, and good electrochemical stability. In conjunc-
tion with various other materials, including, but not limited to, metal/
metal oxides, polymers, carbon allotropes, the 3D graphene based com-
posites are promising electrode materials for high-performance
supercapacitors and lithium ion batteries. However, there are still vari-
ous challenges in fabricating perfect 3D graphene materials for practical
applications in energy storage devices. First, the efficient surface area is
still limited due to difficulties to precisely tune and control the porosity
and structure in the 3D graphene architecture during the synthesis, and
hence the obtained specific surface area is much lower than the theoret-
ical value. Second, the electrical conductivity is high, but far lower than
theoretical conductivity of ideal single layer graphene. Especially for the
3D graphene reduced from graphene oxide, the conductivity is seriously
limited by the degree of reduction. For the 3D graphene grown by CVD,
there is strong dependence of the quality and structure on the template
and the synthesis temperature. Third, the ion and electron diffusion in
the intrinsic microstructure should be further investigated to further
improve electrochemical performance. Last, 3D graphene-based energy
storage devices should be endowed with more functions, such as
flexibility, stretchability, and wearability, to improve their practical
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application value, particularly in wearable systems. Therefore, it is high-
ly desirable to develop low-cost, eco-friendly innovative approaches to
3D graphene nanomaterials with tailor-made porous structures of con-
trollable pore sizes. Besides, the electrical conductivity of 3D graphene
materials needs to be further improved in compared with the ideal
single-layer graphene of extremely high conductivity. With the continu-
ing research efforts in developing 3D graphene nanomaterials, there
will be continuous breakthroughs in the development of the 3D
graphene based energy storage devices.
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