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Abstract Metal oxides, such as SnO,, Fe,0;,
Fe;0,, CoQ, Co;0,4, NiO, Cu0, Cu, O, MnO,
Mn; O, , MnQO;, etc. , are promising anode materi-
als for lithium-ion batteries (LIBs) due to their
high capacity and safety characteristics. However,
the commercial utility of metal oxide anodes has
been hindered to date by their poor cycling per-
formance. Recent study shows that metal oxide/
graphene composites show fascinating cycling per-
formance as anode materials for LIBs. In this re-
view, we summarize the state of research on prepa-
ration of metal oxide/graphene composites and
their Li storage performance. The prospects and
future challenges of metal oxide/graphene compos-
ites anode materials for LL1Bs are also discussed.
Keywords Metal oxides; Graphene; Anode mate-
rials; Lithium-ion batteries

1. Introduction

By the 21st century, concerns about the short-
age of fossil fuels and the needs to decrease green-
house gas emissions, coupled with the deteriora-
tion of environment, have made people consider
the renewable energy in large scale. Meanwhile,
the efficient energy storage system is highly re-
quired. Since the early 1990s, due to their high ca-
pacity, high voltage, light weight, long cycle life,
low self-discharge rate and absence of * memory
effect”, rechargeable lithium-ion batteries (LIBs)
have proved themselves as one of the most ad-
vanced chemical energy storage devices and hence
recently almost dominate the portable electronics
market. However, more efforts are still needed to

upgrade the performances of LIBs for their further
applications in various large electrical appliances
such as electric vehicles (EVs) and hybrid electric
vehicles (HEVs) as these devices require high ca-
pacity, high power density and especially safety.
In the case of a battery, electrode materials are de-
termining factor for the battery performance. Cur-
rently, graphite is used as an efficient anode mate-
rial for 1.IBs because of its long cycle life, abun-
dant material supply and relatively low cost. Even
though widely used as an anode material for LIBs,
graphite has several disadvantages such as low the-
oretical capacity (372 mA h g7'), safety problems
and so on. The low theoretical capacity of graphite
is insuficient to satisfy the increasing demand for
batteries with higher capacity [1, 27]. Therefore,
scientists have made great efforts to explore alter-
native anode materials with higher capacity and en-
hanced safety.

In the past two decades, metal oxides inclu-
ding transition-metal oxides (M,0,, M=Fe, Co,
Ni, Cu, Mn etc. ) and some main group metal ox-
ides (e. g. SnQ,, etc.) have shown their signifi-
cantly higher capacities, higher potential and bet-
ter safety characteristics than those of graphite an-
odes [3—6]. However, the practical application of
most metal oxides as anode is hampered by their
poor cycle performance, resulting from the serious
volume expansion and contraction during the inser-
tion and extraction processes of Li' [7, 8]. To ad-
dress this problem, various methods have been tested
[9—13]. Results have shown that hybridizing metal
oxides with carbon materials is an effective method to
accommodate the strain of volume change during the
charge/ discharge process [14—197.

Graphene, a one-atom thick and two-di-
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mensional closely packed honeycomb lattice, has re-
ceived numerous investigations from both the experi-
mental and theoretical scientific communities since the
experimental observation of single layer by Novoselov
and Geim in 2004 [20]. Graphene exhibits a number
of intriguing properties, such as excellent intrinsic
carrier mobility (~ 200000 ecm®* V™!s™') [21],
quantum electronic transport [22, 23], high me-
chanical strength and elasticity [ 24 ], superior
thermal conductivity [25], chemical stability with-
in a wide range of electrochemical potentials, and
so on [26]. Those excellent properties of graphene
make it suitable for fabrication into high-perform-
ance composites with other anode materials for
LIBs. Up to date, by using chemistry solution
processes, a lot of papers related to the preparation
of metal oxides/graphene composites with im-
proved Li-storage performance have been reported.
In this work, we first begin with a brief review of
the metal oxides anodes, pointing out the advanta-
ges and disadvantages of metal oxides as LIBs an-
ode materials and an efficient method used to im-
prove their electrochemical performance by making
composites materials electrode with conductive ma-
trixes, such as graphite, carbon nanotubes, con-
ductive polymers, and so on. Qur work focuses on
the metal oxides/graphene composites, The syn-
thesis methods and Li storage performances of
some familiar metal oxide/graphene composites,
such as SnQO,, Fe,0;, Fe,0,, Co0O, Co;Q,, NiO,
CuQ), Cu;O, MnO, Mn,;0Q,, MnQO,, etc. , will be
discussed in separate sections. Finally, the future
prospects and challenges of the metal oxide as an-
ode materials for LIBs will be discussed.

2. Metal oxide anode materials

2.1 Classification and Li storage mechanism

Based on the differences of Li storage mecha-
nisms, metal oxides anodes can be divided into
three groups, Li-alloy reaction model, displace-
ment reaction model and intercalation/extraction
reaction model, The description of each group is
mentioned below:

2.1.1

Li-alloy reaction model is based on the reversi-

Alloyreaction model

ble charging-discharging in metal oxides. It in-

cludes two key processes, i. e. metal alloying and
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de-alloying. In the first process, the metal oxide is
irreversibly converted or reduced to metal that is
subsequently dispersed in the matrix of Li;(). In
the next step, the metal reacts with Li* to form a
variety of Li, M alloys during the charging process,
and the reversible de-alloying process of the Li, M
alloys occurs in the following discharging process.
It is just these alloying/de-alloying processes that
give the metal oxide Li storage capacity. The over-
all reaction process for Li-alloy reaction model can
be described by the below equations:

M,O,+ 2ye + 2yLi* >z2[M]°+yLi, O

M+txe  +zLitLi,M

Several metal oxides such as Ge-, Sn-, Sb-,
and Pb-based oxides follow the alloy model process
[27]. For example, a Sn-based oxide first follows
the conversion reaction mentioned above to form
the Li;OO and metallic Sn, subsequently, the insitu
formed metallic Sn distributed in Lif) can store
and release Li" according to Li-Sn alloying/de-allo-
ying reactions up to the theoretical limit of Li; ;Sn
corresponding to a theoretical reversible capacity of
782 mA h g ' based on the mass of SnQ, [ 28].
However, its poor cyclic performance caused by
large volume changes (up to 300%) during allo-
ying/de-alloying leads to mechanical disintegration
and the loss of electrical connection of the active
material from current collectors.

2.1.2 Displacement reaction model

In the displacement reaction model, the mech-
anism involves the reversible formation and decom-
position of Li,O, accompanying the reduction and
oxidation of transition metal nanoparticles. The
electrochemical reaction mechanism for displace-
ment model can be written as follows:

M,O,+ 2ye” + 2yLit < x[M]°+yLi,0

M is a transition metal such as Fe, Co, Ni, Mn
or Cu, etc. [4]. The final product consists of homo-
geneous distribution of metal nanoparticles in the range
of 1—10 nm embedded in a Li,O matrix. The electro-
chemically driven nano-sized confinement of the metal
particles is believed to enhance their electrochemical re-
activity. However, their application in practical LIBs is
significantly hindered by the poor cyclic performance a-
rising from huge volume expansion and severe aggrega-
tion of metal oxides during charge/discharge. Another
drawback is the large voltage hysteresis between
charge and discharge together with poor energy effi-
ciency.
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2.1.3 Li'
tion model

intercalation/deintercalation reac-

For metal oxides with layered structures, Li*
intercalation/deintercalation can occur in the open
channels of layered structures through diffusion,
while the structural integrity of the host lattice is
normally conserved. The intercalation/deintercala-
tion reactions typically occur around room temper-
ature. The electrochemical reaction mechanism for
ntercalation/deintercalation reaction model can be
written as follows;

M,0,+ 2ye” + 2yLi* «>Li,MO,

Several metal oxides such as MoQ,, MoQ;,
WO; and TiQ, etc. , are examples that follow the
intercalation/deintercalation reaction model [27].
For instance, TiQ; is a common anode metal oxide
that follows a typical Li intercalation process with
a volume change smaller than 4% in the reaction:
TiO, + zLi* + xe” < 4Li, TiO, (0<<x<<1). The
lithium intercalation and deintercalation process
with a small lattice change ensures its structural
stability and cycling life. The lithium intercalation
potential is about 1.5 V, thus intrinsically main-
taining the safety of the electrode through the a-
voidance of electrochemical Li deposition. Howev-
er, its drawback is low specific capacity, poor lith-
ium ionic and electronic conductivity and high po-
larization, resulting from the slow ionic and elec-
tronic diffusion of bulk TiO,[29].

2.2 Advantages and limitations of metal ox-
ides as anode materials for LIBs

There are several key requirements necessary for
an anode material in rechargeable L.IBs. The require-
ments are as follows: (1) the anode material should
react with lithium in a reversible manner and the volt-
age should be low; (2) the anode material should ex-
hibit high capacity; (3) the anode material should ex-
hibit good structural stability which in fact leads to the
long cycle life; (4) the anode material should possess
good electronic conductivity; (5) the material should
be chemically and biologically safe. Based on the above
requirements for good anode materials, the advantages
and disadvantages of metal oxides as anode materials
for LIBs have been mentioned with reference to the
currently used graphite anodes. Compared with the
graphite anodes, the obvious advantages of the metal
oxide anodes are their high capacity and safety charac-
teristics.

Currently, the practical use of metal oxides in
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LLIBs is mainly hampered by their poor long-term
cycling stability and intrinsic low charge/ionic con-
ductivity, which indicates that they cannot well
meet the requirements mentioned in (3) and (4).
For the metal oxides that follow the Li alloy model,
such as Sn();, the practical utilization of them in sec-
ondary batteries is hindered due to the dramatic volume
change associated with the alloying and de-alloying
process. For SnQ;, the reaction of SnQ, with Li ex-
cessively increases the volume which leads to abruption
between the yield nanoparticles and the current collec-
tor, and hence the disintegration of the electrodes, re-
sulting in poor cycling performance., Similar to the Li-
alloying process, metal oxide anodes that follow the
conversion reaction of the displacement or intercalation
models also yield large volume variation upon the elec-
trochemical cycling. Additionally, the poor electronic
conductivity of the metal oxides leads to the polariza-
tion of the electrode even at a very low current rate,
thus greatly decreases the power density of LIBs.

2.3 Strategy for metal oxide/graphene com-
posite anode

To overcome the problems related with metal
oxide anodes {or LIBs, several strategies have been
developed during the past decades. An efficient
strategy is to prepare composite electrodes with
other materials, such as graphite [ 30], carbon
nanotubes [ 31], conductive polymers [32], and so
on. These conductive matrixes used to prepare
composite electrodes, not only act as physical buff-
ering layer for the large volume changes but also as
conductor which could enhance the electronic con-
ductivity of the electrode. Because of its high elec-
trical conductivity and mechanical flexibility, gra-
phene is emerging as one of the most appealing ma-
trices for improving the performance of metal ox-
ides anode. Using this unique 2D ultrathin flexible
material, a lot of metal oxide/graphene composite
anode materials were reported, in which metal ox-
ides are anchored onto the surface of graphene, or
wrapped between graphene layers, or encapsulated
by individual graphene nanosheets (GNS). Gra-
phene with 3D structures exhibit a large elastic
buffer space to accommodate the volume expan-
sion/contraction of metal oxide particles and con-
fine them during the Li insertion/extraction
process, This efficiently prevents the aggregation
and cracking or crumbling of the electrode material
upon cycling. On the other hand, graphene as an
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excellent conductive carbon material in metal oxide
electrodes is expected to construct a 3D conductive
network among metal oxide particles, and thus
maintains the large capacity, good cycling perform-
ance and high rate capability [29].

In the following sections, overview on the
synthesis and Li storage properties of various metal
oxide/graphene composite anode materials will be

presented.

3. Synthesis and Li storage properties of met-
al oxide/graphene composite anode

3.1 SnO;/graphene composites anode

Since it has been discovered as an important
potential anode material for LIBs with high capaci-
ty, SnQ, has attracted wide attention [33]. How-
ever, as mentioned above, the biggest problem
that hinders the practical use of Sn(); is the fast ca-
pacity fading upon cycling. Sn();/graphene com-
posites have attracted particular attention because
of their improvable electrochemical performances,
especially cycling performance.

The SnO,/graphene composites were first re-
ported by Paek et al. [34]. They prepared a
SnQ,/ nanoporous graphene composites anode ma-
terial with a delaminated structure by assembling
SnO; nanoparticles on GNS in an ethylene glycol
solution. The composites display higher capacity
and better cycling performance than that of SnQ,
without graphene (Figure 1). The as-prepared
Sn0,/GNS exhibits an initial reversible capacity of
810 mA h g! and remains at 570 mA h g~' after
30 cycles, while the specific capacity of the bare
Sn0), nanoparticles on the first charge is 550 mA h

' only after

g ', but drops rapidly to 60 mA h g~
15 cycles. Another early example is that Yao et al.
reported an in situ chemical synthesis approach to
prepare SnQ,/graphene nanocomposite [35]. The
prepared SnQ,/graphene nanocomposites exhibit

' and

an initial reversible capacity of 765 mA h g~
remains at 520 mA h g™! after 100 cycles. Li et al.
developed a facile and efficient method to prepare
the Sn0Q,/GNS on the basis of the reduction of gra-
phene oxide (GO) by Sn**. The prepared SnO,/
GNS exhibits an initial reversible capacity of 541.3
mA h g~! and remains at 377. 3 mA h g7} after 35
cycles [36]. Almost at the same time, another

Sn0,/GNS were also prepared by oxidation-
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reduction reaction between GO and Sn**, and those
prepared Sn0O,/GNS show improved Li storage
performance [37, 38]. Different from the reported
methods to prepare the SnQ,/GNS composites
based on oxidation-reduction reaction between GO
and Sn?* , Liang et al. developed a facile one-step
solution route to in situ chemically synthetize
SnQ), /GNS from GO, DMSO/H,0 and Sn'" (Fig-
ure 2) [39]. The mixture of DMSO and H.O was
used as both solvent and reactant. In the reaction
system, DMSO not only reduces GO to RGOs, but
also results in the formation of Sn(); nanoparticles
facilitated by the presence of H,O. The as-pre-
pared SnQ,/GNS composites show excellent Li
storage performance. More recently, by using the
in situ monohydrate vapor reduction to prepare
Sn(); nanocrystals/nitrogen-doped reduced gra-
phene oxide composites material (Figure 3), Zhou
et al. have enabled Sn(), nanocrystals to approach
the theoretical capacity of Sn0O; as an anode materi-
al for LIBs [40]. The as-obtained hybrid materials
exhibit excellent properties in terms of cycling per-
formance and rate capability as well as cycle life for
L.IBs, benefiting from the nano-sized Sn(), parti-
cles, the highly conductive graphene, and the Sn-N
bond formed between graphene and Sn(), nanocrys-
tals. Prabakar developed a facile in situ solution-
based self-assembly procedure to synthesize well-
ordered and densely packed alternating graphene
layers with crystalline SnO, nanoparticles [41].

Increased capacity: Li* can be Intercalated into both GNS and SnO,

@ Reassembling |.."
|

Graphene nanosheets (GNS)

SnO,/GNS

&3 Li* insertion
| g pd
(e

- =
Li* extraction

Schematic of the synthesis and structure of

Figure 1
GNS/Sn0,. Reproduced from [34]. Copyright 2010,
American Chemical Society.

SCIENCE FOUNDATION IN CHINA



$n*, DMSO/M20,
180 C, 10

graphene oxide

SnO,/graphene (2 SnO2 .nanoparudes)
Figure 2 Scheme illustration for the synthesis of Sn(),/

GNS nanocomposites. Reproduced from [39]. Copyright
2012, American Chemical Society.

Figure 3 (a, b) SEM (a) and high-magnifi cation SEM
(b) images of Sn(); NCN-RGQ. (c¢) TEM image of Sn(),
NCN-RGQ). Inset; The corresponding SAED pattern.
(d) HRTEM image of Sn(); NCN-RGQ. Reproduced
from [40]. Copyright 2013, John Wiley &. Sons, Inc.

The opposite polarity of the Sn();-anchored
graphene and amine-functionalized graphene facili-
tates electrostatic pre-aligning, which eliminates
macropores and a significant fraction of micro-me-
The Sn0O;-an-
chored graphene/amine-functionalized graphene

sopores after thermal reduction.

displays excellent Li-storage capability with sur-
prisingly stable capacity retention (872 mA h g~!
after 200 cycles at a rate of 100 mA g '). Wang et
al. reported a system-level strategy of fabrication
of reduced graphene oxide (RGQO)/SnQ), compos-
ite-based anode for LIBs [42]. They designed a
new RG()/Sn(),;-based electrode composite through
coating it by a functional buffer layer and cross-
linking the buffer layer and binder to address the
issue of poor cyclic performance of Sn(),-based an-
odes (Figure 4). The prepared RG()/Sn(), com-
posite exhibited a good cyclic performance with ca-

1

pacity up to 718 mA h g ! at current density of 100
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mA g ' after 200 cycles and an excellent rate per-

formance.

vo'p N

Pha.

200 nm
wemEsRaseT

- -
Figure 4 Characterization of PD-coated RGQ/Sn(), com-
posite, TEM image (a), TG and DTG curves (b), DF-
STEM image and corresponding element mapping images
of C, N, O, and Sn (c). Reproduced from [427]. Copy-
right 2013, American Chemical Society.

Compared with SnO), nanoparticles/graphene
composites, the Sn(), with specific morphologies
hybrid with GNS shows better Li storage perform-
ance, and some papers about this area were repor-
ted [43—46]. Ding et al. developed a hydrother-
mal method to directly grow SnQ), nanosheets on
graphene oxide support that is subsequently re-
duced to graphene [43]. The unique SnQ),/gra-
phene hybrid structure exhibits enhanced Li stor-
age properties compared to the pure Sn(), nanoshe-
ets. The prepared Sn(), nanosheets/graphene com-
posites show reversible capacity of 518 mA h g !
after 50 cycles at 400 mA g "'. Another example of
specific morphologies Sn(),/graphene composites is
that Kim et al. controlled surface charge to prepare
echinoid-like Sn(), uniformly decorated on GNS
[44]. The echinoid-like Sn(),/GNS composite re-
tains a reversible capacity of 634 mA h g~ ! after 50
cycles. Xu et al, developed a facile one-step hydro-
thermal procedure to prepare hybrid materials of
Sn(), nanorods on graphene sheets [45]. Com-
pared with bare Sn(), nanorods, the SnQ, nano-
rods/GNS shows higher reversible specific capacity
and more outstanding cycling stability. The pre-
pared Sn(), nanorods/GNS exhibits an initial dis-
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Iat cur-

charge capacities of 1147 and 928 mA h g’
rent densities of 100 and 200 mA g~', respective-
ly. After 50 cycles, the capacities are 710 and
574.6 mA h g™! with a capacity loss of 0. 3% per
cycle with the current density of 100 and 200 mA
g”' while the initial specific capacity of the bare
SnO, nanorods is 1610 and 1027 mA h g ', drop-
ping rapidly to 237 and 105 mA h g™ ' after 50 cy-
cles at the same current densities. Recently, Zhou
et al. synthesized graphene enwrapped SnQO, hol-
low nanospheres as robust high-capacity anode ma-
terials for LIBs [46]. The as-obtained SnO, hollow
nanospheres/graphene exhibits stable cycle ability
and superior high-rate capability. A specific capaci-
ty as high as 696 mA h g~' is obtained even after
300 cycles under 0.5 A g™'.

Owing to their attractive characteristics, LIBs
are not only widely used in conventional electronic
devices (47, 48], but also hold great promise for
powering flexible electronics if they can be fabrica-
ted into a flexible form [49]. Some reported metal
oxide/graphene composites films show great poten-
tial for flexible LIBs. By coupling a simple filtra-
tion method and a thermal reduction together, Li-
ang et al. prepared a flexible free-standing SnQ,/
graphenc nanocomposites film (Figure 5) [50].
Compared with the pure SnQ, nanoparticles, the
nanocomposites exhibited a better cycling stability,
because the graphene with high mechanical
strength and elasticity can work as a buffer to pre-
vent the volume expansion and contraction of SnO,
nanoparticles during the Li™ insertion/extraction
process. Meanwhile, compared with single gra-
phene films, the GSP showed a higher capacity be-
cause of the hybridizing with higher capacity SnQO,
nanoparticles. By using 7, 7, 8, 8-tetracyano-
guinodimethane anion as both the nitrogen source
and the complexing agent, Wang et al. developed a
new facile route to fabricate N-doped graphene-
SnQ, sandwich papers [51]. When used in LIBs,
the prepared paper exhibits a very large capacity,
high rate capability, and excellent cycling stabili-
ty. The N-doped graphene-SnO, sandwich papers

! after 50 cy-

keep a high capacity of 910 mA h g~
cles at current densities of 50 mA g™'. They indi-
cate that the enhanced electrochemical perform-
ances of the sandwich papers can be attributed to
the structural features that provide a large number

of surface defects induced onto the graphene by N-
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doping, excellent electronic conductivity, short
transportation length for both lithium ions and e-
lectrons, and enough elastomeric space to accom-
modate volume changes upon Li* insertion/extrac-
tion.

.'>

.

9 =N

|~ = R < ] w8 —
: R O RN iy
B o ; g . .:

Figure 5 (ac) Low-, middle-, and high-resolution

FESEM cross section images of the paper; (d, e) low and
high magnification FESEM top view images of the paper;
([) photograph of the as-prepared GOSP. Reproduced
from [50]. Copyright 2012, American Chemical Society.

As a group of novel porous materials with ad-
vantages of low mass density, continuous porosi-
ty, high surface area and high electrical conductivi-
ty, metal oxide/graphene xerogels can be explored
as novel anode materials for LIBs [527]. Liang et
al. successfully prepared a novel 3D macroscopic
SnQ,/graphene aerogel, with interconnected
macroporous networks, in high yield and on a large
scale by a facile one-step method (Figure 6) [537.
The reduction of GO to graphene, the self-assem-
bly of graphene sheets to form 3D macroscopic aer-
ogel and the in situ uniform deposition of SnQO,
nanoparticles were realized in one step. Moreover,
the electrochemical results show the facilely sepa-
rable and low-cost SnQ,/graphene aerogel provides
excellent capacity and cyclic stability. Huang et al.
developed a method to prepare 3D hierarchical
SnQ,/graphene frameworks by the in situ synthe-
sis of 2D SnQ,/graphene nanosheets followed by
hydrothermal assembly [54]. These SnQ,/gra-
phene frameworks exhibited a 3D hierarchical por-
ous architecture with mesopores (=3 nm), macro-
pores (3—6 um), and a large surface area (244 m?
g~ "), which not only effectively prevented the ag-
glomeration of Sn(), nanoparticles, but also facili-
tated fast ion and electron transport in 3D path-
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ways. As a consequence, Sn(),/graphene frame-
works exhibited a high capacity of 830 mA h g™!
for up to 70 charge-discharge cycles at 100

(a—c) Low-, middle- and high-resolution
FESEM cross-section images of the SGA; (d) photo-
graph of the scaled-up synthesis of the SGA [53]. Copy-
right 2013, The Royal Society of Chemistry.

Figure 6

3.2 Fe, Co and Ni oxides/graphene compos-
ites anode

It is reported that 3D transition-metal oxides
such as nickel oxides, cobalt oxides, and iron ox-
ides exhibit reversible capacities about three times
larger than those of graphite (2, 55]. Similar to
the Sn(); anode, the notorious problems of 3D
transition-metal oxides as anode materials are the
poor cycling performance. Recently, the enhanced
electrochemical performance of iron, cobalt and
nickel oxides has been reported through the fabri-
cation of composites with graphene.

Zhang et al. developed a green and effective
methodology to prepare Fe,O,/graphene compos-
ites [ 56 ]. The essence of their method was that
ferrous ions could serve as both reductant and the
iron source for Fe;O;. As anode materials for
I.LIBs, the prepared Fe,();/graphene composites a-
chieved high reversible capacities of about 800 mA
h g~' after 100 cycles at a charge-discharge rate of
0.2 C. Moreover, they delivered rate capacities as
high as 420 mA h g”' at arate of 5 C. They indica-
ted the improved performance toward the storage
of Li' was ascribed to graphenc sheets, which ac-
ted as volume buffers and electron conductors. U-

sing a two-step synthesis by homogeneous precipi-
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tation and subsequent reduction of the GO with hy-
drazine under microwave irradiation to yield RGO
platelets decorated with Fe;O; nanoparticles, Zhu
et al. prepared a RG()/Fe,0; composite (Figure 7)
[57]. As an anode material for LIBs, the RGO/
Fe,(); composite exhibited discharge and charge ca-
pacities of 1693 and 1227 mA h g™', respectively,
with good cycling performance and rate capability.
Characterization shows that the Fe,O, nanoparti-
cles are uniformly distributed on the surface of the
RGO platelets in the composite. The total specific
capacity of RGO/Fey(); is higher than the sum of
pure RGO and nanoparticle Fe;Q;, indicating a
positive synergistic effect of RG() and Fe,(); on the
improvement of electrochemical performance. Du
et al. synthesized a-Fe,(); /RGO composite by a hy-
drothermal method. Fe(OH); sol is creatively em-
ployed as the precursor and no nucleating agent is
employed to help Fe*' change to Fe(OH);[58]. In
the hydrothermal process, Fe (OH); sol trans-
forms to a-Fe) ), particles and G() becomes RG()
with hydrazine hydrate. The as-prepared a-Fe, ),/
RGO containing 73% a-Fe,(, exhibits the highest
reversible specific capacity of 950 mA h g ! after
70 cycles at a current density of 100 mA g''.
When the current density is 800 mA g ', the ca-

', showing su-

pacity still remains as 700 mA h g
perior rate capability, More recently, Chen et al.
synthesized a Fe,();/graphene composite by a one-
pot surfactant governed approach under mild wet-
chemical conditions [59]. The Fe,0; nanoparticles
with relatively uniform size were encapsulated by
graphene layers and were able to form core-shell

nanostructures (Figure 8).

Rl Oraphene aade [P a—," @ Fa(OH)

Fe,

Figure 7  Scheme of RG()/Fel); composite [orming
mechanism [57]. Copyright 2011, American Chemical

Society.



Figure 8 Typical SEM (a and b) and TEM (¢ and d)
images of HNGNS composites [59]. Copyright 2013,
The Royal Society of Chemistry.

The as-prepared Fe,);/graphene core-shell
nanostructures exhibited a high reversible specific
capacity of 1040 mA h g’ at a current density of
200 mA g~ ' (0.2 C) after 180 cycles and excellent
rate capability and long cycle life. Furthermore, a

reversible capacity as high as 500 mA h g™

was
still achieved after 200 cycles even at a high rate of
6 C.

Yang et al. prepared Co,O,/graphene with
core-shell structure by electrostatic forces [ 60 ].
The method enables a good encapsulation of elec-
trochemically active metal oxide nanoparticles by
graphene sheets, thus leading to remarkable Li-
storage performance, including highly reversible
capacity and excellent cycle performance. Wu et
al. developed a facile strategy to synthesize a com-
posite of graphene anchored with Co;O, nanoparti-
cles as an anode material for LIBs [61]. The Co,0,
nanoparticles obtained are 10—30 nm in size and
homogeneously anchored on graphene. They indi-
cate that the flexible structure of 2D graphene
sheets and the strong interaction between Co;0;
nanoparticles and graphene sheets in Co,0,/gra-
phcne composite are beneficial for efficiently pre-
venting volume expansion/contraction and aggre-
gation of Co,0O, during Li charge/discharge
process. Therefore, such a composite is capable of
effectively utilizing the good conductivity, high
surface area, mechanical flexibility, and good elec-
trochemical performance of graphene as well as the
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large electrode/electrolyte contact area, short path
length for Li* transport, and good stability for
nanostructured Co,0, particles. As a result, the
Co,0, /graphene composite exhibits a large reversi-
ble capacity (~ 935 mA h g™ ! after 30 cycles), ex-
cellent cyclic performance, high coulombic efficien-
cy (above ~ 98%), and good rate capability.
Chen et al. prepared a Co:0,-graphene sheet-on-
sheet composite by a microwave-assisted method
[62]. Graphene nanosheets were tightly stacked
with porous Co,0; nanosheets, whereby reassem-
bly of GNS to graphite platelets was prevented.
The sheet-on-sheet composite showed a very large
capacity of 1235 mA h g~' and distinguished supe-
rior rate capabilities. A high capacity of 931 mA h
g ! was still observed at a large rate of 5 C (4450
mA g~ '). They indicate the complementary syner-
getic effect of the composite may be attributed to
the prevented aggregation of graphene nanosheets,
which were separated and stabilized by Coy04
nanosheets and increased electrical conductivity
and mechanical stability of Co;O, porous nanoshe-
ets in the presence of graphene nanosheets. Li et
al. developed a simple and scalable preparation ap-
proach of Coi0),/graphene nanocomposites via a
chemical reduction process of GO in a NaBH, solu-
tion [ 63]. The cycle performance was determined
for up to 60 cycles with an excellent cycle stability
The Coy0,/graphene

composites demonstrated enhanced Li* intercala-

and high rate capability.

tion properties for not only superior electronic con-
ductivity but also layer-structure of graphene and
possessed a specific discharge capacity of 941 mA h
g ' in the initial cycle and 740 mA h g7' after 60
cycles.

Zou et al. reported a hydrothermal prepara-
tion of Ni()/graphene sheet-on-sheet and nanopar-
ticle-on-sheet nanostructures [ 64]. The sheet-on-
sheet nanocomposite showed highly reversible
large capacities at a common current of 0.1 C and
good rate capabilities. A large initial charge capaci-
ty of 1056 mA h g~! was observed for the sheet-on-
sheet composite at 0. 1 C, which decreased by only
2.4% to 1031 mA h g~' after 40 cycles of dis-
charge and charge. They indicate the cycling per-
formance of the NiQ/graphene sheet-on-sheet
nanostructures is better than that of NiO nanoshe-

ets, graphene nanosheets, NiO-graphene nanopar-
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ticle-on-sheet, and previous carbon/carbon nano-
tube supported NiQ) composites. They believe that
the mechanical stability and electrical conductivity
of Ni() nanosheets are increased by graphene
nanosheets, the aggregation or restacking of which
to graphite platelets are, on the other hand, effec-
tively prevented by NiO nanosheets. Kottegoda et
al. prepared a graphene/NiQO nanocomposite by a
controlled hydrothermal method and the as-pre-
pared nanocomposites showed high rate capability
and long cycle life as anode in LIBs [65]. A capac-
ity of 450 mA h g™! after 100 cycles at 1 C and a
discharge capacity of 185 mA h g7' at 20 C were
obtained. They indicate the graphene plays a dual
role in delivering good performance. Firstly, gra-
phene works as a supporting material for the nano-
structured NiQ) particles to give good mechanical
stability for lithium insertion and de-insertion.
Secondly, as a Li' insertion material, the gra-
phene provides good energy storage capacity,

3.3 CuO/graphene composites anode

Although the electrochemical performance of
Cu()/graphene composites as LLIBs anode materials
have not been widely investigated, their advanta-
ges compared with the bare Cu() anodes have been
already confirmed by some literature [ 66—68 ].
Wang et al. synthesized a self-assembled Cu()/gra-
phene urchin-like structure by a simple solution
method (Figure 9) [66]. Compared with pure CuQ)
urchin-like structure, the as-prepared Cu()/gra-
phene nanocomposite exhibits a remarkably en-
hanced cycling performance and rate performance.
During all the 100 discharge-charge cycles under a
current density of 65 mA g', the CuQ/graphene
electrode can stably deliver a reversible capacity of
600 mA h g'. At a high current density of 6400

', the specific charge capacity of the Cu()/

mA g~
graphene nanocomposite is still as high as 150 mA
h g ', which is three times larger than that of gra-
phene (48 mA h g '), while that of Cu(Q) is nearly
null under the same current density., Mai et al.
prepared Cu()/graphene composite by an in situ
chemical synthesis approach [67]. The Cu()/gra-
phene composite exhibits a reversible capacity of
561.4 mA h g '. After 50 cycles the discharge ca-
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', which is a-

pacity still remains at 423 mA h g~
bout 75. 3 % retention of the reversible capacity,
while the specific capacity of the bare CuQ on the
first charge is 752. 4 mA h g~', dropping rapidly
to 226 mA h g ' only after 50 cycles. Lu et al.
hybrid

nanostructures by a fast microwave irradiation

prepared Cu()/graphene layer-by-layer
method [68]. These Cu(Q) nanostructures were uni-
formly dispersed on GNS, forming layer-by- layer
nanostructures after drying and stacking. When used
as anode materials for LIBs, the Cu()/GNS composites
showed substantially enhanced lithium-storage capaci-

ties compared to CuO materials and GNS.

'L el A A

Figure 9 SEM and TEM images of the as-prepared
CuO (a, ¢, e) and CuQ/graphene (b, d, ) [66].
Copyright 2010, The Royal Society of Chemistry.

3.4 Mn oxide/graphene composites anode

In the past decade, Mn oxide has been investi-
gated as an effective anode material for LIBs be-
cause of its low cost, low toxicity and high capaci-
ty. The electrochemical performance of the Mn ox-
ide has been significantly improved by the fabrica-

tion of composites with graphene [69—73]. Wang
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et al. developed two-step solution-phase reactions
to form composites of Mn;O, nanoparticles on RGO
sheets for LIBs applications (Figure 10) [69]. Se-
lective growth of Mn;0; nanoparticles on RGO
sheets, compared with free Mn;O, particle growth
in solution, allowed for the electrically insulating
Mn;O, nanoparticles to be wired up to a current
collector through the underlying conducting gra-
phene network. The Mn; O, nanoparticles formed
on RGO show a high specific capaeity up to ~ 900
mAhg ',
good rate capability and cycling stability, owing to

near their theoretical capacity, with

the intimate interactions between the graphene
substrates and the Mn;0, nanoparticles. Yu et al.
prepared a free-standing layer-by-layer assembled
hybrid graphene/MnQ, nanotube thin films by an
ultrafiltration technique [ 70]. The graphene/
MnQ, nanotube films as anode present excellent
cycle and rate capabilities with a reversible specific
capacity based on electrode composite mass of 495
mA h g~ ! at 100 mA g~! after 40 cycles with vari-
ous current rates from 100 to 1600 mA g~'. On the
contrary, graphene-free MnQ, nanotube electrodes
demonstrate only 140 mA h g~ ! at 80 mA g~ ! after
10 cycles. Furthermore, at a high current rate of
1600 mA g~!, the charge capacity of graphene/
MnQ), nanotube film reached 208 mA h g7'. Guo
et al. fabricated a hierarchically nanostructured

composite material of layered birnessite-type
MnQ),/polymerized poly (3, 4-ethylenedioxythio-
phene)/graphene that can significantly improve
[.LIBs performance due to its unique structure and
composition, each component of which plays a u-
nique role [71]. The composites shows a discharge

1

capacity of 1105 mA h g! on the second cycle, re-

' after 15 cycles.

maining at as high as 948 mA h g~
Even increasing the charge/discharge rate, the
composites can still deliver a reversible capacity of
930, 836, and 698 mA h g~ at rates of 100, 200,
and 400 mA g~!', respectively. Hsieh et al. fabri-
cated a MnO/graphene composite through a simple
chemical-wet impregnation followed by the thermal
The MnO-attached GNS anode

delivers a reversible capacity of 635 mA h g7' at 0.

reduction route.

2 C[72]. Li et al. synthesized a nanocomposite of
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Mn;0, wrapped in graphene sheets via a facile, ef-
fective, energy-saving, and scalable microwave hy-
drothermal technique [73]. The as-prepared nano-
composites shows a high specific capacity of more
than 900 mA h g™' at 40 mA g~ ', and excellent cy-
cling stability with no capacity decay can be ob-

served up to 50 cycles.
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Figure 10 Mny(; nanoparticles grown on GQ. (a) Schemat-
ic two-step synthesis of Mn; (), /RGQO. (b) SEM image of
Mn; O, /RGO hybrid, (¢) XRD spectrum of a packed thick
film of Mn;QO); /RGO. (d) TEM image of Mn;Q, /RGQ; inset
shows the electron diffraction pattern of the Mn;(), nanoparti-
cles on RGQO. (e) High-resolution TEM image of an individu-
al Mny(), nanoparticle on RGO [69]. Copyright 2010, Amer-
ican Chemical Society.

4, Conclusion and future prospects

We have reviewed the recent advance in syn-
thesis and applications of metal oxide/graphene
composite materials for LIBs. The critical role of
graphene in the composites is due to its unique
structures and properties such as high surface
area, ultra-thin thickness, excellent electrical con-
ductivity, superior thermal conductivity, high me-
chanical strength and elasticity, chemical stability
within a wide range of electrochemical potentials
and so on. Therefore, graphene can serve as an i-

deal 2D support for depositing or assembling very
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small nanoparticles with well-defined structures,
creating various graphene-based materials with ex-
cellent application performance. The improved per-
formance of metal oxide/graphene composites as
anode for LIBs should be attributed to the unique
features of the composites. On the one hand, the
main reason for the rapid fading of metal oxide e-
lectrode is that the large volume change of the met-
al oxide occurs during the charge-discharge cycle,
leading to cracking and pulverization of the elec-
trode. Graphene have excellent mechanical proper-
ties. A super flexiblecoating made of high mechan-
ically graphene sheets covered with the metal oxide
nanocrystals not only provides an elastic buffer
space to accommodate the volume changes upon
Li* insertion/extraction but also efficiently pre-
vents the aggregation of the nanoparticles and the
cracking or crumbling of the electrode material;
therefore, a better cycle stability can be obtained.
Even though volume expansion still exists, the e-
lectrode will not pulverize as the graphene sheets
can deform resiliently to accommodate such volume
changes. On the other hand, the graphene sheets
with high surface area can build a better conductive
network which could promote the electron transfer
during the lithiation and delithiation process. In
the composites, the electronic transport speed is
effectively accelerated compared with the single
metal oxide nanocrystals. Futhermore, the gra-
phene sheets can provide a continuous conductive
path in between the metal oxide nanocrystals,
which can reduce the particle-particle interface re-
sistance effectively. The in situ forming of the
metal oxide nanocrystals, the electrostatic attrac-
tion between electron-rich Sn atoms and electron-
unsaturated carbon atoms of graphene enable the
metal oxide nanocrystals to be firmly anchored on
graphene surface and thus enhance the conjunction
stability of the composites. The close contact be-
tween the metal oxide nanoparticles and the super
electroconductive graphene can also minimize the
electrical isolation of nanoparticles during battery
cycles. The above synergetic effects arising from
the particular structure of metal oxide/graphenc

composites is responsible for the excellent electro-
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chemical performance of the composites anode.
Due to these synergistic effects, integration of
metal oxides and graphene in a composite fully uses
each active component and consequently achieves
excellent electrochemical performance in LIBs
through materials design and fabrication. Despite
the short period of research, metal oxide/graphene
composites with various structures have show
greatly improved electrochemical performance as e-
lectrodes of L.IBs, such as high capacity, improved
rate capability, improved cycling stability. It is
worth to note that, among the various applications
of metal oxide/graphene composites, L.IBs have so
far attracted more and more attention and are very
likely to be commercially used in the near future
through further optimization toward designing the
metal oxide/graphene materials. However, several
important challenges still urgently need to be over-
come: (1) For LIB applications, the fast charge
transfer processes in the electrode is very impo-
tent. However, in most reported metal oxide/gra-
phene composites, the charge transfer is slow be-
cause of the weak interface interaction between
graphene and metal oxides. Therefore, a good un-
derstanding of surface chemistry on graphene and
metal oxides is important to increase the interfacial
interactions and thus achieve fast charge transfer.
(2) Rational design and control of the morphology
and phase composition of metal oxides on graphene
can ensure reproducibility and better understanding
of the structure-property relationships. However,
it is still a challenge to control of the morphology
and phase composition of metal oxides in the prep-
aration process. {(3) Understanding and clarifying
the effects of graphene on the LLIBs performance of
metal oxide/graphene composites are also impor-
tant. However, the report about this field is rare.
(4) Graphene with unique properties of high me-
chanical strength and elasticity, lightweight and
flexible will open up enormous opportunities for
the fabrication of thin and flexible electrodes for
LLIBs. (5) New approaches to fabricate metal ox-
ide/graphene composites is need to be developed,
which must involve a combined focus on controlled

synthesis and improved LIB performance of novel
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composite materials, (6) Considering the final in-
dustrial implementation, the successful application
of metal oxide/graphene composites requires a
comprehensive improvement in methodology and
performance and better compatibility of the com-
posites for use in the whole LIB device, not merely
high performance of the composite electrodes in
some aspects, (7) The large-scale, low-cost and
simple production of metal oxide/graphene is still a
challenge. With continuous exploitation, it is be-
lieved that metal oxide/graphene composite materi-
als for LIBs will realize many practical applica-

tions.
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