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Design and construction of three dimensional
graphene-based composites for lithium ion
battery applications
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Three dimensional graphene-based composites (3DGCs) have attracted
great attention for lithium ion battery applications due to their unique
structures and attractive properties. A large number of 3DGCs with novel
structures and functions have been developed in the past few years. This
review summarizes the current progress of 3DGCs, including their
preparation and application in lithium ion batteries, especially from the
viewpoint of structural and interfacial engineering, which have attracted
more and more attention for the development of high performance electrode
systems.

1 Introduction

Over the past decade, graphene, a single atomic layer of graphite, has generated
enormous excitement because of its extraordinary physical and chemical properties,
including excellent electronic conductivity, superior mechanical properties, and
huge theoretical specific surface area.''° As a wonderful 2D building block,
graphene not only can be assembled into various functional macroscopic structures,
e.g. graphene fibres, films, papers and sponges,'" ' but its application can be
extremely extended by further functionalized or hybridized with other components,
providing advanced functions with improved performance.® '** ' In particular, due
to their excellent electrical conductivity, adjustable porosity and unique mechanical
characteristics, three dimensional graphene-based composites (3DGCs) have been
attracting increasing attention in many fields such as energy storage, catalysis,
sensors, electronics, and so on. '>%2

New energy technologies are critically important for realizing an energy requirement
that is compatible with the goal of sustainable human being development. For this
purpose, lithium-ion batteries (LIBs) are becoming more and more attractive for the ever-
enlarging markets of portable electronic products, communication facilities, and electric
vehicles.”? Huge demand has motivated scientific and technological efforts dedicated to
developing LIBs with superior performances, such as higher energy density, higher
power density, and longer cycle life. To achieve these characters, the structure,
morphology, composition, ionic diffusion kinetics, electrical conductivity, as well as
surface characteristics of the electrode materials need to be systematically addressed.**?’
Due to the unique physicochemical properties, rationally designed 3DGCs have emerged
as promising candidates for the electrode materials in lithium ion batteries.'® **%
Introducing another functional substance into the composite can not only act as a
substantial physical barrier to separate graphene nanosheets with each other, but also
function to endow the resulting composites with significantly enhanced lithium
storage capability. In the mean time, owing to the existence of a synergistic effect,
the separated graphene nanosheets can be a robust conductive and flexible matrix to
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electrically bind the introduced components together, thus maintaining the integrity
of 3DGCs electrode materials upon cycling.

In this context, considerable efforts have been devoted to the development of
graphene-based composites for LIB applications. A number of synthetic strategies
for 3DGCs have been developed based on the methods of either in situ growth or ex
situ assembly as schematically illustrated in Fig. 1. Meanwhile, various
nanostructured metallic, metalloid materials and metal compounds with different
dimensionalities, such as zero-dimensional (0D) nanoparticles (NPs), one-
dimensional (1D) nanowires and/or nanotubes, and two-dimensional (2D) nanoplates
and nanosheets, have been developed and integrated onto graphene to construct
graphene-based composite units. These units are then used as building blocks to
fabricate functional materials/architectures with ordered or disordered alignments. A
series of reviews have being published focusing on the fabrication, properties,
and/or application of graphene and graphene-based nanomaterials,'® '+ 13- 15-22. 28 31,
3444 particularly, the progress made in graphene-based composites has been scattered
in several reviews either with a focus on preparation methods, or on specific
applications in energy or environmental issues.'> !> 18 21. 28.36.39.43. 45 However, a
whole view of the preparation-structure-performance relationship of the 3DGCs for
LIBs application is still missing. In this review, we will summarize the recent
advances in developing 3DGCs from the structural point of view, and highlights the
importance of dimensions and interfaces in the rational design and construction of
these composite materials. This review is specifically targeted to provide new
perspectives on the combination of graphene and electrochemically active
substances, which plays a rather important role in developing advanced electrode
systems for next generation LIBs. The challenges and perspective of these emerging
composites are discussed as well.
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Graphene supported Precursors

3D Graphene based Composites (3DGCs)

Fig. 1 Schematic illustration of synthetic methods of 3D graphene-based composites.
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2 Synthesis of 3D graphene-based composites

In the past few years, tremendous efforts have been devoted to the development of
synthetic methods for preparing 3DGCs with various morphologies, structures and
properties. As illustrated in Fig. 1, the presently reported synthetic methods of
3DGCs could be roughly divided into four categories: i) one-step in situ growth of
nanomaterials on graphenes, ii) multi-step in situ conversion of nanomaterials on
graphenes, iii) ex situ assembly of graphenes and other nanomaterials, and iv) in situ
growth of graphenes on low dimensional nanomaterials. The term “graphenes” in
this review refers to graphene, graphene derivates (e.g. graphene oxide(GO),
reduced graphene oxide (RGO)), and graphene based macroscopic structures (e.g.
graphene films, papers or sponges). The following subsections will discuss in detail
these methods and the produced composite materials.

2.1 One-step in situ growth of nanomaterials on graphenes

Among the four approaches, one-step in situ growth of nanomaterials on graphenes
is widely used in the synthesis of 3DGCs. This in situ approach mainly involves the
direct formation of nanocrystallites in the present of graphenes and then the
nanocrystallites directly grow into low dimensional nanomaterials, including
nanoparticles46'54, nanowires>, nanorods®® 37 and nanoplatesss'(’o, on the surface of
the graphenes. One advantage of this route is to avoid using protecting surfactant or
extra linker molecules which may imply a tedious experimental procedure and
influence the functions of the nanocomposites as well.

A variety of chemical and physical synthesis techniques, including hydrothermal/
solvothermal techniques®" ®'7*, gas-phase deposition® ">7% sol-gel processing’,
and so on, have been used in the in situ approach. Among them, hydrothermal and
solvothermal syntheses have been frequently selected in making 3DGCs with
various anodic or cathodic electrochemically active nanomaterials. The one-pot
process can obtain nanostructures with high crystallinity without post-synthetic
annealing or calcination. Typically, SnO, nanorods were in situ grown on graphene
sheets via a one-step hydrothermal procedure.’” The obtained graphene/SnO,
composites with individual SnO, nanorods of 10-20 nm in diameter and 100-200 nm
in length showed a high reversible specific capacity and outstanding cycling stability
as anode materials for LIBs. In another case, Chen et al. reported the synthesis of a
novel hollow porous Fe;0,/RGO composite structure via a facile solvothermal
route.® The formation of hollow porous Fe;0, beads and reduction of GO into RGO
were accomplished in one step by using ethylene glycol as a reducing agent. Very
recently, Yang et al fabricated VO,-graphene ribbons by a simultaneous
hydrothermal synthesis and reduction of layered V,0s-graphite oxide composites
(Fig. 2). GO was used as the substrate for the in situ growth of VO, ribbons via the
reduction of V,05 by GO. The resulting ribbons and residual graphene oxide sheets
simultaneously became building blocks for the construction of 3D interpenetrating
architectures.
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Fig. 2 Synthesis of VO,-graphene ribbons. (a) Fabrication of VO, -graphene ribbons
by a simultaneous hydrothermal synthesis and reduction of layered V,0s-graphite
oxide composites at 180 °C. Typical FE-SEM images of (b) V,0s-graphite oxide

s composites and (c) VO,-graphene sample hydrothermally treated for 1.5 and 12 h.
Reproduced with permission from ref. ’°. Copyright 2013, American Chemical
Society.

2.2 Multi-step in situ conversion of nanomaterials on graphenes

Unlike the one-step in situ growth methods, the multi-step in situ conversion
10 approaches always involve preloading of various precursors onto the surface of
graphenes followed with a chemical conversion process to obtain the targeting
nanostructures. A series of electrochemically active nanomaterials including F ¢,05%,
Fe;0,°'%, C030,,* % Ti0,%, sn*"™, Sns,”, 8i’!, v,05,”* VN,” LiMn, ,Fe,PO,™,
Li,TisO;,”° and so on, have been prepared on graphenes in this way. So far, thermal
15 decomposition of pre-loaded hydroxide on graphenes is a powerful strategy for
preparing 3DGCs.%> %% 7 For example, RGO-wrapped Fe;0, composites
(RGO/Fe;0,) have been prepared using a two-step in sifu conversion process.®?
Spindle-shaped FeOOH was firstly formed on RGO by hydrolysing iron chloride
hexahydrate and then converted into Fe;O, via a post-annealing process. Recently,
20 decomposition of other precursors (e.g. metal complexes) has also been used to
prepare 3DGCs 3" %8
Besides the changes in composition, dimensional conversion can also be realized
through rationally designed multi-step approach, which provides a new way to
construct more complex nanoarchitectures. Our recent works have demonstrated that
»s pre-loaded metal oxide nanoparticles on the surface of graphenes can be in situ
converted into 2D metal or metal disulfide nanosheets or 1D carbon encapsulated
metal nanocables.®®°° For example, a facile approach towards the synthesis of

4 | [journal], [year], [vol], 00-00
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graphene-SnS, 2D/2D composites (Fig. 3) has been developed by transforming SnO,
nanoparticles into 2D SnS, nanoplates directly on/between graphene nanosheets via
a chemical solution method followed by a simple CVD process (Figure 7a, b).”° It is
expected to extend the available method for the growth and assembly of various

s inorganic-graphene composites, which definitely encourages extensive applications
in other areas. Additionally, a two-step conversion approach for the synthesis of
olivine-type lithium transition-metal phosphates (LiMn,_,Fe,PO,) nanorods on RGO
sheets has been reported recently.”® Fe-doped Mn;O, nanoparticles were first
selectively grown onto GO by controlled hydrolysis. The oxide nanoparticle

10 precursors then reacted solvothermally with Li and phosphate ions and were
transformed into LiMn,_,Fe,PO, on the surface of RGO sheets.

a)

Graphene nanosheets

' ol \

Fig. 3 (a) Illustration of the formation of the G-SnS, involving two steps: 1) tin
oxide nanoparticles were firstly decorated on graphene nanosheets and 2) converted

15 into metal disulfide nanoplates via a solid-gas reaction. Typical (b) SEM and (c)
TEM images of the G-SnS,, showing its 3D porous sturcture composed of two kinds
of 2D nanomaterials. Reproduced from ref. *° with permission from the Royal
Society of Chemistry.

2.3 In situ growth of graphenes on nanomaterials

20 This in situ approach is applicable to the occasions that the active nanomaterials
have been synthesized in advance. An ideal strategy to protect these active
nanostructures is via in situ graphene encapsulation on their surface, which would
provide not only the mechanical tight holding of the active nanostructures, but also
high electrical conductivity across the electrode. Recently, Kim et al. reported the

»s direct growth of few-layer graphene on the surface of Ge nanowires (Fig. 4).” The
number of layers of the in situ grown graphene ranges from a single up to four layers,
and the quality of graphene in terms of the defect level is comparable to that of

[journal], [year], [vol], 00-00 | 5
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graphene grown by a conventional metal-catalyzed CVD process. Soon afterwards,

Wang et al. reported another route to prepare highly crystalline in situ graphene

encapsulated Ge nanowires (Ge@G) via an arc-discharge method.'” The Ge

nanowires are well encapsulated by few-layer graphene and are located in a network
s composed of graphene sheets.

There also have been reports on other active nanostructures encapsulated by a
graphitic carbon layer produced with CVD methods. For example, several types of
carbon encapsulated 1D Si nanostructures, including overlapped graphene sheath
encapsulated Si nanowires'’!, graphitic carbon wrapped Si naowires'’? and porous Si

10 nanowire arrayslm, have been developed recently through in situ growth of graphitic
carbon layer on Si nanostructures. In addition to the CVD grown graphenes from a
bottom-up view, another in situ approach to prepare few-layer graphene coated tin
oxide-silicon carbide by mechanical peeling of graphite has been reported as well.'**

Catalyst-free
_—

15 Fig. 4 (a) Illustration of the formation of the graphene layer on Ge nanowire via a
catalyst-free CVD process. Typical (b) SEM and (c) TEM images of the
Ge@graphene composite. Reproduced with permission from ref. °°. Copyright 2013,
WILEY-VCH Verlag GmbH & Co. KgaA.

2.4 Ex situ assembly of graphenes and other nanomaterials

20 Ex situ assembly approaches mainly involve the prior synthesis of nanomaterials in
the desired dimensions and morphology, then modified and subsequently connected
to the surface of graphenes via covalent or non covalent interactions.'® In this
approach, either graphenes or the second component (or both) require modification
with functional groups. Compared to in situ growth approaches, this self-assembly

2s based method benefits for overcoming any incompatibility between nanomaterials
synthesis and the formation of nanocomposites. Normally, GO rather than RGO is
preferred to be used to anchor inorganic components due to its large amount of
oxygen containing groups, facilitating the linkage with other functional groups via
covalent interactions.'® '% 3D graphene/Fe;O, composites have been prepared via

30 an self-assembly of graphene obtained by a mild chemical reduction of GO in water

6 | [journal], [year], [vol], 00-00
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in the presence of Fe;O, nanoparticles.'”” During the formation of the 3D
architecture, apart from being captured by the physical entrapment, the Fe;0,
nanoparticles could be fixed homogeneously on both sides of GO by the formation
of new bonds (such as -COO-) between Fe;O, and GO due to the abundant -COOH
and -OH groups on GO, and those nanoparticles were retained onto the surface of
graphene sheets by chemical attachment after GO was reduced.

Other non covalent interactions, such as electrostatic interactions'® 1% have also
been utilized to prepare 3DGCs. GO/RGO are negatively charged with oxygen-
containing functional groups on them, which can be used to assemble with positively
charged inorganic NPs through electrostatic interactions. For instance, a novel
strategy for the fabrication of RGO-encapsulated oxide (silica, Co3;0,4) NPs was
developed by coassembly between negatively charged GO and positively charged
oxide NPs (Fig. 5). SiO, or Co304 NPs are firstly positively charged by
aminopropyltrimethoxysilane (APS) modification and then encapsulated with
negatively charged GO sheets through electrostatic interaction; the GO can be in situ
reduced to RGO subsequently without destroying the sheet-encapsulated-particle

structures.'?’

a)
OH 1) modification with APS

OH OH ‘ \EH

OH  APS=(CH,0),Si(CH,),NH,

OH

OH

metal oxide APS-modified metal oxide
+
2) assembly
® -
3) reduction
graphene-encapsulated graphene oxide
metal oxide (GE-MO) (GO)

Fig. 5 (a) Fabrication of graphene-encapsulated metal oxide (GE-MO) including 1)
modification of the metal oxide by grafting aminopropyltrimethoxysilane (APS) to
render the oxide surface positively charged; 2) hybrid assembly between positively
charged oxide nanoparticles and negatively charged graphene oxide by electrostatic
interactions; and 3) chemical reduction. Typical SEM images of (b) graphene-
encapsulated silica spheres and (c) graphene-encapsulated Co;04. Reproduced with
permission from ref.'”. Copyright 2010, WILEY-VCH Verlag GmbH & Co. KgaA.

3 Structural and interfacial engineering of 3DGCs for LIBs

It is well known that the composition and morphology of the active material, as well
as its interfacial contacts with current collector and electrolyte, have great influence
on the electrochemical performances of the electrode."' "' In this section, we will
summarize the progress of 3DGCs for LIBs from a point of view of structural and
interfacial engineering, including the structural design of electrochemically active
nanomaterials, the graphene layer orientation within the composite, the interfacial
contact between graphene and active nanomaterials and the interfacial contact of the
composite with the electrolyte.

[journal], [year], [vol], 0000 | 7
This journal is © The Royal Society of Chemistry [year]
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3.1 Structural design of electrochemically active nanomaterials

Nanostructured active materials have been demonstrated with enhanced Li-ion
storage capability by increasing the specific surface area for interfacial reactions and
the flux of Li-ions across the electrode-electrolyte interface.''*''® Recently, the
development and implementation of graphene-based composites with other low
dimensional nanomaterials (e.g. 0D nanoparticles, 1D nanowires, 2D nanosheets)
has led to great enhancements in LIB performance.

Among electrochemically active nanomaterials with different dimensionalities,
0D nanoparticles are the most likely ones to be applied in commercialized batteries,
mainly due to their scalable production possibilities. Attaching 0D nanoparticles
onto 2D graphene nanosheets is an efficient strategy to enable the formation of
highly efficient conductive network, alleviate the aggregation of 0D nanoparticles,
and accommodate as well the volume expansion of the inorganic substances during
the charge-discharge process. Taking SnO,-based anodes as an example, Pack et al.
have recently attached SnO, nanoparticles onto graphene nanosheets and showed
obviously improved lithium storage performance (Fig. 6a, b).''” The obtained
composite exhibited a high specific capacity of 810 mAh g in the first cycle and
570 mAh g after 30 cycles, which was much better than the electrode with bare
SnO,. In such a combination case, the pores formed between SnO, nanoparticles and
graphene nanosheets can be used as the buffering space to accommodate the volume
variation of SnO, nanoparticles during charge-discharge processes. In addition, the
graphene nanosheets introduced can not only provide conductive channels for SnO,
nanoparticles, but also synergistically contribute to the capacity. This pioneering
research strongly suggests that the combination of OD nanoparticles with 2D
graphene is an efficient way to develop high-performance LIB anode materials.
Specifically, this 2D/0D combination formula has recently induced the appearance
of an amount of new composite electrode materials systems, such as anode materials
involving Sn0,, 47 68 76 104 117-134 () 84,109, 135-140 gy, 69,82, 141-147 R 3, 80, 148-
155 Mny0,,"561%° Mn0,,'®" 6! MoO; ' Mo00,,'®65 Cu0,'* Ni0,'*™'® zn0,'™
TiO, 7117 §n, 175177 §j 178194 Ge 197198 GeO,'” LiyTis0,,2° CoFe,0,2" and
CoSn0;** as well as cathode materials involving sulfur,’®?%7 LiFePO,,>*%-*12
FeF;*" and so on.

1D nanostructures are attractive candidates for LIB electrodes since they can be
managed to provide efficient 1D pathway for fast electron transport, and facilitate
strain relaxation at the same time. In spite of this, they still deliver the unsatisfactory
electrochemical performances. Similar to the case of 0D nanoparticles, tremendous
studies have been conducted with a focus on the structural engineering of such
1D/2D composites.’® A variety of 1D nanostructures including nanowires (e.g.
Sn0,2!, Si°% 215218 Gel® and Ti0,2", V,05220222, AgVO3223), nanorods (e.g. Sn, 2
Sn0,%" 25227 Fe.0,2, C0304,2% Mn0,2%22, Mn;0,2%, MoO;*, ZnMn,0,2*,
LiMn, ,Fe,PO,’*), nanotubes (e.g. carbon,?** Ti0,**°), nanofibers (e.g. carbon’’) and
core-shell nanocables (e.g. Sn@C*, Si@C'"', LiFePO,@C?**") have been developed
and integrated with graphene sheets, forming 3D hybrid networks. For instance,
recently, we developed a simple and efficient strategy to prepare Sn-core/carbon-
sheath coaxial nanocables directly integrated onto the RGO surface by an RGO-
mediated procedure (Fig. 6¢, d).* The unique structure of such composites promises
several advantageous features favourable for the anodes in LIBs. First, the carbon
sheath of the nanocables acts as a physical barrier to protect the Sn core against

8 | [journal], [year], [vol], 00-00
This journal is © The Royal Society of Chemistry [year]
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pulverization and simultaneously prevent the Sn cores of neighbouring nanocables
from coalescing into bulk during charge-discharge processes. Second, the discrete
nanocables with conductive carbon sheaths are interconnected through the
underlying RGO matrix, thus facilitating fast electron transfer throughout the
electrode. Third, the unique combination of 2D graphene and high-aspect-ratio 1D
nanocables creates a large quantity of pores. This not only affords increased
electrode-electrolyte contact area and facilitates fast transport of lithium ions, but
also helps to accommodate the volume change of Sn during charge-discharge
processes. As a result, a stable cycling of 50 cycles was observed and the specific
capacity still remained at 630 mAh g based on the total mass of the composite,
apparently superior to those of their counterparts without carbon sheaths and/or
RGO supports.

Two-dimensional (2D) nanomaterials such as graphene and inorganic
nanosheets/nanoplates have received much attention in recent years, because of their
15 unusual properties associated with their ultrathin feature and 2D morphology.?**-*4?
Accordingly, great efforts have been devoted to exploiting their potential
applications in many fields including electronics, optoelectronics, energy storage
devices, and so on.?***** By combining graphene and 2D electrochemically active
inorganic substances, a series of various 2D/2D graphene based composite electrode
materials have been developed for LIBs so far, either by in situ synthesis of 2D
nanomaterials onto graphene nanosheets, or by self-assembly processes of as-
synthesized 2D nanomaterials on graphene. According to their diverse components,
the existing 2D nanomaterials composited with graphene can be classified into
layered metal chalcogenides,™ °% 2352 Jayered double hydroxides,?’*’® and non-
layered metal,*® metal oxide®® °> "8 or phosphate®” nanosheets and/or nanoplates.
Layered metal dichalcogenides, such as MoS,, SnS,, WS,, and TiS,, have been
previously studied and employed in battery applications.”®® Recently, stacked MoS,
nanosheets prepared from chemical lithiation and exfoliation have been emerging
and attracting much attention.”®* Chang er al. synthesized graphene-layered MoS,
30 nanocomposites (RGO-MoS,) by an L-cysteine-assisted hydrothermal process.?*

When used as LIB anode materials, the graphene-MoS, composite with a Mo: C

molar ratio of 1: 2 exhibited the highest specific capacity of ~1100 mA h g™ at a

current rate of 100 mA g’', excellent cycling stability, and high rate capability (Fig.

6e, f). This is suggested to be attributed to a synergistic effect in the RGO-MoS,
35 composites which enables the formation of short lithium ion diffusion channels,
interconnected conductive network, and robust structural framework. Furthermore,

other types of metal chalcogenides, including SnS,,>% 6% 261, 285288 1, g, 257, 289

Sb,S3,%% C08,%” C0384,%" SnSe,,”? have been studied as well and their composites

with graphene consistently show obviously improved lithium storage performances
40 including high specific capacity and good cycling stability.

o

S

2

S

2

o

[journal], [year], [vol], 00-00 | 9
This journal is © The Royal Society of Chemistry [year]



CREATED USING THE RSC REPORT TEMPLATE (VEI_!. 3.1) - SEE WWW.RSC.OR(_SIELECTRONICFILES FOR DETAILS
Energy & Environmental Science

Fig. 6 (a) Cross-sectional SEM and (b) TEM images for the graphene/SnO,
nanoparticles composite. Reproduced with permission from ref. ''7. Copyright 2009,
American Chemical Society. (¢) SEM and (d) TEM images of the graphene

s supported 1D Sn-core/carbon-sheath coaxial nanocables composite. Reproduced
with permission from ref. *°. Copyright 2013, WILEY-VCH Verlag GmbH & Co.
KGaA. (e) SEM and (f) TEM images of the graphene/MoS, composites. Reproduced
with permission from ref. *°. Copyright 2011, American Chemical Society.

3.2 Graphene Layer Orientation within the composite

10 It is well known that one of the major roles of graphene in a composite electrode
material is to construct 3D conductive network, which effectively collect/transport
charge carriers (e.g., electrons) from/to the active materials during the charge and
discharge processes. Meanwhile, pore structures resulting from the interlinked
graphene nanosheets have an important affect on the diffusion dynamics of lithium

1s ion within the composite, which is one of the critical factors limiting the rate
performance of the battery. Thus, a high quality 3D graphene network with
reasonably arranged graphene layer is highly desirable to create good transport
channels for both electrons and ions and thus lead to both high power and rate
capabilities. According to the different direction to the surface of the electrode, the

20 arrangement of graphene layer within the reported 3DGCs can be classified into
three modes, including randomly oriented, parallelly aligned and vertically oriented
graphene, as shown in Fig. 7a-c.

10 | [journal], [year], [vol], 00-00
This journal is © The Royal Society of Chemistry [year]
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of graphene arrangement modes in
3DGCs: a) randomly oriented graphene, b) parallelly aligned graphene and c)
vertically oriented graphene. (d) SEM images of the cross-section of the as-prepared

107

3D graphene/Fe;0,4 aerogel (10000x). Reproduced with permission from ref.
Copyright 2011, WILEY-VCH Verlag GmbH & Co. KGaA. (e) SEM image of the
cross-section of a Si-graphene paper, the inset shows Si nanoparticles embedded
between graphene sheets uniformly. Reproduced with permission from ref. '8!,
Copyright 2011, WILEY-VCH Verlag GmbH & Co. KGaA. (f) SEM image of the
10 Sn NPs@Graphene-vertically aligned graphene composites. The inset in (f) is the
corresponding XPS spectrums. Reprinted with permission from ref. 2**. Copyright
2014, Elsevier.

3

3.2.1 Randomly oriented graphene

Many kinds of 3DGCs with randomly oriented graphene layer have been
is developed.®” 2** One type of promising candidates to construct 3D graphene network
is graphene derivatives such as GO and RGO due to their solution processibility and
possibility for large scale production. Another benefit with RGO-based network
should be the oxygen-containing functional groups, which can serve as appealing
substrates for the binding of various organic or inorganic species, providing an
opportunity for the construction of graphene-based porous composites with different
complexity. Recently, various metal or metal oxide nanomaterials have been
integrated onto 3D RGO-based network and employed as electrode for lithium ion
storage.!07 136 182, 295297 A5 demonstrated in one typical case, macroporous RGO
aerogel loaded with Fe;O,4 particles (Fig. 7d) was prepared via an in situ self-
assembly procedure and exhibited a high capacity of ~990 and ~730 mAh g™’ even
when the current density was 800 and 1600 mA g, respectively. The porous
structure of the hybrids was considered to benefit the diffusion of electrolyte ions
and to reduce the damage caused by the volume change of Fe;O4 nanoparticles
during charge-discharge cycles. Moreover, the robust 3D framework of graphene
provided a highly conductive network with large surface area and short diffusion
length for the transport of lithium ions.

Besides the RGO-based network derived from solution-based methods, 3D highly
porous graphene networks also have been prepared through CVD techniques with
porous metal substrates as templates®*® 2* and employed as substrate to deposite
35 other nanomaterials.®" 3%3% For example, Luo et al. reported a bottom-up strategy

to graft bicontinuous mesoporous nanostructure Fe;O4 onto 3D graphene foams
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prepared by CVD method and directly use the composite as the lithium ion battery
anode.*” This electrode exhibits a high capacity of 785 mAh g at 1C rate without
decay up to 500 cycles.

3.2.2 Parallelly aligned graphene

Due to its two dimensional nature, graphene materials are more likely to be
assembled into layered structure, such as graphene film or paper, with parallelly
aligned graphene nanosheets inside. Until now, great efforts have been devoted to
prepare 3DGCs with parallelly aligned graphene, and some of them can be used as
free-standing and binder-free electrodes. For instance, flexible graphene films were
employed as current collectors, upon which active nanomaterials were attached by
chemical deposition *** or hydrothermal reaction.*®® Such approaches usually
produce low loading and aggregation of active nanomaterials, resulting in quite
limited property improvement as electrode. Another way is based on the vacuum
filtration, by which various active materials (such as Ti0,,*® MnO,,** V,0s,%!
€030, 37 and silicon'"" 2'* were incorporated into graphenes. Specifically, both
components were homogeneously mixed and filtered to produce paper-like
electrodes. Within these structures, parallelly aligned graphene layers form a
conductive network behaving as a mechanical support and an embedded-in current
collector. However, rate performances of such paper-like composite electrodes are
always limited due to the kinetic limitations of ion/electron transportation in the
direction perpendicular to the paper surface. To address this issue, Zhao et al.
introduced in-plane, nm-sized carbon vacancies into the aligned graphene sheets and
sandwiched silicon nanoparticles between them (Fig. 7¢)."®' Li ions in the resultant
3D composite network can diffuse easily across graphene sheets throughout the
structure by passing through the in-plane vacancy defects. As a consequence, paper-
like 3DGCs with a combination of power capability and storage capacity for battery
electrode applications were obtained without sacrificing its mechanical properties.

3.2.3 Vertically oriented graphene

Another way to evade the ion/electron transfer kinetic limitation is to prepare GCs
with vertically oriented graphene sheets, in which the ion transfer pathways can be
shorted as illustrated in Fig. 7c. Very recently, vertically aligned graphene sheets on
metal substrate have been developed via plasma enhanced chemical vapour
deposition techniques,’®®>'" and Li et al. anchored several kinds of active
nanomaterials (e.g. Sn@graphene,”®  Si@graphene,’'' SnO, NPs,** and
Sn@CNTs*'?) on the sides of graphene sheets. The vertically aligned graphene
sheets sandwiched by the active nanomaterials can supply rapid transport pathways
for both lithium ions and electrons and thus resulting in high rate performances. For
instance, the in situ growth of Sn NPs@Graphene-vertically aligned graphene
composites (Fig. 7f) exhibit a high capacity 1037 mAh g' even after prolonged
cycling, in addition to a coulombic efficiency in excess of 97 %, which reflects the
ability of the Sn@graphene nanostructure to prevent the volume change and
agglomeration of the Sn-NPs.”* The cycling ability exceeds 5000 times in half-cells
at a 6C rate while retaining 400 mAh g' reversible capacities. The excellent
electrochemical performance observed is mainly attributed to the confined volume
change of the Sn within the graphene, ensuring the permanent electrical connectivity
of the immobilized Sn@graphene anodes.

12 | [journal], [year], [vol], 00—-00
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3.3 Interfacial contact between graphene and active nanomaterials

As mentioned above, graphenes within 3DGCs play an important role in collecting
electrons from the active nanomaterials during charge-discharge process. Therefore,
a high-quality interfacial contact between graphene and the active materials is also
highly desirable to reduce the contact resistance between them.

Taking into account the size of the active nanomaterials relative to the lateral size
and the flexible nature of graphene, the combination strategy can usually result in
two types of graphene-based composite electrode materials: graphene-supported
composite and graphene-encapsulated composites. Theoretically, the contact surface
between graphene and the second components of the later structure should be larger
than the former type, and thus the graphene-encapsulated composite structure could
be more stable to avoid the exfoliation of the second components from the graphene
sheets. In this structure, graphene functioned as protection layer, which could more
effectively prevent the aggregation of the second components in comparison with
the graphene-supported nanocomposites. A variety of graphene-encapsulated
nanocomposites, including graphene wrapped nanoparticles'® 180 208:313. 314 "po11ovw
particles’"® and nanowires'*” 2'* 2'- 217 have been fabricated for high-performance
lithium storage electrode materials. For example, graphene-encapsulated Co3;Oy4
nanoparticles hybrid architecture can not only suppress the aggregation of oxide
nanoparticles, but accommodate the volume change during the cycle processes, and
thus exhibits a very high reversible capacity of over 1000 mAh g' after 130
cycles.'® Luo et al. developed crumpled graphene-encapsulated Si nanoparticles via
a one-step capillary-driven assembly route (Fig. 8a).'*" The folds and wrinkles in the
crumpled graphene coating can accommodate the volume expansion of Si upon
lithiation without fracture, and thus help to protect Si nanoparticles from excessive
deposition of the insulating solid electrolyte interphase. Compared to the native Si
particles, the composite capsules have greatly improved performance as Li ion
battery anodes in terms of capacity, cycling stability, and Coulombic efficiency.
From the dimensional point of view, it is worth mentioning that the 1D
nanomaterials®® (e.g. nanotubes, nanorods, nanowires) and 2D nanomaterials®'® (e.g.
nanosheets, nanoplates, nanofilm) could be either grown vertically on graphene
nanosheets>, or parallelly deposited on them.’*” 3'"3!* One of the most exciting
cases is the surface-to-surface combination between graphene nanosheets and the
both sides of a 2D component. This 2D/2D combination formula enables the
exertion of the respective functions of both components, representing a smart
prototype of new electrode material architectures. For that the sandwiched 2D
component is elaborately endowed with dual efficient channels for fast transport of
both electrons and lithium ions, which is highly desirable for the development of
high-performance lithium-ion batteries. Recently, we demonstrated an elegant
strategy to synthesize graphene-2D Sn nanocomposites (Fig. 8a, b), in which Sn
nanosheets were sandwiched between graphene nanosheets. The thus-constructed
2D/2D composite material exhibited high reversible capacity as well as excellent
cycling performance (>590 mA h g after 60 cycles), demonstrating great potential
as anode materials in LIBs (Fig. 8c). The significantly improved lithium storage
performances achieved are believed to be mainly originated from the 2D/2D
sandwich structure of graphene and tin nanosheets. The graphene layer on both sides
of Sn nanosheets not only avert the adjacent Sn nanosheets from coalescing together,
but also afford channels for fast electron transport in view of their surface-to-surface
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Fig. 8 (a) SEM image of a single capsule of graphene-wrapped Si. (b)
charge/discharge cycling test of the composite capsules in comparison to the
s unwrapped Si nanoparticles at a constant current density of 1 A/g. Reproduced with
permission from ref."®®. Copyright 2012, American Chemical Society. (¢) TEM
image and (d) electrochemical performance of the graphene-confined tin nanosheets.
Reproduced with permission from ref.*®. Copyright 2012, WILEY-VCH Verlag
GmbH & Co. KGaA.

10 3.4 Interfacial contact with the electrolyte

Compared to other carbonaceous substrates such as graphite, carbon black, and
carbon nanotubes, graphene nanosheets can more effectively buffer the strain from
the volume change of active materials during the charging-discharging processes and
preserve the high electrical conductivity of the overall electrode. Nevertheless, the
15 exposed active nanomaterials on the graphene surface are still prone to disintegrate
or break down and, meanwhile, the volume expansion and aggregation of these
active materials are difficult to be avoided. ' For example, recently, a self-
supported anode material consisting of silicon nanowires (SiNWs) sandwiched in
between RGO nanosheets was prepared by vacuum filtration of an aqueous
2 dispersion of GO with SiNWs followed by thermal annealing.”'> Within the 2D/1D
composite anode architecture (namely, SINW@RGO), SiNWs are packed by
mechanically robust and flexible RGO nanosheets capable of accommodating the
large volume expansion of embedded Si, thus allowing the direct use of the as-
prepared SINW@RGO composite material as a self-supported electrode without
»s addition of any additives. As a consequence, the SINW@RGO composite exhibited
high reversible capacity of ca. 3350 mA h g, on the basis of the silicon mass.
However, it was found that this high capacity could only stay for 25 cycles. Further
characterization of the cycled composite materials showed that the graphene-packed
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SiNWs bore a porous morphology with a sponge-like structure, which was assumed
to mainly originate from the direct contact of Si with the electrolyte and the repeated
formation of SEI layers. These negative factors can lead to a decreased
electrochemical performance of graphene based composites.

Therefore, it is highly desirable to develop 3DGCs with unique structures that can
tackle the aggregation of active nanomaterials while keeping the overall electrode
highly conductive and active in lithium storage. Recently, many efforts have been
devoted to this issue and several strategies, such as surface modification’® 122 124, 320-
323 pre-encapsulation'®" >>*| have been developed to meliorate the interfacial contact
10 between the composite and electrolyte. For instance, very recently, a hierarchical

2D/1D architecture of RGO-sandwiched Si@C nanocables (Fig. 9a) was designed to

address the interfacial stability issue of Si nanowires.'”' The pre-loaded carbon shell,

together with the flexible and conductive RGO overcoats, synergistically

accommodate the volume change of embedded SINW@G nanocables and thus
1s maintain the structural and electrical integrity of the composite. The adaptable
nature of this composite completely prohibits the fuse and aggregation of the
neighboring SiNWs upon cycling, effectively prevents the direct contact of silicon
with the electrolyte, efficiently averts the pore formation in silicon, and thus secures
the integrity of SiNWs during repeated cycling. Such a structural and interfacial
engineering formula of Si endowed the electrodes with significantly improved
lithium storage performances (Fig. 9c) when compared to their counterparts;
specifically, such composites possess high reversible specific capacity of 1600 mA h
g'at2.1 A g, 80% capacity retention after 100 cycles, and superior rate capability
(500 mA h g™ at 8400 A g'). The strategy demonstrated for the protection of Si with
dual adaptable substances opens a new door for developing Si-based anodes for
advanced LIBs from a view point of materials system engineering. In another case,
Wei et al. fabricated 3D graphene foams cross-linked with Fe;04 nanospheres (NSs)
encapsulated with graphene. Such hierarchical Fe;O4/graphene hybrids provide
double protection against the volume changes of Fe;O4 NSs during electrochemical
s processes.””> The graphene shells suppress the aggregation of Fe;O, NSs and buffer
the volume expansion of 3D graphene foams cross-linked with pre-encapsulated
Fe;0, nanospheres, while the interconnected 3D graphene networks act to reinforce
the core-shell structure of Fe;04@GS and thus enhance the electrical conductivity of
the overall electrode. As a result, Fe;O4,@GS/graphene delivers a high reversible
capacity of 1059 mAh g over 150 cycles, and excellent rate capability, thus
exhibiting great potential as an anode material for lithium storage.

Graphene wrapping layer has been demonstrated to efficiently buffer the strain
from the volume change of active materials and preserve high electrical conductivity
However, when considering the ion diffusion efficiency within 3DGCs, graphene
layer might play a negative role as the Li" diffusion through a defect-free graphitic
plane is limited.*** **> For instance, Wei et al. reported that a partial graphene
wrapping provides a balance between increased electron transport and fast ion
diffusion while full graphene wrapping isolates LiFePO, from the electrolyte and
retards ion diffusion.’?® Therefore, a good steric hindrance for ion diffusion should
45 also be considered together with electron transport in constructing 3DGCs for high

power LIBs.
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Fig. 9 (a) Schematic illustration of the fabrication (upper panel) and adapting (lower
panel) of SINW@G@RGO. (b) cross-section SEM image of SINW@G@RGO with
an enlarged view in the inset. (¢) Comparison of capacity retention of different
electrodes. Reproduced with permission from ref.'®'. Copyright 2013, American
Chemical Society.

4 Summary and Outlook

In this review, we have summarized the recent progress in 3D graphene-based
composites, with a focus on the rational structural and interface design of 3DGCs
electrode materials for lithium ion batteries. By exemplifying the combination of
graphene with other active nanomaterials, we highlight the importance of the
dimensional matching and interfacial engineering in the design and construction of
graphene-involved composites for LIB applications, providing more scientific
insights into the smart knitting of electrochemically active LIB electrode materials
with graphene for the development of high performance LIBs. The electrochemical
performance of different kinds of graphene-based composite electrode materials are
summarized and compared in Table 1. Different electrode materials have their own
advantages and shortcomings. In terms of the practical application in LIBs, although
enhanced cycling performance and/or improved specific capacity of 3DGCs have
been reported in most cases, more attention should be paid on some other crucial
performances of an electrode material, e.g., initial efficiency, volumic energy
density and power density. For example, high porosity of 3DGCs might be
beneficial to relieve the volume effect and accelerate ion diffusion, while also lead
to low initial efficiency and poor compact density and thus low volumic energy
density. Moreover, in most cases graphene wrapping or encapsulating can strengthen
the electronic conductivity and the mechanical stability of the electrode, whereas its
limitation to ion diffusion should not be ignored when designing 3DGCs for LIBs.
Therefore, rational design on the pore structure and Interfacial contact within the
3DGCs are crucial to find a balance between the electrochemical performances
according to the different practical requirements.

Although lots of strategies on the construction of 3DGCs with specific
morphologies have been demonstrated, there is still a long way to go. Experimental
results achieved so far on the dimensional-fitting combination and effective
interfacial engineering of graphene and electrochemically active nanomaterials have

35 just opened up a new avenue for the development of high performance electrode
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materials. Scientific details, particularly the dimensional-fitting effects, the
interface-property relationship, the ion/electron transport mechanism, and so on, are
still waiting for systematic and deeper exploration. In addition, feasible strategies
towards well-defined structural and interfacial engineering, economic and scalable

s production, and green and convenient integration of these 3DGCs have to be
carefully addressed as well before being implemented as competitive commercial
building blocks in practical energy storage applications.
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Table 1. Electrochemical performance comparison of some representative 3DGCs for lithium ion batteries.

Active Capacity Current density ~ Voltage
component 3D Graphene based Composites (mAh g™ Cycles (mA g ™) window (V)  Year  Ref.
Tin Sn/graphene nanocomposite 508 100 55 0.01-3.0 2009 175
Graphene supported Sn-Sb@C core-shell particles 978 30 0.1C 0.005-3.0 2010 176
668 2C
Sn-graphene 794 400 C/3 0.01-3.0 2011 297
Multilayered graphene/Sn-nanopillar nanostructure 679 30 50 0.002 -3.0 2011 224
408 5000
Tin-graphene nanocomposites 542 30 1600 0.005-3.0 2012 327
Graphene-confined Sn nanosheets 590 60 50 0.005-2.0 2012 328
RGO-Sn@C nanocables 630 50 100 0.005-2.5 2012 89
N-doped graphene encapsulated Sn NPs 481 100 100 0.005-2.0 2013 329
307 2000
Sn@C embedded graphene nanosheet composites 566 100 75 0.01-3.0 2013 328
Sn/Graphene Composite 600 20 100 0.02-1.2 2014 330
Sn@CNTs on vertically aligned graphene 1013 200 0.25C 0.001-3.0 2014 311
164 300C
Sn@graphene on vertically aligned graphene 1005 120 150 0.001-3.0 2014 293
400 5000 400
Graphene networks anchored with Sn@Graphene 1022 100 0.2C 0.005-3.0 2014 177
682 1000 2000
Tin oxide SnO,/Graphene nanoporous composites 570 30 50 0.05-2.0 2009 117
Sn0O,-G composite 558 60 264 0.01-3.0 2010 126
Ordered metal oxide/graphene nanocomposites 760 100 8 0.02-1.5 2011 120
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Active Capacity Current density ~ Voltage
component 3D Graphene based Composites (mAh g Cycles (mA g™") window (V)  Year  Ref.
SnO,/graphene composites 550 100 0.2C 0.005-2.0 2011 331
460 5C
SnO,/graphene nanocomposite 1304 150 100 0.01-3.0 2011 332
SnO,/graphene composite 840 30 67 0.01-2.0 2011 333
590 50 400
Graphene enwrapped SnO, hollow nanospheres 696 300 500 0.005-3.0 2012 121
307 5000
SnOx-carbon-graphene nanocomposites 565 50 200 0.01-2.0 2012 334
Monodisperse SnO, nanorods on graphene 710 50 100 0.005-3.0 2012 57
SnO, Nanocrystals in Nitrogen-Doped Graphene Sheets 1021 500 500 0.005-3.0 2013 335
RGO/SnO, composite 717 200 100 0.01-2.0 2013 336
512 1000
SnO, nanoparticles entrapped in a graphene framework 500 50 100 0.01-3.0 2013 296
SnO,/graphene composites 872 200 100 0.01-2.5 2013 337
Graphene nanoribbon / SnO, NPs composite 825 50 100 0.01-2.5 2013 128
SnO, nanoparticles anchored on vertically aligned 996 100 80 0.001-3.0 2014 309
graphene 210 5000 9000
SnO,/graphene composites 1024 50 100 0.02-3.0 2014 338
550 10000
Transition Graphene-Wrapped Fe;0, 1026 30 35 0.001-3 2010 82
metal oxide 580 100 700
Fe;0,—graphene nanocomposite 1048 90 100 0.01-3.0 2010 339
Graphene-Encapsulated Hollow Fe;O4 Nanoparticle 832 90 100 0-3.0 2011 143
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Active Capacity Current density ~ Voltage
component 3D Graphene based Composites (mAh g Cycles (mA g™") window (V)  Year  Ref.
Fe;04-Carbon-RGO three dimensional composite 842 100 200 2011 144
Graphene-Encapsulated Fe;O4 Nanoparticles 650 100 100 0-3.0 2011 141
Fe;04-graphene nanocomposites 1280 100 0.1C 2011 340
860 4C
Hollow porous Fe;0,4 beads-RGO composites 1039 170 100 0.005-3.0 2012 69
3D Graphene Foam Supported Fe;0, 785 500 1C 0.01-3.0 2013 300
3D Graphene Foams Cross-linked with Pre- 1059 150 93 0.01-3.0 2013 295
encapsulated Fe;O4 Nanospheres 363 4800
Fe;0,4 nanorod graphene composites 867 100 1C 0.01-3.0 2013 228
569 5C
Fe;0,4-Coated Three-Dimensional Graphene 864 50 200 0.01-3.0 2014 81
Graphene@oa-Fe,0; core-shell NPs 781 100 200 0.01-3.0 2011 214
Graphene sandwiched a-Fe,O; hexagonal nanoplatelets 1100 50 0.2C 0.005-3.0 2013 341
887 1C
Fe;04-SnO,-graphene ternary nanocomposite 1198 115 100 0.01-3.0 2011 342
Graphene-encapsulated Co;0,4 nanoparticles 1000 130 74 0.01-3.0 2010 109
Co30,/graphene hybrid 800 40 200 0.01-3.0 2011
550 1000
Graphene encapsulated mesoporous Co;0, composite 820 35 100 0.01-3.0 2012 138
Metal Two dimensional graphene-SnS, hybrids 650 30 50 0.01-1.3 2012 268
chalcogenide 230 6400
Few-layer SnS,/graphene hybrid 920 40 100 0.01-1.5 2012 287
600 1000
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Active Capacity Current density ~ Voltage
component 3D Graphene based Composites (mAh g Cycles (mA g™") window (V)  Year  Ref.
SnS,@graphene nanocomposites 504 200 0.5C 0.05-1.0 2012 59
SnSx-graphene nanocomposites 860 150 0.2C 0.02-2.5 2012 343
SnS,@reduced graphene oxide nanocomposites 564 60 120 0.01-3.0 2012 261
RGO-supported SnS, nanosheets 896 40 0.1C 0.01-3.0 2013 344
Ultrathin SnS, Nanoplates on Graphene 704 100 0.6C 0.01-3.0 2013 285
MoS,/graphene nanosheet composites 1290 50 100 0.1-3.0 2011 58
Single-layer MoS,/graphene @ amorphous carbon 1116 250 100 0.01-3.0 2011 258
850 1000
MoS,-coated three-dimensional graphene network 877 50 100 0.01-3.0 2013 345
665 50 500
Graphene-like MoS,/graphene composites 940-1020 100 100 0.005-3.0 2013 66
SnSe, nanoplate-graphene composite 640 30 40 0.01-3.0 2011 292
Silicon Nanosize silicon/graphene composite 1168 30 100 0.01-1.2 2010 346
Graphene-silicon composite film 708 100 50 0.02-1.2 2010 179
Silicon nanoparticles-graphene paper composites 1500 200 100 0.02-1.5 2010 183
Si-Graphene Composite 2600 150 1000 0.02-1.5 2011 181
540 150 8000
Nanosilicon-coated graphene granules ~1060 150 1400 0.01-1.0 2011 78
Si-Ph-G nanocomposite 828 50 200 0.01-3.0 2012 178
Si nanowires in graphene papers 1400 30 420 0.005-1.5 2012 55
Si/graphene nanocomposite 1000 30 100 0.01-2.0 2012 182
Graphene/Si multilayer structure 1320 30 50 0.002-2.8 2012 347
Crumpled graphene-encapsulated Si NPs 940 250 1000 0.02-2.0 2012 180
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Active Capacity Current density ~ Voltage
component 3D Graphene based Composites (mAh g Cycles (mA g™") window (V)  Year  Ref.
1200 200
Si/graphene composite 1374 120 100 0.01-3.0 2013 348
RGO-sandwiched SiNWs 3350 20 0.2C 0.002-2.0 2013 215
1200 2C
RGO sandwiched Silicon-Carbon Nanocables 1280 100 2100 0.002-2.0 2013 101
500 8400
3D graphene scaffold supported Si electrode 1310 50 797 0.01-1.5 2013 317
1083 1200 2930
Si@C/graphene nanocomposite 1410 100 500 0.01-2.0 2014 349
3D SiOx/C@RGO nanocomposite 1284 100 100 0.01-1.5 2014 350
Silicon/graphene based nanocomposite 866 200 0.4 mA cm™ 0.02-2.0 2014 351
Graphene encapsulated silicon nanoparticles/vertically 1021 150 150 0.001-1.0 2014 312
aligned graphene 412 8000
Other anodes  Sandwich-structured C/Ge/graphene nanocomposite 993 160 0.4C 0.01-1.5 2013 352
Graphene-encapsulated Ge nanowires 1400 50 1600 0.01-1.2 2013 100
Co(OH), graphene nanosheets composite 910 30 200 0.005-3.0 2010 269
Hollow Structured Li; VO, wrapped with graphene 345 50 20 0.2-3.0 2013 315
nanosheets 223 8000
Lithium iron ~ Nano-structured LiFePO,/graphene composites 160 80 0.2C 2442 2010 353
phosphate 110 10C
LiMn,_Fe PO, nanorods grown on graphene sheets 155 100 0.2C 2011 94
132 20C
107 50C
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Active Capacity Current density ~ Voltage
component 3D Graphene based Composites (mAh g Cycles (mA g™") window (V)  Year  Ref.
Graphene modified LiFePO, 148 0.1C 2.0-4.2 2011 354
70 60C
3D porous LiFePO,/graphene hybrid cathodes 146 100 17 2.5-42 2012 355
Graphene wrapped LiFePO,/C composites 165 60 0.1C 2.0-4.2 2012 210
88 10C
LiFePO,-graphene 160 100 17 2.5-4.2 2013 209
Nano LiFePO, in RGO framework 152 50 0.2C 2.5-4.5 2014 356
LiFePO, NPs encapsulated in graphene nanoshells 122 1000 170 2.0-43 2014 208
84 1700
Sulfur Graphene-wrapped Sulfur particles (70 %) 600 100 0.2C 1.6-2.5 2011 207
(S weight Sulfur/Graphene nanocomposite (44.5 %) 819 100 0.05C 1.0-3.0 2012 357
percent) 662 100 1C
Graphene-enveloped sulfur (87 %) ~500 50 0.2C 1.5-3.0 2012 358
Carbon-sulfur nanocomposite coated with RGO (63 %) 928 100 200 1.0-3.0 2012 359
Sulfur/hierarchical porous graphene (66 %) 1068 80 0.5C 1.5-3.0 2013 360
543 10C
Porous activated graphene nanosheets/sulfur (67 %) 1379 60 0.2C 1.0-3.0 2013 361
685 100 1C
Graphene-sulfur composites (73 %) 615 100 1C 1.5-3.0 2013 204
570 2C
Polydopamine coated RGO/S composite (82 %) 728 500 500 1.5-2.8 2013 362
530 800 1000
Fibrous hybrid of graphene and sulfur (63 %) 541 100 750 1.5-2.8 2013 203
Amylopectin wrapped GO-S composite 441 175 5C/16 1.6-2.8 2013 363
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Active Capacity Current density ~ Voltage
component 3D Graphene based Composites (mAh g Cycles (mA g™") window (V)  Year  Ref.
Graphene sandwiched MWCNT@sulfur (70 %) 844 100 0.2C 1.0-3.0 2013 364
Sulfur-infiltrated graphene-based porous carbon (68 %) 619 100 0.5C 1.7-2.6 2014 365
583 5C
Graphene- Sulfur sandwich structure 950 100 750 1.5-2.8 2014 366
680 300 1500
Other Li3V,(PO,)s/graphene nanocomposites 128 50 0.1C 3.0-4.3 2011 367
cathodes 109 100 20C
LiNi;3Co;3Mn, 30, graphene composite 185 25 0.05C 2.5-44 2011 368
153 5C
LiMn,0O4—graphene composite 123 80 0.2C 3344 2011 157
Rutile TiO,-Graphene Hybrid 170 100 1C 1.0-3.0 2009 174
Anatase TiO,-Graphene Hybrid 160 100 1C
Graphene-based titania nanosheets 162 1C 1.0-3.0 2011 318
123 10C
TiO,-reduced graphene oxide composite 152 100 5C 0.001-3.0 2012 171
TiO, nanocrystals/RGO sheets 189 100 100 1.0-3.0 2013 79
94 10000
Mesoporous TiO, nanocrystals@graphene aerogels 202 60 100 2014 52
99 5000
Graphene-supported Li TisO;, nanosheets 201 100 1C 1.0-2.5 2012 95
141 20C
V,05nanowire/graphene composite 190 50 400 1.5-4.0 2011 220
Ultra-thin V,05 nanowire-graphene composite 230 200 100 1.7-3.8 2012 221
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Active Capacity Current density ~ Voltage
component 3D Graphene based Composites (mAh g Cycles (mA g™") window (V)  Year  Ref.
VO,/graphene ribbons 415 210 1C 1.5-3.5 2013 70
204 1000 190C
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Broader context: Lithium-ion batteries (LIBs) are becoming more and more
attractive for the ever-enlarging markets of portable electronic products,
communication facilities, and electric vehicles. Huge demand has motivated
10 scientific and technological efforts dedicated to developing LIBs with superior
performances, such as higher energy density, higher power density, and longer
cycle life. To achieve these characters, many materials have been investigated as
electrode materials for LIBs. Rationally designed three dimensional graphene-
based composites (3DGCs) have emerged as promising candidates for electrode
1s materials in lithium ion batteries. In this review, recent progress on 3DGCs
encompassing their preparation and application in lithium ion batteries is
summarized, shedding light particularly on the view point of structurual and
interfacial engneering which have demonstrated to play critically important role
for the development of high performance electrode systems. Their advantages
» and disadvantages are compared and summarized based on the results published
in the literatures, new trends of graphene-based electrode materials for high-

performance LIBs are discussed as well.

[journal], [year], [vol], 00-00 | 1
This journal is © The Royal Society of Chemistry [year]



