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Recent advances in graphene and its metal-oxide
hybrid nanostructured for lithium-ion batteries

Manish Srivastava' %, Jay Singh’, Tapas Kuila*!, Rama K. Layek,
Nam Hoon Kim®, Joong Hee Lee"’

Today, one of the major challenges is to provide green and powerful energy sources for a
cleaner environment. Rechargeable lithium-ion batteries (LIBs) are promising candidates for
energy storage devices, and have attracted considerable attention due to their high energy
density, rapid response, and relatively low self-discharge rate. The performance of LIBs
greatly depends on the electrode materials; therefore, attention has been focused on designing a
variety of electrode materials. Graphene is a two-dimensional carbon nanostructure, which has
a high specific surface area and high electrical conductivity. Thus, various studies have been
performed to design graphene-based electrode materials by exploiting these properties. Metal-
oxide nanoparticles anchored on graphene surfaces in hybrid form have been used to increase
the efficiency of electrode materials. This review highlights the recent progress in graphene
and graphene-based metal-oxide hybrids for use as electrode materials in LIBs. Particularly,
emphasis has been placed on the synthesis methods, structural properties, and synergetic
effects of metal-oxide/graphene hybrids towards producing enhanced -electrochemical
response. These hybrid materials have shown significant improvement in the performance of

electrode materials.

1. Introduction

In response to the needs of modern society and rapid industrial
development, it is necessary to design high-efficiency,
environmentally ~friendly, and low-cost energy sources. ™
Conventional energy sources based on combustion technologies are
playing a major role in meeting energy needs. Nevertheless, major
issues are associated with these sources, such as rapidly increasing
prices, environmental consequences, and global climate change.
These serious problems have necessitated the development of
alternative energy sources. In this regard, biomass,’ wind,® solar
cells,’ fuel cells,® high energy density batteries,” and
supercapacitors'® are becoming appealing. High energy density
batteries, supercapacitors, and fuel «cells are based on
electrochemical energy conversion and storage principles, and they
can fulfill the requirements in applications ranging from portable
electronics to heavy electric vehicles. Moreover, these devices are
environmentally friendly, as they directly convert chemical energy
into electrical energy with little or negligible pollution. Batteries and
supercapacitors are electrochemical energy storage devices, whereas
fuel cells are electrochemical energy conversion devices.''"'* Among
these various types of energy storage devices, rechargeable LIBs are
particularly important. They have revolutionized portable electronic
devices, and are presently the dominating power sources used for
laptops, digital cameras, camcorders, and cell phones. They can store
energy with 2-3 times higher density than that of conventional
rechargeable batteries. Since the release of the first commercial LIB
product by the Sony Corporation in 1991, they have attracted great
attention from both industrial and academic communities. The global
market of LIBs is now valued at over 12 billion USD per annum,
and is expected to reach ~25 billion USD by 2017."* Although LIBs
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are attractive energy storage devices with high energy density, their
power density is generally low. This low power density is mainly
due to the high level of polarization at high charge/discharge rates."
In addition, major problems are associated with high cost,
charge/discharge cyclic stability, and operability, which are related
to the electrode materials. The performance of LIBs significantly
depends on the charging/discharging rates, which characterize the
migration of electrons and Li* through the electrode and electrolyte.
Therefore, strategies have focused on the design of new electrode
materials to facilitate high transport rates for Li'/electrons and to
reduce the diffusion length.'®, In order to improve the performance
of LIBs, considerable efforts have been made to design different
types of electrode materials.'>'""', Carbon has been widely studied
as an electrode material in electrochemical energy storage devices
due to its excellent chemical stability, environmental friendliness,
and abundance.

Recently, various types of carbon nanostructures and their hybrids
have been studied as electrode materials for LIBs, including carbon
nanotubes, ¥ mesoporous carbon/CNTs,?* carbon fiber/CNTs,?
carbon  nanocages/nanographene  shells,”®  CNTs/graphene
nanosheets,””  CNTs/polymer  hybrid,”®*®  organic  radical
polymer/mesocellular  carbon  foam,®  activated  carbon
nanostructures, — natural  graphite, expended  graphite,’"*
carbon/silicon hybrids,*'*® CNTs/silicon hybrid,**° nitrogen-doped
porous carbon nanofiber and multi-walled carbon nanotubes
(MWCNTs), -4 carbon-Li4Ti5012,43'46 carbon/manganese oxide, ¥
carbon/lithium-based spinel-type metal oxide,* > carbon/vanadium
oxide,”* > carbon/titanium oxide,”**® hybrid TiO,/0-Fe,0; with
core/shell arrays on carbon,” and carbon/SnO, hybrids.**¢
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The discovery of mechanically exfoliated graphene (Novoselov et
al.% in 2004), a new form of carbonaceous material, has generated
immense interests in graphene-based materials for diverse
applications in various fields.®*”" Graphene-based hybrids have been
successfully synthesized,”””® and their potential has been explored
for applications such as biomaterials,””*®  biosensors,® ™
environmental applications,*™ catalysts,**® photocatalysts,*’
solar cells,” gas sensors,”! LIBs, >’ supercapacitors,gg'loo fuel
cells, 192 and electronic devices.'®

Graphene-based hybrid materials are becoming important for
electrochemical energy storage and conversion devices. It is
important to understand the advantages and disadvantages of
graphene-based hybrid electrode materials for LIBs to control their
properties using different synthesis approaches. Although several
review articles have been devoted to estimate graphene-based hybrid
materials for their application in energy storage and conversion, little
attention has been paid to graphene-based metal-oxide hybrid
nanostructured as electrode materials for LIBs.!*%1%197 Therefore,
it was thought worthwhile to review studies on various types of
graphene and metal oxide/graphene hybrid nanostructured for
electrode materials in LIBs. Recent advances in various types of
graphene and metal-oxide/graphene hybrids as electrode materials
for LIBs are reviewed in detail. Outlines of the synthesis approaches,
structural design, compositional relations, and mechanisms for
enhanced electrochemical performance are discussed. This
comprehensive review on graphene-based metal-oxide hybrids will
provide a general understanding of the present research and a guide
for developing electrode materials of LIBs in the near future.

2. Principle and mechanism of LIBs

Fig. 1 shows a schematic of an LIB. It operates on the principle of
Faradaic reactions in the bulk of the active material, and provides
high energy density (120-150 Wh/kg,.;)), much higher than that of a
supercapacitor.'® Typically, an LIB consists of a negative anode
(such as graphite), positive cathode (such as LiCoO,), and a Li'-
conducting electrolyte (such as LiPFg).'” The charge/discharge
process of LIB involves the reversible insertion and extraction of Li*
in a host matrix (the cathode or anode). In general, the charging
process occurs via the extraction of Li" from the cathode and
insertion into the anode, whereas the discharging process is
associated with the liberation of Li" from the anode and is taken up
again by the cathode. Basically, three types of electrode systems
have been reported, on the basis of the insertion/extraction
mechanisms of Li": conversion, insertion, and Li-alloy reactions.'!”
"2 These reaction mechanisms are given as follows: !

Mechanism for the conversion reaction:

AaOQy + 2bLit+ + 2be” <> aA +bLi,O @)

Mechanism for the insertion reaction:

AO, +bLi" +be” < Li,AO, (ii)
Mechanism for the Li-alloy reaction:

A0, + 2bLi" + 2be” —aA + bLi,O (e.g. SnO,) (iii)
A +cLi" +ce o LiA (iv)

The fundamental science and technology of LIBs have been
studied extensively and reported in several review articles™'>'” and
dedicated books.'"*''® LIBs are attractive candidates for power-
storage devices and feature high energy density; however, at high
charge/discharge rates, they suffer from a high level of polarization
and very low solid-state diffusion. LIBs therefore exhibit low power
density (100-1000 W/kg) and require several hours of charging time.
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The overall device performance, regarding capacity, charging
efficiency, and life cycle depends on the properties of the electrode
materials. Therefore, significant interest has been given to the
research and development of new electrode materials to improve the
energy density, rate capability, and cycling stability.'*">

3. Factors affecting the performance of LIBs

The performance of LIBs basically depends on the development
of the materials used for various components. The degradation of
these components during the battery operation effectively determines
the performance of LIBs. These components undergo different aging
mechanisms, such as rusting of the separator or current collector, or
decomposition of the binder and electrolyte. Degradation of the
electrolyte causes an increase in the internal resistance and a
reduction in the reversibility of the electroactive material. The
temperature of the cell is another important factor that influences the
life cycle of LIBs.

It is known that during the cycling process, a heterogeneous layer
is usually formed on the surface of the electrode, which is known as
the solid electrolyte interphase (SEI). The SEI forms due to the
reduction of the electrolyte species. It acts as an electronically
insulating protective layer between the electrolyte and the surface of
the electrode; it also has its own advantages, since it prevents further
decomposition of the electrolyte. Nevertheless, the SEI layer causes
several disadvantages, including (i) low rate of charging and/or the
power density, since the diffusion rate of Li" through the SEI layer is
lower than that within the electrode and electrolyte and (ii)
significant loss in capacity due to the consumption of Li". Thus, the
performances of LIBs such as irreversible capacity loss, cycle life,
Coulombic efficiency, and shelf life greatly depend on the SEI layer.
The SEI layer should be well adhered to the electrode material, be
insoluble in the electrolyte at elevated temperatures, and also be a
good ionic conductor for Li" and good electronic insulator. In
addition, the solvation shell around the Li" needs to be removed to
avoid the solvent co-intercalation associated with the exfoliation of
active material. Also, the composition of the SEI influences the
electronic insulating properties as well as its chemical stability. The
thickness, porosity, and morphology of SEI layer, govern the
conductivity of Li". Therefore, the quality of the SEI layer can play a
crucial role in the overall performance of LIBs. The structural
morphology, including the thickness, size, and component of the SEI
layer, could be further controlled and its demerits could be
minimized through proper surface modification of the electrode
material. In this context, graphene and its derivative can play a vital
role due to the ease of surface modifications. Furthermore,
electrodes face several aging mechanisms that essentially depend on
the characteristics of the materials, such as the size of the particles,
surface area, crystallinity, morphology, and structural phase.
Nevertheless, the mainjgoncern is the design and synthesis of the
electrode materials for exhibiting high lithium storage capacity.'"’

4. An overview of graphene and LIBs

Graphene consists of a monolayer of sp’-bonded carbon atoms,
which is tightly packed into a hexagonal lattice structure. It is a
group of all graphitic carbons that can be rolled into a carbon
nanotube or fullerene and forms three-dimensional graphite by the
stacking of 2D graphene layers as shown in Fig. 2. Graphene has
attracted significant attention from researchers due to its unique
electrical, mechanical, and thermal properties that are useful for
various potential and technological applications.''® It has been found
that graphene exhibits a large specific surface area (2,630 m’g ),
excellent intrinsic mobility of carriers at room temperature (200,000
em®V's™), thermal conductivity (~5,000 Wm 'K™"), high Young’s

modulus ( ~ 1.0 TPa), and excellent optical transmittance ( ~
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97.7%).""® Particularly, the excellent electrical conductivity and high
surface area of graphene has motivated considerable interest for use
as an electrode material in LIBs. The theoretical specific surface area
of graphene (2,620 m’g ") is significantly higher than those of CNT (
~1,300 m’g") and graphite (10 — 20 m’g "), which can be further
helpful for providing an ideal platform for the transportation of Li"
and electrons, and more electro-active sites for energy storage.
Moreover, the high surface-to-volume ratio and open porous system
of graphene is advantageous for fast ion transport, enabling higher
rate capability compared to graphite. In addition, the flexibility of
graphene compared to brittle graphite is beneficial for constructing
flexible energy storage devices.'?” Tt is believed that the highly
conductive nature and interaction of Li" on both sides of graphene
can significantly enhance the lithium storage capacity, and that
graphene can effectively overtake graphite, its 3D counterpart.'”!
Derivatives of graphene such as surface modified graphene or
graphene oxide (GO) containing various types of oxygen functional
groups can be used as a substrate for the anisotropic growth of
metal-oxides/metal nanostructures.'”” Additionally, the aggregation
of nanoparticles during the cycling process can be effectively
suppressed by using graphene, reduced-GO (RGO), or GO as a
substrate or matrix. Thus, the incorporation of graphene into
electrode materials can improve the performance of the LIBs
significantly.'®

5. Graphene-based electrode materials for LIBs

5.1 Graphene nanosheets

Wang et al.'?' synthesized graphene nanosheets (GNS) by
oxidizing graphite into GO and subsequent reduction using
hydrazine monohydrate. The field emission scanning electron
microscopy (FE-SEM) images revealed that the GNS were naturally
crumpled into the shape of flower-petals. These GNS based anodes
exhibited better lithium storage capacity compared to the original
graphite anode. The prepared GNS electrode delivered a specific
capacity of ~ 945 mAhg™ in the initial discharging and a reversible
capacity of ~ 650 mAhg™ in the first charging. Moreover, it was able
to maintain a specific capacity of ~ 460 mAhg™ after 100 cycles.'*!
Graphene with a larger specific surface area (and fewer layers) with
a curled morphology could provide additional active sites for Li"
insertion; it  therefore = improved the  electrochemical
performance.'**'>* GNS was synthesized using a wet chemical route
and the thermal exfoliation of graphite at different temperatures.'?* It
was observed that the GNS synthesized using N,H, as the reducing
reagent exhibited better electrochemical performances. After 100
cycles, at a current density of 149 mAg ', the specific capacity was
maintained at ~600 mAhg ' (Coulombic efficiency ~85% of the first
10 cycles). On the other hand, the electrochemical performance of
GNS, prepared using KBH, (GNS-KBH,) and thermal exfoliation at
300, 500, and 800 °C (denoted as GNS-300 GNS-500, GNS-800),
was found to be poor.'”* The GNS-KBH, and GNS-800 exhibited
specific capacity ~ 300 mAhg™ only, at 149 mAg " after 100 cycles.
Further, while these authors also tried to establish a correlation
between the structural features of these GNSs (e.g., disorder, inter-
layer spacing, and specific surface area), unfortunately, no
correlation between the structural features and reversible capacity
was observed.'”* Xiang et al.'” also synthesized various types of
GNS by oxidizing graphite to different degrees, and subsequently
reducing it using thermal or hydrazine assisted treatments. The
graphene prepared using a low degree of oxidized GO was observed
to be thick with low specific surface area, as investigated through
high resolution transmission electron microscopy (HR-TEM),
Brunauer-Emmet-Teller (BET) specific surface area, and Raman
spectroscopy techniques. In contrast, the GNS synthesized using a
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high degree of oxidized GO showed a high specific surface area,
disorder features, and sufficient pores. Furthermore, GNS prepared
by the thermal treatment of high-grade GO at 1050 °C exhibited a
specific surface area of 492.5 m’g”', which delivered a reversible
capacity of 835 mAhg' at 50 mAg' after 45 cycles with a
Coulombic efficiency ~ 95%, This reversible capacity and cyclic
stability was found to be superior to that of the GNS prepared using
medium-grade GO under the same conditions, which strongly
depends on the specific surface area of GNS.'? It was assumed that
by controlling the morphology, electrochemical performance can
also be regulated, whereas GNS containing few layers and relatively
low functional groups exhibited better electrochemical
performance.'?®

Few-layer GNS (~4 layers) with a specific surface area of 492.5
m’g ! were prepared by the rapid thermal exfoliation of GO at 1050
°C in nitrogen atmosphere.'?” The synthesized GNS exhibited curled
morphology with a wrinkled paper-like structure. The XRD results
further suggest that the periodic structure of bulk graphite and GO
was destroyed in the GNS, suggesting the homogeneous exfoliation
of graphitic layers. On the other hand, Fourier transform infrared
(FT-IR) spectroscopy investigation revealed the removal of oxygen
functional groups from the surface of GO at high temperature.
Further, when used as an anode, at a current density of 100 mAgfl,
the first reversible specific capacity was found to be 1264 mAhg ",
whereas after 40 cycles, it was maintained at ~ 848 mAhg .
Furthermore, when cycled at a high current density of 500mAg ", the
reversible specific capacity ~718mAhg™' was delivered. However,
the initial irreversible capacity and large hysteresis observed in the
discharge-cycles restrict their use in commercial LIBs.'"”” Fang et
al.'"®® reported a unique approach to synthesis mesoporous GNS. In
this method, a solution deposition process was first adopted to
synthesize 2D mesoporous carbon nanosheets. These 2D
mesoporous carbon nanosheets were prepared using a controlled
low-concentration monomicelle close-packing assembly as shown in
Fig. 3. These carbon nanosheets consisted of a single layer of
ordered-mesopore carbon structure which was investigated through
atomic force microscopy (AFM). The formations of mesopores in
the GNS were clearly visible in the SEM images as shown in Fig. 4.
At a current density 100 mAg™, this mesoporous GNS could deliver
a reversible capacity of ~ 770 mAhg™ after 10 cycles. Notably, after
the initial 15 cycles, columbic efficiency reached above 92%,
whereas after 60 cycles at a high current density of 5 Ag’, it
delivered a reversible capacity of ~ 255 mAhg™ as shown in Fig. 5.
In addition, after 60 cycles at different current densities, the capacity
was retained at ~833 mAhg™', when the current density was reset at
100 mAg'. Vertically aligned GNS was synthesized using a
microwave-assisted plasma-enhanced chemical vapor deposition
(CVD) technique, and could be directly used as an electrode without
a binder and conductive additives.'” When it was used as the anode,
a reversible capacity of ~ 280 mAhg™ at a current rate of C/0.375
was achieved after 120 cycles. Nevertheless, after cycling at
different rates (C/6 to C/0.375) when the current rate was reset at
C/1.5, the capacity of ~ 320 mAhg-' (after 175 cycles) could be
achieved, which was ~ 85% of the capacity (after 50 cycles) at the
same current rate. The vertical alignment of graphene with an
effective electrical connection to the substrate minimized the
electrical resistance and reduced the diffusion distance, which
improved the lithium storage kinetics.'*

The intercalation/deintercalation mechanisms of Li" in GNS,
synthesized using chemical methods, has been investigated by Lei et
al.®' It was observed that GNS consisting of 10 layers exhibited an
improved reversible capacity along with good cyclic stability. The
high irreversible capacity in the first cycle was attributed to the
spontaneous stacking of the GNS during the lithiation and the
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formation of a solid electrolyte film on the interphases of the GNS
electrode and electrolyte. However, the first cycle columbic
efficiencies were found to be only 40.6%. Wei et al.'* synthesized
graphene microspheres composed of multilayer graphene (MMG)
using chemical reduction-assisted by thermal treatment. It was
observed that the MMG exhibited a capacity superior to the
multilayer graphene. After 40 cycles at a current density of 25 mAg’
!, the capacities were observed to be 453 mAhg ™' and 229 mAhg ' in
the cases of MMG and multilayer graphene electrode, respectively.
MMG also exhibited high-rate charge/discharge and better cyclic
properties compared to MG. The better performance of MMG was
attributed to its unique structural features, including (i) spherical
structure that allows easy diffusion of Li*, (ii) Li" can be adsorbed
on graphene microparticles similar to a ‘‘house of cards’’ in hard
carbons and mesocarbon microbeads, and (iii) several cavities
composed of graphene microparticles can be largely contributed to
the Li* storage. In addition, Pollak et al.'** studied the interaction of
Li" with single-layer and few-layer graphene. The in-situ Raman
investigations during the electrochemical lithiation process revealed
that few-layer GNS resembled a graphite structure. Single-layer
graphene behaved differently and exhibited a low degree of Li"
absorption on both sides of the graphene layer. Additionally, a study
on the lithium intercalation into bilayer graphene by first-principles
DFT calculation suggested the existence of AB and AA stacking.
The AA staking was found to be more favorable for lithium storage.
It has also been suggested that the structural defects can provide
better conditions for lithium storage than those of pristine bilayer
graphene.'** On the other hand, the theoretical calculations revealed
that the same number of Li" exposed to both sides of GNS could
improve the lithium storage capacity.'*>'*® Consequently, the single-
layer configuration was found to be promising to achieve the safest
and most stable LIBs."” Kim et al.®® reported functionalized
graphene nanoplatelets as a new type of electrode material with a
tunable energy and power density for LIBs. The high power and
gravimetric energy density were attributed to the fast faradic
reactions between the Li" and functional groups of graphene.
Moreover, the presence of a 3D network consisting of a porous
morphology facilitates the accessibility of the electrolyte to the
electrode. Therefore, functionalized graphene nanosheets could
deliver a high energy density of 260 Whkg™', even at a high power
density of 20 kWkg™" after 2000 cycles without fading capacity.'*®

5.2 Paper-like graphene nanostructures

Mukherjee et al.'* synthesized free-standing graphene papers
(GP) following the photoflash and laser-assisted reduction of GO. In
a typical procedure, instantaneous and extensive heating from a
photoflash or laser causes the deoxygenation reaction of GO. A rapid
outgassing also creates voids, microscale pores, and cracks in the
GP, which facilitate efficient intercalation kinetics during the
ultrafast charge/discharge rates. These properties significantly
enhance the performance of the graphene paper-like electrode.
Furthermore, the GP prepared using the photo-reduction method
could deliver a storage capacity of 156 mAhg™ over 1000 cycles at a
charge/discharge rate of 40 C, along with a power density 10 kWkg’
!. In addition, the photoflash reduced GP retained a Coulombic
efficiency of ~98.5% of the initial capacity for over 50 cycles.
Meanwhile, the thermally reduced graphene showed inferior stability
and retained a columbic efficiency of only ~81.8%."%° The freeze-
drying process of the aqueous dispersion of GO was used to produce
a foam-like material, which was further thermally treated under an
Ar atmosphere to produce foam-like graphene.'*® This material was
directly used as an anode, without using any type of conductive
additive or binder during the assembly. At a current density of 50
mAg, this foam-like graphene material exhibited initial charge and
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discharge capacities of 732 and 1059 mAhg"', respectively.
However, at a higher current density of 4 Ag’', the reversible
capacity was found to be ~140 mAhg'. The cycle stability of
graphene foam, measured during 100 cycles at a current density 1
Ag’, exhibited a reversible capacity of ~ 82% of the initial
capacity."*® It was proposed that the freeze-drying technique may
help to increase the inter-layer distance between the graphene layers,
thus improving the cycling stability and rate performance.'"' Hu et
al.'"* synthesized free-standing GP with different thicknesses (~ 1.5,
3, and 10 pm) using water-suspended reduced GNS, following a
vacuum-assisted filtration method. Cyclic voltammetry studies
suggest that the thickness of the GP significantly influences the
electrochemical performance and the thinner GP exhibited better
performance than the thicker GP. At a current density of 100 mAg ',
1.5 pum thick GP could deliver an initial reversible specific capacity
of ~200 mAhg™' (first 10 cycles). In contrast, 10 pm thick GP
exhibited a specific capacity of only ~ 80 mAhg' at a current
density of 50 mAg'. In addition, after 100 cycles, a specific
capacity of ~180 mAhg™' was retained in the case of 1.5-um-thick
GP, whereas the 10-pm-thick GP exhibited only ~ 65 mAhg .
Furthermore, compared to the 3 um thick GP, the 1.5 pm thick GP
retained higher columbic efficiency and better cyclic stability during
the 100 cycles. The inferior performance of the thicker GP was
attributed to the lower surface area due to the dense restacking of
graphene layers. This stacking of graphene increased the diffusion
length through the cross-plane rather than in the plane of the GP.'*?
Recently, Dao et al.'*® fabricated super-tough GP via the vacuum
filtration of functionalized graphene. In this process, graphene was
functionalized with polycaprolactone (PCL) brushes by the
polymerization of caprolactone from the functional groups of
graphene. The polymer brushes served as physical cross-linkers and
gave the graphene paper a very high toughness (3.49 x 10° J m>) of
5 times higher than that of un-functionalized graphene. This super-
tough GP exhibited a stabile discharge capacity of ~ 450 mAhg ' at
a current density of 300 mAg'. The cyclic stability was also
measured at a current density of 60 mAg™ during 50 cycles, which
exhibited a Coulombic efficiency of over 95%.

5.3 Reduced graphene oxide nanostructures

It has been reported that the large d-spacing and high specific
surface area of graphene are not the only factors for enhanced
capacity; the existence of surface defects along with functional
groups of graphene also improved the electrochemical
performances.'** Depending on the reduction process, the capacity of
RGO was found to vary from 230 to 717 mAhg". The reduction
procedures significantly influence the degree of reduction of GO and
thus the lithium storage capacity. Wang et al.'*® synthesized
epoxide-enriched GO; without reduction, it can be used as a
promising electrode material for LIB. This electrode material
delivered a lithium storage capacity of 360.4 mAhg ' at a current
density of 50 mAg . The cycling stability, measured at 100 mAg™
over the 60 cycles suggested good stability with Coulombic
efficiency of over 100% of the initial capacity. It has been reported
that the highly disordered feature of RGO can be beneficial for
relatively higher lithium storage. The effect of different structural
parameters on the lithium storage properties was systemically
studied by Pan et al."*® They synthesized RGO by the reduction of
GO using various methods, such as chemical reduction, electron
beam irradiation, and pyrolysis. The experimental results suggest
that these methods can produce different degrees of structural
disorder or defects in RGO, which remarkably influenced the lithium
storage properties. The disordered features were extensively studied
using Raman spectroscopy. The electrochemical studies revealed
that the additional reversible storage sites such as those at edges and
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other defects play a crucial role in enhancing the capacity.
Additionally, highly disordered graphene prepared by electron beam
irradiation and low-temperature pyrolysis at 300 °C exhibited high
reversible capacities of 1054 mAhg™ and 1013 mAhg™' at 50 mAg™,
respectively, much higher than those of the previously reported pure
graphene nanosheets (540 mAhg™") and doped graphene nanosheets
(730-784 mAhg™)."*"'*"- In particular, highly disordered graphene
nanosheets prepared by low-temperature pyrolysis and electron
beam irradiation exhibited an exceptionally high reversible capacity
and good cyclic stability. The enhanced capacity in disordered
graphene nanosheets was mainly ascribed to additional reversible
storage sites such as edges and other defects. Kumar et al.'*®
synthesized Li" intercalated RGO. The synthesis method involves
reduction of GO in the presence of lithium metal and liquid
ammonia. Intercalation and binding of Li" with RGO was confirmed
by X-ray photoelectron spectroscopic analysis. It was suggested that
partial intercalations of Li" between the layers of RGO can enhance
the storage capacity. Therefore, at a current density of 25 mAg™,
storage capacities of 300, 340, and 410 mAhg™" could be achieved in
the cases of graphite, RGO, and Li-RGO electrode, respectively. In
addition, compared to graphite and RGO, the Li-RGO electrode
showed better cyclic performance (40 cycles) with a Coulombic
efficiency of ~ 85% of initial capacity. Kuo et al.'*’ prepared RGO
using a controlled chemical and thermal reduction process. The
chemical reduction of GO into RGO was performed through the
refluxing of GO solution in the presence of hydrazine at 100 °C for
24h, whereas calcinations of GO at different temperatures in the
presence of H,/N, for a period of 2 h yielded the formation of
thermally reduced GO. The specific functionalities of RGO were
found to dominate the surface defects and large specific surface area
for enhancing the reversible capacity. Furthermore, phenol and
cyclic edge ether groups were responsible for contributing the
capacities over the potential of 1.5 V and in the range of 0.8-1.5 V,
respectively. However, other functional groups such as carbonyl,
carboxyl, and lactone did not contribute to the reversible
lithiation/de-lithiation processes.'*’

5.4 Nitrogen/Boron/Sulfur doped graphene nanostructures

The structural evolution of RGO under different refluxing times
was studied by Shen et al.'*® The reduction and functionalization of
graphene was achieved in the presence of dimethylformamide at
140 °C using the solvothermal method. The evolution of structural
changes was related to the simultaneous N-doping/dangling bonds,
and was found to be dependent on refluxing time. Furthermore, it
was observed that the increase of refluxing time led to the growth of
more topological defects and the presence of less oxygen-containing
functional groups as examined through XPS. Therefore, a better
reversible Li" insertion was observed in electrodes prepared with
RGO, subjected to a higher refluxing time. The solvothermally
reduced and functionalized RGO exhibited a reversible capacity of
180.1 mAhg™! at a current rate of 50 mAg". However, it showed a
poor cyclic stability and thus was not suitable for the electrode
material in the LIB."*® Nitrogen- (N) and Boron (B)-doped graphene
materials are expected to enhance the Li-storage capacity. Reddy et
al."! synthesized N-doped graphene using a liquid precursor based
on the CVD technique. Growth was achieved directly on the Cu used
as the current collector. This technique allows growth of the N-
doped graphene films with a high percentage of pyridinic N atoms,
which were found to be responsible for the enhanced Li'
intercalation. The induced topological defects in N-doped graphene
were responsible for increasing the reversible discharge capacity
compared to the pristine graphene.'”’'* The thermal treatment of
GO at 800 °C (for 2 h) under an ammonia atmosphere was used to
produce N-doped graphene. The XPS results revealed 2% N doping,
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with the N binding configurations of the graphene including 7.6%
graphitic, 35.0% pyrrolic, and 57.4% pyridinic N atoms.'® At a
current density of 42 mAg' (1/20 C), the N-doped graphene
electrode exhibited a reversible capacity of 900 mAhg . Moreover,
a rate performance of 250 mAhg ' at a current density of 2.1 Ag™'
(2.5 C) and a significantly enhanced cycling stability, compared to
un-doped graphene were also observed. More importantly, when the
N-doped graphene electrode was re-cycled at C/10 (after 60 cycles at
different current densities), it surpassed the capacity, delivered in the
initial 20 cycles.'™ Recently, Cai et al.'">* synthesized highly N-
doped graphene (7.04 at.%) via a thermal annealing process. In this
process, graphene sheets prepared by rapid thermal expansion were
first mixed with melamine through grinding, and the mixture was
then subjected to a combustion process at 700 °C under an Ar
atmosphere. When used as an electrode, at a current density of 50
mAg ', this N-doped graphene exhibited a high reversible specific
capacity of 1123 mAhg ', whereas at a high current density of (20
Ag™"), it delivered a capacity ~241 mAhg "'

In N-doped graphene, the effect of the electron deficiency on the
electrochemical properties has also been investigated through first-
principle calculations using different models such as graphitic,
pyrrolic, and pyridinic graphene.'”® Among these, the graphitic
structure was found to be the weakest, whereas pyridinic graphene
was the most suitable candidate for high Li" storage. In the case of a
pyridinic structure, a reversible capacity of 1262 mAhg ' was
observed, which was higher than the experimental value of 1043
mAhg . The adsorption properties of Li" on B-doped graphene were
also investigated by DFT."*® The DFT calculation showed that the
doping of boron into graphene makes the system more electron-
deficient. Therefore, more Li* could be captured around the B-doped
centers compared to with pristine graphene, and the lithium storage
capacity was dramatically improved. Similarly, the doping of sulfur
in graphene based anodes enhanced the capacity and rate
performance, making it a promising anode material for lithium-ion
batteries.”’ Recently, Yun et al.™® studied the electrochemical
performance of sulfur doped GNS (S-GNS). The S-GNS were
prepared by thermal treatment of elemental sulfur and lyophilized
GO mixtures. The electrochemical performance of S-GNS was
observed to be superior to that of un-doped GNS. The S-GNS
exhibited capacities of 285 mAhg-' at a rate of 30 C (1 C = 372
mAg™"), which was nearly three times higher than that of un-doped
GNS. The cycling stability of the S-GNS electrode was measured
during the 500 charge/discharge cycles at a rate of 4 C, which
showed a capacity of ~300 mAhg™ with a Coulombic efficiency of ~
75%. This improved rate performance of S-GNS was attributed to
superior electrical properties compared to un-doped GNS.

5.5 Graphene/CNT hybrid nanostructures

The layered spacing between graphene influences the
accommodation of Li‘, which can further be controlled by the
interaction with fullerenes (Cgp) and carbon nanotubes (CNT).'*” The
incorporation of CNT and Cg, in the GNS enhanced the storage
capacities to 730 mAhg™' and 784 mAhg™', respectively. The storage
capacity was found to be higher than that of bare GNS (540 mAhg’
1. The large d-spacing (0.40 nm) in the cases of the GNS+CNT and
GNS+C60 hybrid electrode were observed to be responsible for the
enhanced storage capacity. The electrochemical measurements
showed that after 20 cycles, the GNS, GNS+CNT, and GNS+C60
electrodes retained the reversible capacities of 54%, 66%, and 77%,
respectively.'”” A hybrid paper of graphene/CNTs exhibited high
mechanical strength and flexibility. This hybrid paper-like electrode
(CNT/graphene and optimized ratio of 2:1) delivered the highest Li"
storage capacities.'”® At a current density of 100 mAg™', a reversible
specific capacity of ~375 mAhg ' was delivered and over 330
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mAhg ™' was retained even after 100 cycles. The presence of CNTs
restricts the restacking of GNS, which simultaneously increases the
cross-plane electrical conductivity of the paper and the Li" storage
capacity. Furthermore, the electrode containing CNTs as a buffer
exhibited better performance than the electrodes either containing a
graphene buffer or not.'® Recently, Wang et al.'®" synthesized a
CNT/graphene hybrid using the CVD method with a mixture of H,
and C,Hy, grown on copper foil, which was directly used as the
electrode for LIBs [Fig. 6]. The morphological investigations
revealed that in this hybrid, CNT behaves similar to pillars between
the graphene sheets. The seamless connection between the CNT
pillars and graphene significantly enhances the charge transfer in the
hybrid system. Therefore, this hybrid could deliver a reversible
capacity that varies from 900 mAhg™ to 526.26 mAhg™ at a current
density ranging from 100 mAg’' to 900 mAg'. The cycling
performance and Coulombic efficiency of this hybrid electrode were
tested at a current density of 600 mAg-', and suggested good
stability with a Coulombic efficiency of nearly 100% [Fig. 7].

Wang et al.'? also synthesized a self-assembled layer by layer
CNT/GO hybrid, directly grown on copper foil and used as an anode
for LIB. These hybrids could store energy up to a different extent,
depending on the thickness. It was observed that at a current density
of 0.01 mAcm > an electrode having a thickness of 917.0 nm
delivered a reversible capacity of 0.265 mAhcm 2. Furthermore, a
reversible capacity of 0.030 mAhcm 2 was observed even at a higher
current density of 0.4 mAcm ™. It was concluded that such hybrid
electrodes having thicknesses of less than one micron might be
promising candidates for energy storage in micro devices. Vinayan
et al.'® synthesized a hybrid of graphene and MWCNTs. In this
method, graphene synthesized by solar exfoliation and MWCNTSs
synthesized by CVD were chemically mixed after the surface
functionalization. It was observed that the electrostatic interaction
between graphene and the MWCNTSs effectively suppressed the
restacking of graphene, and provided a highly accessible
electroactive surface area and a short diffusion path for Li*. These
properties significantly improved the electrochemical performance
of these hybrid electrodes.'®'® An array structure of 3D-
MWCNTs/graphene was fabricated on a flexible and transparent
polyethylene terephthalate (PET) film through a lamination
process.'™ The 3D column structure of MWCNTs onto graphene-
PET film provides good structural integrity and low contact
resistance even at high angle bending. When used as an anode, this
hybrid exhibited a reversible specific capacity of ~ 250 mAhg™ at a
current density 63 mAg™' along with a good Coulombic efficiency of
over 99%.'%° Table 1 summarizes the different types of carbon based
electrode materials and their performances in LIBs. It was concluded
that in most cases, graphene based electrode materials show their
superiority over other materials.

5.6 Graphene oxide as the corrosion inhibitor for current

collectors in LIB

It has been reported that graphene can also be helpful as a
corrosion inhibitor for metals. However, using graphene as a
corrosion inhibitor for the current collector in LIBs (with non-
aqueous electrolytes) may not be effective. In the case of nonionic
graphene, unbiased ionic diffusion of the charges can take place,
where an electrolyte would easily be swamped due to the high
surface area of graphene. These phenomena may cause a higher rate
of corrosion.'%® Prabakar et al.'®® reported that GO can be a better
candidate as a corrosion inhibitor for aluminum (Al) current
collectors in LIBs. The spin coating of GO onto Al was applied and
used as a current collector. The strongly adhered GO on the Al can
effectively inhibit the corrosion in the electrolyte. Moreover, the
electrochemical results suggested that, compared to uncoated Al, the
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GO-coated Al current collector improved the performance of the
system in terms of a relatively higher capacity and improved
cyclability.

6. Metal oxide/graphene hybrid as anode materials

As electrode materials, nanostructured metal oxides have some
advantages over bulk materials due to their high specific surface
area. The high surface area can significantly improve the
electrode/electrolyte interaction, and therefore creating a shorter
diffusion length for Li" and electrons. However, some disadvantages
are associated with the high specific surface area and low
thermodynamic stability of the nanoparticles. Moreover, the large
variation of volume during the cycling process causes pulverization
of the electrode, which results in poor reversibility. It has been
observed that the nanomaterials tend to agglomerate due to the high
surface energy, and it is therefore very difficult to disperse or mix
them with carbon black and binders to produce electrodes. These
difficulties cause a higher contact resistance of the electrode
compared to the bulk materials. During the cycling process, a
pronounced agglomeration is observed and a risk of secondary
reactions. These phenomena are associated with electrolyte
decomposition between the electrode and electrolyte medium, which
results in a high level of irreversibility and poor life cycle.''* On the
other hand, graphene generally suffers from serious agglomeration
and restacking due to van der Waals interactions, and consequently
causes poor electrochemical performance. The difficulties associated
with metal-oxide nanoparticles and graphene could be overcome by
fabricating metal-oxide/graphene hybrid materials. Therefore,
various types of metal-oxide/graphene hybrid nanostructures have
been synthesized and studied as electrode materials for LIBs. In the
hybrid state, the nanoparticles increase the space between graphene
layers, avoiding the restacking of graphene sheets, and react as
active materials to interact with Li" ions; meanwhile, graphene
avoids the problems of poor conductivity and volume changes of the
nanoparticles during the cycling process. Therefore, metal-
oxide/graphene  hybrids can  significantly = improve the
electrochemical properties of the system compared to their
constituents.

6.1 Titanium dioxide/graphene hybrid

Titanium dioxide (TiO,) is an environmentally friendly transition
metal oxide with a stable structure, which makes it an apt anode
material for LIBs, despite a low theoretical capacity of 336 mAhg-
!17 However, the poor rate capability, resulting from the inherent
poor electrical conductivity (~1x10-'? Sm') and high electrical
resistance between the electrode and current collector, as well as low
ionic conductivity, (~1.2x1020 S-'m?) limits its practical
application. In order to improve the electrochemical properties,
graphene has been used in hybrid form, which reduces the
irreversible heat and internal resistance during the charge/discharge
process, thus improving the performance of these hybrid electrode
materials.'®®'”* Xin et al.'” synthesized TiO,/graphene hybrid
nanostructures through chemical method assisted by thermal
treatment. In this method, sodium dodecyl benzene sulfonate was
used as a surfactant and hydroxyl titanium oxalate as the
intermediate for TiO,. This hybrid exhibited flower-like TiO,
nanostructures grown on graphene sheets.'” The TiO,/graphene
hybrid could deliver a capacity of 230 mAhg" at 0.1 C (with a
current density of 17 mAg™). However, after 45 cycles, at a high rate
of 50 C, it delivered a capacity of 80 mAhg" (~ 35% of the initial
capacity), which was ~ 30% higher than that of bare TiO, (60
mAhg") electrode. In addition, after this high rate test, the capacity
was re-measured at a low rate of 1 C, yet exceeded that measured
during the initial cycles at the same rate.'™ Size-tunable surface-
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nitridated TiO, nanospindles densely immobilized on GNS exhibited
characteristics of a highly conductive matrix and boosted the cycling
performance of LIBs.'” In this method, anatase TiO, nanospindles
of a controlled size were first synthesized via hydrothermal methods,
where tubular titanates were used as the self-sacrificing precursors.
Subsequently, the synthesized TiO, nanospindles were densely
dispersed onto functionalized GO through a spontaneous self-
assembly process and further annealed in an NH; gas flow. The
above process led to the formation of a surface nitrated
TiO,/graphene hybrid (TiO,@TiOxNy/TiN-GS). The
TiO,@TiOxNy/TiN-GS hybrid exhibited an initial discharge
capacity of ~ 314 mAhg™ at a rate of C/5, which is higher than that
of the TiO,@TiOxNy/TiN (~ 287 mAhg™) anode. This improved
electrochemical property was attributed to the conductive nitrated
layer on the surface of the TiO, nanoparticles and graphene sheet
which enhanced the lithium insertion/extraction kinetics.
Furthermore, the TiO,@TiOxNy/TiN-GS hybrid delivered the
specific capacitances of 166 mAhg™', 150 mAhg™', and 130 mAhg'
at a rate of 1C, 3C, and 12C, respectively. In contrast, the
TiO,@TiOxNy/TiN hybrid could deliver the specific capacities, only
~149 mAhg', ~110 mAhg', and ~86 mAg' under the same
conditions.'”

A unique 3-D hybrid of graphene and TiO, as a binder-free
paper was fabricated by Hu et al.'’® In this structure, TiO, forms
pillars between the graphene layers and significantly enhances the
insertion and extraction rate of Li". As a result, compared to bare
TiO, and graphene, significantly improved electrochemical
performance was observed with this hybrid electrode.'” Li et al.'”’
fabricated anisotropic and isotropic TiO,/graphene sandwich paper
via vacuum filtration route assisted by hydrothermal reaction. A
controlled chemical reaction under a hydrothermal condition led to
the formation of TiO, nanosheets parallel to the surface of the
graphene paper. Fig. 8 shows SEM and TEM images of the
TiO,/graphene hybrid material. It was observed that the anisotropic
TiO,/graphene hybrid paper electrode exhibited the capacity of 112
mAhg' at a high rate of 100 C (corresponding to 36 s of
charge/discharge), which was found to be 3 times higher than that of
the isotropic TiO,/graphene paper electrode. Moreover, the
anisotropic TiO,/graphene paper electrode exhibited stable cyclic
performance when tested at 10 C up to 100 cycles, much better that
that of the isotropic TiO,/graphene paper electrode. As shown in
[Fig. 9], the anisotropic TiO,/graphene paper also demonstrated rate
capability superior to the isotropic TiO,/graphene paper electrode.
This improved performance was ascribed to the easy intercalation of
Li" into the reactive surface of TiO, of the anisotropic
TiO,/graphene hybrid paper electrode during the electrochemical
process. Qiu et al.'”® synthesized a TiO/RGO hybrid using a TiO,
assisted photo-catalytic reaction approach. Using this method, a
homogeneous suspension of pre-synthesized TiO, nanoparticles and
GO was placed under the UV irradiation, which leads to the
formation of a TiO,/RGO hybrid. The TiO,/RGO hybrid exhibited a
reversible charge and discharge capacity of 270 and 310 mAhg™' (at
a current density 100 mAg™), respectively, which was better than
that of TiO,/GO and bare TiO, nanoparticles electrode. In addition,
the TiO,/RGO hybrid electrode delivered a capacity of ~ 200 mAhg’
!, even after 100 cycles and shows a good rate performance. It has
also been reported that the graphene improves the thermal stability
of the hybrid electrode and prevents the phase transformation in
TiO,; i.e., from monoclinic [TiO, (B)] to anatase.'” The specific
capacity in the TiO,-(B)/graphene hybrid was observed to be 215,
182, and 150 mAhg'1 at the current rates of 1, 5, and 10 C,
respectively. On the other hand, bare TiO, (B) exhibited the specific
capacity of 184, 121, and 99 mAhg™ at 1, 5, and 10 C, respectively.
The cycling performance of TiO,-(B)/graphene hybrid and bare
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TiO,(B) electrode were examined at 1 C for 100 cycles. The TiO,-
(B)/graphene hybrid electrode exhibited a discharge capacity starting
at 232 mAhg'and retained ~189 mAhg' after 100 cycles, with a
capacity loss of 18%. In contrast, the bare TiO»(B) electrode showed
much faster decay in capacity with a loss of 49% under the same
conditions.'” This superior performance in the TiO,-(B)/graphene
hybrid electrode was ascribed to the enhanced electrical conductivity
and better accommodation to volume/strain change during the
cycling process.'*

Recently, Li et al'® synthesized graphene nanoscrolls
encapsulated TiO, (B) nanowires through a self-scrolling and
template-free approach via a hydrothermal route followed by ion-
exchange and subsequent heat treatment. TEM investigations
revealed that GNS encompassed the TiO, (B) nanowires to construct
nanoscrolled architectures. The electrochemical measurement
revealed that this hybrid electrode delivers a reversible specific
capacity of 153 mAhg' after 300 cycles at 10 C and retains a
capacity of ~ 94%, which was much higher than that of the bare
TiO, (B) (60 mAhg™) electrode. Furthermore, it has been proposed
that the porous nanoscrolled architectures expedite the transportation
of Li* and alleviate the volume change during the process of
lithiation and delithiation, thus improving the electrochemical
performance of the hybrid electrode. The wunique structural
morphology of TiO, nanowires/graphene may demonstrate that it is
a promising electrode material for LIBs."® A hydrothermal method
was used to prepare the hybrid of TiO,/mesoporous 3D-graphene
aerogels (GAs)."®® This hybrid was composed of TiO, single
nanocrystals, uniformly grown on the surface of GAs. In the
synthesis method, glucose was used as the linker and face-
controlling agent, which led to the growth of (001) facets TiO, and a
hierarchical mesoporous structure. The TiO,/GAs hybrid electrode
exhibited a high rate capability, and cycling stability for LIBs
compared to bare TiO,. The TiO,/GAs hybrid could deliver a
capacity of 200 mAhg ' at a current density 0.1 Ag™ after 50 cycles,
whereas a reversible capacity of 99 mAhg ™' was delivered at a very
high rate of 5 Ag™'. These reversible capacities were 4 times higher
than that of bare TiO, nanocrystals electrode, achieved under the
same condition. The doping of N further enhances the electrical
conductivity and leads to more defects, therefore significantly
improving the electrochemical performance of the N-TiO,/graphene
hybrid compared to TiO,/graphene, TiO,, and graphene electrode.'®*
1% Ban et al.'"™’ fabricated TiO,/graphene hybrid through atomic
layer deposition (ALD) techniques. In order to avoid the poor
nucleation of TiO,, a layer of Al,O; was initially deposited onto the
graphene using the ALD technique, where the Al,05 adhesion layers
were nearly amorphous in nature. The TiO,/graphene hybrid
electrode could deliver a capacity of ~120 mAhg™ at a high current
density of 1 Ag"' and retained 95% of the initial capacity, even after
500 charge/discharge cycles. In addition, when cycled at different
current rates (after 100 cycles) it delivered a reversible capacity of ~
175 mAhg' at 100 mAg', which was nearly the same when
measured after 20 cycles. Menéndez et al.'®® synthesized titania
nanotubes (nt-TiO,)/RGO hybrid using an electro-deposition
technique. In this method, amorphous TiO, nanotubes were first
grown on TiO, foil through the electrochemical anodization process.
Graphene was then electrophoreticly deposited on the surface of nt-
TiO,. The FE- SEM micrographs of nt-TiO,, obtained through the
anodization of Ti foil revealed that the nanotubes were self-arranged
with open mouths. The diameter and length of the nanotubes were
about 50-80 nm and 5 pm, respectively. Subsequently, the
deposition of graphene covered the mouths of nt-TiO, with a 100 nm
thick flat surface. The nt-TiO,/RGO hybrid electrode retained
capacities values > 200 mAhg™ after 100 cycles for 1.0-2.6 V of
potential range and > 300 mAhg™' for 0.0-3.0 V. Also, the capacities
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of 200 mAhg™', 100 mAhg™', and 50 mAhg"' were achieved at rates
of 15 C, 85 C, and 300 C, respectively.

6.2 Iron oxides/graphene hybrid

Iron oxide, particularly Fe,O; and Fe;0,, is considered to be one
of the most important and promising anode materials due to its
natural abundance, non-toxicity, and low cost. Fe;0, possesses a
high theoretical capacity of 924 mAhg™', whereas that of Fe,0; is
1005 mAhg. However, during the cycling process, a large volume
change usually occurs, which results in rapid fading of the capacity.
In order to improve the reversible capacity and rate capability of the
electrodes, graphene has been used as a conductive additive with
these nanoparticles.'®'”> Recently, Fe;O,/graphene hybrids have
been extensively studied as anode materials for LIBs."”**'" Yang et
al. ?'" synthesized iron oxide nanoribbons/graphene hybrid
nanostructured by the controlled nucleation and growth of the iron
precursor onto the surface of RGO and following the post calcination
treatment at different temperatures (250-400 C). It was observed that
in the hybrid form, the unique structural features of iron oxide
nanoribbons, including a large aspect ratio, porous structure, and
enhanced open-edge, results in electrochemical performance
superior to bare iron oxide nanostructured. This hybrid could deliver
a reversible capacity of 1046 mAhg™ at a current density of 74 mAg’
! during the initial charging process, and maintained nearly 100%
even after 130 cycles. Moreover, after 30 cycle capacities, reversible
capacities of ~ 900 mAhg", 615 mAhg', and 400 mAhg" were
achieved at high current densities of 372, 1860, and 3720 mAg™,
respectively. This improved electrochemical performance of the
Fe;04/graphene hybrid was attributed to the fact that Fe;O,
nanoparticles act as redox sites and spacers. Moreover, the 3D
architecture of the hybrid effectively facilitates the ionic diffusion of
Li", and improves the storage capacity.”'**"> Using the in-situ
thermal decomposition of Fe(NO;);-9H,0, mesoporous iron oxide
(MIO) nanofilm was directly grown on GNS.*'* The SEM and TEM
investigations revealed that in the MIO/GNS hybrid, GNS were
tightly sandwiched between the MIO nanofilms with an average
thickness of ~7 nm. The mesoporous structure partially
accommodates the lithiation-induced strain and assists the access of
the electrolyte while improving the Li" diffusion. Consequently, this
hybrid electrode exhibited an excellent cycling stability and rate
capability with negligible fading of capacity. At a current density of
100 mAg™, this hybrid electrode delivered a high specific capacity
of 1000 mAhg" with a Coulombic efficiency of ~ 100% after 400
cycles.?' Besides, microsphere-type Fe;0,4 with an interstitial cluster
structure allows for better percolation of the electrolyte, and efficient
accommodation with stress and strain of volume change. Therefore,
the electrochemical performance of the Fe;O,4/pyrolytic GO hybrid
was significantly improved compared to the bare Fe;04
nanoparticles electrode.”’® Luo et al.*!® fabricated 3-D graphene
foam supported by a mesoporous Fe;O, nanostructure, using a
bottom-up strategy with ALD. In this method, the bi-continuous
mesoporous nanostructure of Fe;0, was deposited on the GNS using
ZnO sacrificial layer assisted hydrolysis. Fig. 10 shows a schematic
diagram of the sample structure. Due to the unique bicontinuous
mesoporus structure, the 3-D graphene/Fe;O, hybrid electrode
exhibited a capacity of ~ 785 mAhg™' at a 1C discharge/charge rate
and maintained this capacity even up to 500 cycles. Also, a capacity
of 800 mAhg™! was measured when the C rate was reduced from 60
C to 1C (after 60 cycles), implying a good stability and excellent
reversibility. As shown in Fig. 11, the cyclic capacity profiles at
rates of 6 C and 10 C measured during 500 cycles were reasonable

and were retained at ~400 and 300 mAhg™', respectively.

Zhao et al. "7 synthesized graphene nanoscroll wrapped on
Fe;04 nanoparticles with a 1D tubular form resembling that of the

This journal is © The Royal Society of Chemistry 2014

MWCNT structure. This method involved quenching of GO in the
presence of Fe;O, nanoparticles in liquid nitrogen. It was observed
that the wrapping structures depend on several factors, including the
zeta potential of Fe;O,4 nanoparticles, the initial temperature of the
mixed solution, and the mode of quenching. Moreover, the wrapping
structures greatly influence the electrochemical performance, and the
1D wrapping was more favorable over 2D wrapping for better
lithium storage. The hybrid electrode with 1D wrapping of graphene
on Fe;0, nanoparticles delivered a capacity of ~ 1010 mAhg ' at 0.1
C (100 mAg™") after 50 cycles and retained about 300 mAhg ' at a
high rate of 5 C, which was ~ 33% of the initial capacity, measured
at 0.1 C. In contrast, the 2D wrapped Fe;O4/graphene hybrid
exhibited a capacity of ~ 840 mAhg ' at 0.1 C after 50 cycles. Chen
et al.2'® synthesized an a-Fe,Os/graphene hybrid using an in-situ wet
chemical method under atmospheric pressure. The SEM/TEM
studies revealed that this hybrid comprised of 3D quasi-laminated
architecture, where a-Fe,O3; nanoparticles with a diameter of ~ 130
nm were homogeneously anchored on the GNS. The cycling
performance of bare a-Fe,0; and a-Fe,O;/graphene hybrid electrode
were measured at a current density of 100 mAg-' for 50 cycles. The
experimental measurements revealed that the bare o-Fe O3
nanoparticle electrode lost its capacity from 809 mAhg-' to 97
mAhg-', which was only ~ 6% of the initial capacity, suggesting
poor capacity retention. In contrast, the a-Fe,Os3/graphene
hybrid electrode exhibited a relatively high discharge capacity of ~
827 mAhg" in the second cycle. Subsequently, the capacity slowly
dropped to 742 mAhg™" during the first 30 cycles, and then stabilized
at ~ 742 mAhg" without further loss in capacity up to the 50" cycle.
This improved performance was ascribed to the combined effects of
the 3D quasi-laminated, flexible architecture and the highly
conductive/good structural stability of electrode due to the presence
of graphene.?'® Using the ferrous ions as both a reducing agent and
iron source, the synthesis of Fe,O3/graphene hybrids was reported by
Zhang et al.'"® With this synthesis approach, a mixture of GO, FeCl,,
and urea was refluxed under ambient conditions using a microwave
heater and subsequent heat treatment at 493 K under an Ar
atmosphere. The morphological studies further suggest that Fe,0;
nanoparticles (~50 nm) were firmly wrapped by graphene sheets
resembling crumpled paper. When used as the anode material, this
hybrid electrode delivered a reversible capacity of 800 mAhg ™' at a
charge/discharge rate of 0.2 after 100 cycles. In addition, after 30
cycles, a capacity of as high as 420 mAhg-' at a rate of 5 C was
achieved.

Recently, Yang et al*** fabricated self-assembled 3-D
nanoporous Fe,03/Fe;C-graphene heterogeneous thin films using the
CVD technique. It was observed that the electrode kinetics during
the Li" insertion/extraction was significantly improved due to the
formation of a graphene protective shell and a heterogeneous
structure in the thin film. This hybrid exhibits enhanced cyclability
and rate capacity compared to that of pristine Fe,O;. The specific
capacity of 1118 mAhg™' was obtained at a discharge current density
of 0.17 C with 88% retention after 100 cycles, whereas 518 mAhg™*
at a discharge current density of 6.6 C for 1000 cycles. Furthermore,
a power density of 1834 Wkg ™' and an energy density of 924 Whkg™'
could also be attained. Wang et al.**' synthesized a hybrid electrode
of Fe,03/graphene sheet acrogels using a solvothermal-induced self-
assembly approach. The Fe,0;/graphene sheet aerogels hybrid
consists of an interconnected macroporous framework where the
Fe,O3 nanoparticles are uniformly dispersed on GNS. Due to the
unique macroporous structures, high electrical conductivity, and
large specific surface area, this hybrid electrode showed a superior
rate capability (930 and 520 mAhg ' at current density of 500 and
4000 mAg ', respectively) and prolonged cycling stability at high
rates (733 mAhg™' at current density of 2000 mAg ' for 1000
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cycles). It has also been reported that the sheet type nanostructured
Fe,0; encapsulated with GNS are more beneficial than the spherical
nanoparticles and exhibit superior electrochemical performance for
lithium storage.”” Wu et al.?*® synthesized Fe@Fe,O; (core-shell)
nanoparticles/graphene hybrid via a hydrothermal route followed by
an in-situ thermal reduction process. This hybrid exhibits a 3D
porous structure, where the shell region of Fe@Fe,O; consisted of
amorphous Fe,0;. The electrochemical measurements suggest that
the Fe@Fe,0Os/graphene hybrid electrode delivered a reversible
charge capacity of 959.3 mAhg ' at a current density of 100 mAg™'
for up to 90 cycles. Additionally, the Fe@Fe,Os/graphene hybrid
exhibits long-life cycling performance at high current density. When
the current density was increased to 2000 mAg ', the
Fe@Fe,0s/graphene hybrid electrode achieved a reversible capacity
of 524.8 mAhg 'after 200 cycles. Further, when the current was
reduced to the initial rate of 100 mAg ' (after 66 cycles), this hybrid
electrode recovered to a slightly higher capacity (1090 mAg ' for the
125 cycles), thus suggesting a good reversibility and its suitability as
a high rate anode material.

Doping of nitrogen into graphene is another possible approach
to enhance the performance of the Fe,O;/graphene hybrid for lithium
storage. The uniqueness of the hybrid including thin nanoplatelets
and sandwiched space helps in the buffering of the volume
expansion, which results in a high reversible capacity of 1100 mAhg’
! after 50 cycles at a rate of C/5.%** Moreover, a specific capacity
was achieved as high as 887 mAhg™, 739 mAhg™, and 531 mAhg™
when the current density was increased to 1C, 2C, and 5C,
respectively. In contrast, the un-doped Fe,0s/graphene hybrid
electrode could deliver relatively low capacity (135 mAhg™ at a rate
of 1C) even after only 15 cycles.””* This improved electrochemical
performance was attributed to the small particle size of Fe,O; and
improved electronic conductivity due to the doping of N in
graphene, which causes a synergistic effect”” Hu et al??¢
synthesized porous Fe,O; nanorods anchored on N-doped graphene
(Fe,O3/N-graphene) by a hydrothermal route, assisted by microwave
treatment. The Fe,03/N-graphene hybrid was further coated
with ultrathin AlL,O; film through the ALD technique. The
electrochemical results suggest that the coating of Al,O; onto
Fe,03/N-graphene improved the rate performance, cycling stability,
and Coulombic efficiency. The AlL,O; coated Fe,O3;/N-graphene
hybrid electrode exhibited a stable capacity of 508 mAhg ' at a
current density of 2 Ag™' during 200 cycles. Moreover, a capacity of
~249 mAhg " at a current density of 20 Ag™' was maintained without
capacity fading for 2000 cycles as shown in [Fig. 12]. This improved
electrochemical performance was attributed to the porous structure
of the Fe,O3 nanorods, N-doped graphene framework, and ultrathin
coating of Al,Os3. Recently, a non-aqueous sol-gel method was used
to synthesize iron oxide/RGO hybrids in the presence of organic
solvents (such as benzyl alcohol), following microwave treatment.”’
The relationship between the structural properties and
electrochemical performance of the iron oxide/RGO hybrids was
thoroughly investigated using XPS and Raman spectroscopy. It was
concluded that GO having features of homogeneity and fewer
defects exhibited better electrochemical performance, even at high
current density. In addition, it was suggested that poly (acrylic acid)
acts as an efficient binder for y-Fe,O3;/RGO hybrid electrodes and
the specific hybrid structures of y-Fe,O3/RGO significantly suppress
the agglomeration of nanoparticles and provide buffering spaces.”*”
22 Therefore, a reversible capacity of 690 mAhg™' for up to 100
cycles even at a high current density of 500 mAg ' was achieved by
the y-Fe,0;/RGO hybrid electrode. Furthermore, this hybrid
exhibited good rate capability of 280 mAhg™' at a current rate of 10C
(10,000 mAg™") after 35 cycles.””’
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Chen et al.”*° studied the electrochemical performance of
Fe,0;/CNT/graphene  hybrid  materials  for  LIB.  The
Fe,03/CNT/GNS hybrid was synthesized using the CVD technique.
In the synthesis process, a colloidal solution of GO and Fe(NOs),
.9H,0 were mixed using ultra-sonication. This mixed solution was
further dried in a vacuum oven at 80 °C to obtain a precursor of
Fe(NO;)3/GO. Subsequently, this precursor was heated at 550C in a
tubular furnace with Ar flow. C,H, gas (C,H,: 10%, Ar: 90%) was
then introduced before the furnace was gradually cooled to room
temperature in an Ar atmosphere. The obtained product was once
again calcined at 400C for 2h in air to fabricate the
Fe,05/CNT/GNS hybrid material.>** This hybrid electrode exhibited
the specific capacity of 984 mAhg™' at a current density of 74.4
mAg™ in the first cycle and maintained ~ 812 mAhg™' after 100
cycles. Furthermore, when the current density was increased to 3720
mAg™! (5C), it achieved a reversible capacity of 534 mAhg" and
maintained 403 mAhg" after 100cycles, with a retention ratio of
75.5%. On the other hand, bare Fe,O5 electrode could only deliver a
reversible capacity of 112 mAhg ™' at a current density of 74.4 mAg’
after 100 cycles. The enhanced electrochemical properties were
ascribed to the short path for the diffusion of Li" through the
bamboo-like CNTs and the extra lithium storage sites provided by
the arc-like graphene layers inside the CNTs. The flexible and highly
conductive GNS and open 3D architecture also contribute to
improve the electrochemical performance.”**** Lee et al.?*
synthesized a bio-inspired 3D hierarchical structure based on
graphene, carbon nanotubes, and iron oxide using a microwave-
assisted irradiation method. In this 3D hierarchical structure,
nanostructured CNTs were vertically grown on a graphene sheet and
some of the iron nanoparticles were decorated on both the CNTs and
the graphene surface. This hybrid electrode could deliver a reversible
capacity of ~1024 mAhg™ at a current density of 100 mAg™" with a
99% Coulombic efficiency after 40 cycles. The coating of carbon
onto the surface of Fe,O; (core-shell type structure) in the presence
of graphene can significantly improve the performance of the anode
materials compared to bare Fe,O; and Fe,Oj/graphene hybrid
electrode.”’

6.3 Tin oxide/graphene hybrid

Tin oxide (SnO,) exhibits a high theoretical Li" storage
capacity of 782 mAhg', more than double that of graphite (372
mAhg™). Therefore, it could be a better replacement for the carbon
in LIBs. However, during the cycling process, a large volume
change of ~300% causes cracking and degeneration of the electrode,
which leads to inferior electrochemical performance. Enhanced
lithium storage capacities have been achieved in SnO,/graphene
hybrid electrode compared to bare Sn0,>¢*¢ Kim et al?*’
synthesized SnO,/graphene hybrid using a pH-controlled chemical
method. In this synthesis method, tuning of the electrostatic
attraction between the GNS and echinoid-like SnO, particles under a
controlled pH leads to the growth of uniformly dispersed SnO,
nanoparticles over the wrinkled GNS. Combined studies through
SEM, TEM, and Zeta potential measurements suggest that a more
uniform growth of SnO, nanoparticles on the graphene could be
achieved when the surface charge of SnO, and graphene were
opposed. This hybrid electrode exhibited a Coulombic efficiency of
98% and a reversible capacity 634 mAhg " at a current density of 0.1
Ag™' after 50 cycles. Furthermore, after cycling at different rates, the
reversible capacity of ~389 mAhg™ at a current density of 2 Ag™
was achieved.”*” It has also been observed that the initial source of
tin (Sn*" or Sn*") affects the morphology and electrochemical
performance of these hybrids.**®* GO plays a critical role in the
oxidation of Sn** to Sn*’, and the growth of SnO,, rather than SnO,
was observed in the presence of GO. The electrochemical
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performance was found to be better when Sn** was used as the initial
source.*® Chen et al.* also reported that precursors of tin influence
the electrochemical performance. It was observed that the
SnO,/graphene hybrids, synthesized using stannous oxalate as the tin
precursor exhibited better electrochemical performance compared to
SnCl,. In addition, a change in the ratio of GO to Sn* also
influenced the morphology of the SnO,/GNS hybrids, and the better
electrochemical performance was the result of the proper dispersion
of SnO, nanoparticles over the large GNS.*?® Thomas et al.”**
observed that the phase of tin oxide also varies with morphology,
and the SnO phase with the nanoplates morphology exhibited higher
discharge capacity and Coulombic efficiency. Furthermore, the
platelet type morphology of SnO shows better reversible capacity
compared to spherical nanoparticles of SnO,. At a current density of
23 pAcm”, the initial discharge capacity for the SnO@GNS and
SnO,@GNS hybrid electrodes was observed to be 1393 and 950
mAhg', respectively. After 40 cycles, a stable capacity of 1022 and
715 mAhg"' was achieved at a current rate of 23 pAcm™ for the
SnO@GNS and SnO,@GNS hybrids, respectively. Meanwhile,
Coulombic efficiency for the SnO@GNS and SnO,@GNS hybrids
were 94% and 89%, respectively.”®*

Ara et al.”® prepared SnO,/graphene hybrids by varying the
content of SnO, (25, 43, 60, and 82 wt%) through a controlled
hydrothermal synthesis route. The TEM investigation suggests that
the 25/75 wt% SnO,/graphene hybrid shows better dispersion of the
particles (2-3 nm) along with ~ 2 nm inter-particle spacing.
However, a higher content of SnO, led to a relatively larger particle
size and reduction of the inter-particle spacing. Furthermore, the
25/75 wt% SnO,/graphene hybrid could deliver an enhanced specific
capacity of ~ 662 mAhg ' at 50 mAg " after 150 cycles, and better
rate capability of 230, 445, and 525 mAhg ™" at current densities of
1000, 500, and 300 mAg™', respectively. The TEM and EIS results
further suggest that after 100 cycles, the nanoparticles retained their
original size (2-3 nm) and the charge transfer resistance was
decreased by 52%.%%° Investigations of the effects of the structural
phase/crystallinity on the electrochemical performance of the
SnO,/graphene hybrid suggest that the amorphous-type SnO,/GNS
could effectively buffer the shrinkage of the Sn lattice and volume
expansion. Therefore, the amorphous-type SnO,/GNS hybrid was
found to be more effective over the crystalline SnO,/GNS hybrid for
better lithium storage.”>® Lin et al.”’® synthesized SnO,/graphene
nanoribbon hybrid material. In this synthesis method, graphene
nanoribbons (GNRs) were prepared by unzipping MWCNTSs using
sodium/potassium; chemical treatment of GNRs in the presence of
SnCl,.2H,0 and 2-pyrrolidinone was then performed, which lead to
the formation of SnO,GNR hybrids. The SnO,/GNR hybrid
electrodes exhibited a reversible capacity of ~ 825 mAhg" at a
current density of 100 mAg™, even after 50 cycles with a Coulombic
efficiency of ~ 98%. Moreover, the SnO,/GNRs hybrid electrode
showed good power performance with a reversible capacity of ~ 580
mAhg" at a current density of 2 Ag”' [Fig. 13]. Ravikumar et al.””'
synthesized GNS/SnO, hybrid electrode materials. With this method,
N-methylpyrrolidone was used as a solvent to exfoliate graphene,
which was further treated with SnCl,.2H,O and CTAB in the
presence of NH,OH to produce a sandwiched type GNS-SnO,
hybrid material. The SnO,/GNS hybrid electrode delivered a
capacity of ~ 1009.8 mAg™" at a current density of 100 mAg™ after
10 cycles and retained 57% of the initial capacity, whereas at a high
current density of 300 mAg’, it retained 81% of the initial capacity
(305.8 mAg™). SnOy/graphene hybrids were synthesized using a ball
milling process with a mechanochemical reaction between GO and
Sn particles.””> The SnO, nanocrystal/graphene composites were
synthesized with different grinding times and various raw materials
ratios of Sn:GO. The experimental observations revealed that
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SnO2/graphene composite with a grinding time of 8§ h and raw
material ratio of 1:1 formed pm sized architected chips composed of
composites sheets and exhibited a high tap density of 1.53 gem >
When used as the anode material for LIBs, the specific capacity of
~891 mAhg ' at a current density of 100 mAg ' was achieved even
after 50 cycles, with a Coulombic efficiency of ~94%. In addition,
the capacities of 1017 mAhg™ (3rd cycle), 817 mAhg™ (8th cycle),
709 mAhg' (13th cycle), and 566 mAhg"' (18th cycle) were
delivered at a current density of 100 mAg™, 200 mAg™, 500 mAg™,
and 1000 mAg, respectively.”” Xu et al.>”* synthesized a nitrogen
doped graphene/SnO, hybrid material using a direct hydrothermal
method. Using this method, stannic chloride hydrate was dissolved
in the aqueous solution of GO, then urea, and concentrated HCI were
added. The as prepared solution was hydrothermally treated at 120C
for 24 h. The size/shape and morphological studies performed
through the TEM showed that the SnO, nanorods with sizes of 10—
15 nm in length and 2.5-4.0 nm in diameter were uniformly and
monodispersed on the surface of graphene. This hybrid electrode
could deliver reversible discharge capacities of 803.1 mAhg" and
773.5 mAhg™ after 100 cycles at current densities of 100 mAg™ and
200 mAg™, respectively. Furthermore, at a high current density 400
mAg”', stable reversible capacity of 642 mAhg"' and Coulombic
efficiency of ~ 99.2% were achieved at the 80™ cycle. Remarkably,
the Coulombic efficiency was increased with increasing current
density from 96.1% (at 50 mAg™) to 97.2% (at 100 mAg™), then to
98.5% (at 200 mAg™), and then to 99.2% (at 400 mAg™). The high
capacity and good stability of the RGO/SnO, hybrid electrode was
attributed to the intimate contact between the RGO platelets and
SnO, nanoparticles, and to the enhanced electrical conductivity of
the hybrid due to N-doping.”’*?7¢

The synthesis of the carbon-coated SnO,/graphene hybrid
through a hydrothermal method assisted by a post calcination
treatment has been reported by Zhang et al?’”” The HR-TEM
micrographs further suggest that, in addition to the crumpled GNS
and SnO; nanoparticles (~ 5 nm in diameter), thin layers of carbon
were developed on the edges of the SnO, nnaoparticles. The thin
carbon layer was not only in contact with the GNS, but also covered
the SnO, nanoparticles. Therefore, the SnO, nanoparicles were
wrapped between the amorphous carbon coating layers and GNS.
The combined effect of graphene layer and carbon coating can
effectively maintain the stability and significantly prevent the
detachment of SnO, nanoparticles, thus affording better
electrochemical properties than those of the pristine SnO, electrode.
When used as an anode in LIBs, this hybrid exhibited a capacity of ~
757 mAhg™ at a current density of 200 mAg’, even after 150 cycles.
Meanwhile, the corresponding Coulombic efficiency was observed
to be nearly 100%. In addition, it showed better capacity retention
than the SnO,/carbon and SnO,/graphene hybrid electrodes.”’” It was
noticed that the introduction of carbon shell restricts the undesirable
reactions, whereas a porous structure can improve the diffusion of
liquid electrolyte into the bulk materials.’’**”® Zhang et al**
fabricated SnO,/graphene/CNT hybrid based flexible paper. Using
the synthesis method, GO and CNTs were mixed to obtain a
homogeneous GO/CNT solution. Subsequently, SnCl,.5H,0 was
mixed in this solution and the supernate obtained through the
centrifugation process was then passed through a membrane filter to
produce a flexible paper. This paper was further calcined in an N,
atmosphere at 450C for 2h to reduce the GO in graphene. In this
hybrid, SnO, nanoparticles (3-5 nm) were attached onto the surface
of GNS (anchored with surface functional groups) and were
encapsulated in pore channels formed by entangled GNS. It was
perceived that the 3D conductive network and the presence of CNTs
reduce the charge transfer resistance; therefore, the
SnO,/graphene/CNT  hybrid  electrode  exhibited  better
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electrochemical performance than the SnO,/graphene hybrid, SnO,,
and bare graphene anode. The SnO,/graphene/CNT hybrid electrode
delivered capacities of 635 mAhg' and 345 mAhg' at current
densities of 0.25 and 1.5 Ag', respectively. In addition, it showed a
stable capacity of 387 mAhg™' at a current density of 0.1 Ag™ after
50 cycles. 280281

It has been reported that the sulphur-coated SnO, further
improves the performance of the SnO,/graphene hybrid electrode.
The electrochemical performance revealed that compared to the
SnO,/graphene hybrid, the sulphur-coated SnO,/graphene hybrid
electrode exhibited a better response, which was attributed to the
buffering effects of sulphur.”>*** Liu et al.?®® fabricated flexible
graphene film, decorated with spindle type Fe,O;@SnO,
nanoparticles. Using the synthesis approach, FeOOH@SnO,
nanospindles were synthesized using the hydrothermal method and
FeOOH@SnO,/GO film was then prepared through a vacuum
filtration technique (using a solution of FeEOOH@SnO,/GO) and
changed to hybrid Fe,0;@Sn0,/GS films when annealed at 500 °C
in Ar atmosphere. It was observed that the Fe,0;@Sn0O,/GS films
behave as a binder free electrode and exhibit a reversible discharge
capacity of 1015 mAhg™ at a current density of 100 mAg™ even after
200 cycles. Notably, a charge/discharge efficiency of ~ 100% was
maintained during the 100 cycles with a specific capacity of > 700
mAhg' at a current density of 400 mAg'. Furthermore, the
Fe,0;@Sn0,/GS  hybrid film also showed much better
electrochemical performance compared to the Fe,O3/GS and
Sn0,/GS hybrid electrodes.”® This phenomena was attributed to the
uniform dispersion of Fe,O; around the SnO, nanoparticles, which
also contributed to suppress the aggregation of the SnO,
nanoparticles, therefore improving the electrochemical performance
of the Fe,0;@Sn0,/GS hybrids electrode.”® Electrochemical
investigations suggested that a synergetic effect not only occurred
between the graphene and metal-oxide nanoparticles, but also
between the SnO, and Fe;O4 nanoparticles. In the same way, the
Sn0,/In,0;/GNS,*% ZnO/SnOZ/graphene,287 and SnO,/Sn/RGO
hybrid®®® electrodes exhibited better electrochemical performance
than their single metal oxide NPs hybridized with graphene as
summarized in Table 2].

6.4 Cobalt oxide/graphene hybrid

Cobalt oxides are well known as potential alternative anode
materials because of their promising high theoretical capacities
(Cos04 ~ 890 mAhg' & CoO ~ 715 mAhg"), low cost, and
eco-friendliness. However, these materials have issues such as a
large volume variation and poor electronic conductivity during the
cycling process. To circumvent these issues, graphene has been used
as the template and the electrochemical performance of cobalt oxide
nanomaterial was greatly improved in the hybrid form. Several
studies on Co;0,/graphene®™ > and CoO/graphene®™>" hybrid
electrode materials for LIB have been reported. Zhu et al®'
synthesized cobalt-oxide/graphene hybrid via hydrothermal method
assisted by thermal pyrolysis at different temperatures. In this
hybrid, cobalt-oxide nanowall arrays were grown on RGO sheets. It
was observed that the porosity of cobalt-oxide /RGO hybrids and the
grain size of Co;0, nanoparticles affect the -electrochemical
performance of these hybrids, which can be tailored by varying the
annealing temperature. The Co03;0,/RGO hybrid exhibited an
optimized specific capacity of ~ 673 mAhg™ after 100 cycles at a
current density of 180 mAg' (0.2 C). On the other hand the
CoO/RGO hybrid delivered the specific capacity of 732 mAhg-' at a
discharge current density of 150 mAg™” (0.2 C) after 100 cycles.”'
Li et al?®? fabricated mesoporous Co30, with a controlled
nanostructure, directly grown on graphene membrane by
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hydrothermal reaction assisted by annealing process. This Co;0,
nanowall@graphene hybrid membrane anode delivered a reversible
capacity of ~ 800 mAhg' at a current density of 100mAg™’.
Furthermore, it demonstrated good cyclic stability of > 600 mAhg™”,
without fading the capacity and a Coulombic efficiency of nearly
100% over 500 cycles. The mesoporous structure and uniform
distribution of Co30, over the graphene can be favorable for better
diffusion of Li" and strain buffer of Co;0, during the cycling
process, rendering high performance for the electrodes.”*% The
improved performance of the Co3;0,/GNS hybrid was attributed to
the buffering effects of GNS on the aggregation and volume change
of Co;0, nanoparticles during the cycling processes, as well as the
increased conductivity.”® In addition, the size and shape of the
Co30,4 nanostructures can significantly affect the reversible capacity
and cyclic stability. The Co030, nanorod/GNS hybrids electrode
exhibited a high reversible lithium storage capacity and much better
rate capability compared to bare nanostructured Co;04. The Co30,
nanorod/GNS hybrid anode exhibited capacities of ~ 1310 mAhg™'
and ~ 1090 mAhg " after 40 cycles at current densities of 100 mAg '
and 100 mAg ', respectively. On the contrary, bare Co;0, and GNS
electrode could only deliver a capacity of 85 mAhg ' and 252
mAhg ', respectively, when measured at a current density of 100
mAg™! after 40 cycles. Moreover, after 40 cycles, when the current
density was returned to the initial 100 mAg ', this hybrid electrode
recovered its original capacity or even a slightly higher capacity
(reversible capacity was 1378 mAhg™' for the 45th cycle),
suggesting good rate capability.>”*

Pan el al.*® synthesized Co;04/RGO hybrid electrode material
using polyvinylpyrrolidone (PVP) as the surfactant under reflux
conditions, assisted by post calcination treatment under a nitrogen
atmoshphere. The morphological investigation through FE-
SEM/TEM micrographs revealed that when PVP was used during
the synthesis, the loading of the Co;0,4 nanoparticles (~100 nm) over
RGO was significantly enhanced with uniform distribution. Also, the
Co030,4 nanoparticles were tightly wrapped by RGO. This hybrid
electrode exhibited a discharge capacity of 860 mAhg ' during 120
cycles at a current density of 40 mAg '. The higher loading of the
Co0304 nanoparticles over RGO influenced the electrochemical
performance and the Co3;0,/RGO hybrid synthesized using PVP
exhibited an improved rate performance. Particularly, when the
current density was increased to 1000 mAg-', the specific capacity
of ~ 400 mAhg-' was maintained. However, the capacities of the
hybrid synthesized without using the PVP reduced dramatically and
retained only 10% of the initial capacity at the same current rate. Hu
et al.*” synthesized a binder free Co;O,/graphene hybrid, directly
deposited on Cu foil using an electrostatic spray technique. Fig. 14
shows a schematic diagram of the synthesis process. A synergistic
effect from spraying and subsequent heat treatment led to the
formation of porous and 3D cross-linked nanostructured
Co030,/graphene hybrid. This hybrid electrode delivered a capacity
of ~ 631 mAhg™ at a current density of 1Ag™, even after 58 cycles
with a columbic efficiency of > 97%. Moreover, at a higher current
density of 5 Ag™, it retained a capacity of ~ 321 mAhg™ [Fig. 15].
The morphological compatibility, along with a strong interfacial
interaction between the graphene and Co;O, nanoparticles,
significantly stimulated the interfacial electron and Li* transport,
therefore improving the performance of these hybrid electrodes
compare to bare Co;0, electrodes.*®-%

The synthesis of CoO/RGO hybrid by directly employing
C4HO,4 Co-4H,0 and hydrophilic GO as raw materials using in-situ
chemical reduction assisted by post calcination treatment has been
reported.’® It was observed that dense and small-size CoO (~ 5 nm)
nanoparticles, uniformly anchored onto the disordered RGO
nanosheets provide an interfacial interaction between CoO
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nanoparticles and RGO nanosheets. This strong interfacial
interaction efficiently improved the reversible capacity, rate
capability, and cycle life of these hybrids.*®® The CoO/RGO hybrid
electrode could deliver a reversible capacity of ~701.7mAhg ' at a
current density of 100mAg ' after 50 cycles. Furthermore, at even
over 435 cycles after cycled at different current rates from 100 to
4000 mAg ', the specific capacity of ~ 577.9 mAhg ™' was retained
when the current density was returned to 100mAg . In contrast, the
bare CoO nanoparticles electrode could deliver the specific capacity
of ~ 463.2 mAhg ' at a current density of 100mAg " after 50 cycles.
Peng et al.>* synthesized a CoO quantum dot/GNS hybrid usuing a
facile ultrasonic method. With this method, GNS was mixed in
hexane through ultra-sonication, and Co4(CO);, was then directly
added and mixed under sonication. The obtained products were then
collected via centrifugation and dried at 60°C in air to yield the
amorphous CoO quantum dot (QDs)/GNS hybrid. In order to
increase the crystallinity, it was clacined at 550°C under an N,
atmosphere. The morphological investigations revealed that in this

hybrid, CoO QDs (~5 nm) were uniformly dispersed on the surface

of GNS. It has been reported that such a hybrid structure could be an
ideal candidate for high lithium storage due to several unique
characteristics. First, the very small size of CoO QD with high mass
loading can provide very large electrochemical active sites, which
was mainly responsible for the high capacity. Second, the firm
anchoring of the CoO QDs on GNS could significantly restrict the
aggregation and volume change of the particles during the cycling
process, therefore providing high reversibility and cycling stability.
Furthermore, the isolated CoO QDs on the highly conductive GNS
support provides each CoO QD not only the required conductivity,
but also a short diffusion length for Li*.*'**'? The CoO quantum-
dot/graphene hybrid electrode exhibited a high reversible storage
capacity of 1592 mAhg™ at a current density of 50 mAg™" after 50
cycles, along with a high Coulombic efficiency of over 95%. In
addition, it exhibited high rate capability (capacity of ~ 1008
mAhg-' with a retention of ~ 77.6% after 50 cycles, measured at a
current density of 1000 mAg-"), which was dramatically increased
from the capacity at 50 mAg-' after 10 cycles).**

3D-RGO hydrogels anchored with CoO nanoparticles were
prepared using hydrothermal method and a subsequent heat-
treatment process.”’> In the 3D-RGO hydrogel/CoO hybrid, CoO
nanoparticles (~10 nm) were encapsulated within graphene-based
hydrogel with robust interconnected networks. This hybrid electrode
could deliver capacities of 457.0, 543.8, 690.4, and 890.2 mAhg ' at
current densities of 2400, 1600, 800, and 200 mAg ', respectively.
Additionally, the specific capacity was increased up to 1025.8
mAhg ™' after 82 cycles, when the current density returned to 100
mAg ', which suggests good rate capability and cyclic stability. Qi
etal’' synthesized highly CoO nanoparticles loaded CoO/graphene
hybrids using a self-assembly approach via an oil-phase solution
synthesis  technique. This method involved the thermal
decomposition of Co-acetylacetonate by oleylamine (OAm) in the
presence of graphene, where Co nanoparticles of ~ 15 nm were
uniformly distributed onto GNS because of the complete miscibility
between graphene and OAm. The CoO/graphene hybrids with
different mass ratios (CoO/graphene) of 9 : 1, 7 : 3, and 4 : 6
exhibited reversible capacities of 1401, 937, and 669 mAhg'l,
respectively, and were found to be much better than bare graphene
(421 mAhg") at a current density of 100 mAg™". In addition, at a
high current density of 8.0 Ag™, this hybrid electrode was capable of
delivering a stable capacity of ~ 500 mAhg' after 35 cycles.
Nevertheless, when the current density was decreased from 8.0 to
0.25 Ag’', about 83% of the initial capacity obtained at 0.25 Ag™' (~
950 mAhg™") could be recovered.*'* The superior electrochemical
performance of the CoO/graphene hybrids electrode was attributed
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to structural stability and inhibited electrode pulverization during the
cycling processes.’’> Zhang et al>'® synthesized flexible mats

composed of CoO, graphene, and carbon nanofibers by
electrospinning and a subsequent thermal treatment. This
CoO/graphene/carbon  hybrid electrode exhibited discharge

capacities of 760 (after 252 cycles) and 690 mAhg ' (after 352
cycles), respectively, at a current density of 500 mAg'. These
storage capacities were found to be much higher than those of
graphene/carbon, CoO/carbon nanofibers, and pure carbon
electrodes at the respective cycles. In addition, after cycling at
various current rates from 0.1 Ag' to 2 Ag"' when the current
density was returned to 0.1 Ag™' (after 30 cycles), this hybrid could
deliver relatively higher capacity (~800 mAhg"), signifying good
rate capability. The improved electrochemical performance was
ascribed to a number of factors, including fast diffusion of Li" due to
the presence of carbon nanofiber, whereas enhanced electrical
conductivity and mechanical properties were offered by graphene.*'®

6.5 Manganese oxide/graphene hybrid

Manganese oxide (MnO,) is an attractive anode material
(theoretical capacity of ~ 1232 mAhg™) that has been widely used
for LIBs. It possesses unique properties, including high energy
density, low conversion potential (< 0.8 V), low electrochemical
motivation force (1.032 V vs. Li/Li"), high abundance, low cost, and
environmental friendliness. Unfortunately, the practical application
is mainly hampered by poor electrical conductivity and large volume
expansion during the charge/discharge process. Nanostructured
MnO,, hybridized with graphene, has shown an effective approach
to accommodate the strain of volume change with improved
electrical conductivity.’'”**' The electrochemical performances can
significantly be improved in the hybrid state. Li et al.*** synthesized
MnO, nanoplatelet/graphene hybrid material using a chemical
method. It was suggested that the unique porous structure of the
hybrid could facilitate rapid transport of electrons and electrolyte
ions throughout the hybrid material. Therefore, this hybrid electrode
exhibited a much higher capacity of 905 mAhg' compared to pure
MnO, (416 mAhg™ at a current density of 50 mAg™"). Furthermore,
this hybrid electrode exhibited an irreversible capacity loss of ~ 36%
in comparison with 55% for the bare MnO, electrode. In addition,
the hybrid electrode exhibited much better rate capability compared
to bare GNS and MnO, electrodes at different rates. Notably, a
reversible capacity of ~ 341 mAhg" was achieved at the current
density of 500 mAg™, and a stable capacity of ~ 630 mAhg™' could
be retained when the current rate was backed to 50 mAg™.*** Radich
et al.** reported that RGO assists in the expulsion of ions from the
MnO, lattice and also enhances the crystallinity. Moreover, it was
able to repair the impure phases within the MnO,.***** Recently, Li
et al.*** reported MnO,/3D porous graphene (3D PG-Mn) hybrid,
synthesized through a self-controlled redox deposition process. The
3D porous network of graphene [Fig. 16] offers a highly conductive
structure and a large surface area which intensify the contact
between MnO, nanoparticles and increases the mechanical strength
of the 3D PG-Mn hybrid during the cycling process. Therefore, 3D
PG—Mn hybrid exhibited an electrochemical performance superior to
the bare MnO, nanoparticles electrode. Furthermore, it was observed
that 3D PG—-Mn hybrid electrode with 62.7 wt% of MnO, exhibited
a stable capacity of ~ 836 mAhg ' at a current density of 100
mAg ' after 200 cycles (~ 84.6% capacity retention). Moreover,
after cycling at different current rates (100 mAg™" to 1600 mAg™),
when the current was reduced to 100 mAg-', the discharge capacity
of ~ 869 mAhg-' could be achieved after 45 cycles (compared to ~
926 mAhg-' after 10 cycles), suggesting good rate capability [Fig.
17].
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Wang et al.*® synthesized Mn;O4/graphene hybrid using a
hydrothermal method. The SEM/TEM studies revealed that Mn;O,
nanoparticles with a size of ~10-20 nm were grown on RGO sheets.
The intimate interaction between Mn;O, nanoparticles and RGO
causes a synergetic effect. Therefore, the Mn;O,4/RGO hybrid
electrode could afford a capacity of ~ 900 mAhg™ at a current
density of 40 mAg™. In addition, after cycling at different current

rates, a capacity of ~730 mAhg™ (after 40 cycles) at 400 mAg™ was

retained compared to ~780 mAhg' (after 15 cycles), suggesting

good rate capability. In contrast, bare Mn;O, electrode could deliver
a capacity below 300 mAhg™', which was further decreased to ~ 115
mAhg' (at 40 mAg") after only 10 cycles.”>*® Lavoie et al.*”’
studied the electrochemical performance of Mn;0,/graphene hybrids
for LIB. In the process of electrode preparation they used two
different types of binders: carboxymethyl cellulose and PVDF. On
the basis of experimental results, they claimed that lithium
carboxymethyl cellulose (LICMC) could be a better binder than the
conventional PVDF, due to its easy processability in water.
Furthermore, when LICMC was used as the binder, the hybrid
electrode exhibited much better capacity than that of PVDF. At a
current density 75 mAhg’', the capacities of ~ 720 mAhg-' (using
LiCMC) and ~ 365 mAhg™' (using PVDF) were obtained after 100
cycles. This superior capacity retention was attributed to the
formation of bonds between the hydroxyl groups present at the
surface of the nanoparticles and carboxyl groups of the binder,
which resulted in an enhanced interface interaction with the active
materials.*>’ Recently, Park et al.**® synthesized an N-doped
Mn;0,/graphene hybrid material using hydrothermal method with
hydrazine as a reducing agent and nitrogen source both. N-doping
can allow fast electron/ion transfer by decreasing the energy barrier,
whereas uniform dispersion of the Mn;O, nanoparticle graphene
significantly enhances the electro-active surface area.’”?*!
Therefore, the N-doped Mn;0,4/graphene hybrid electrode exhibited
superior capacity and good rate capability. The electrochemical
results suggest that without doping of nitrogen, the Mn;0,/graphene
electrode exhibited a capacity of ~ 703 mAhg™ at a current density
of 200 mAg™', after 40 cycles. In contrast, the nitrogen doped
Mn;0,/graphene (N-Mn;O4/graphene) electrode exhibited a specific
capacity of 800 mAhg ' under the same conditions. Additionally, the
N-Mn;0O,/graphene hybrid electrode showed a rate capability
superior to bare Mn;0O,, graphene and the Mn;O,/graphene hybrid
electrode. When cycled at various current rate (100 mAg™ to 2 Ag™),
the N-Mn;0,/graphene hybrid electrode could deliver a capacity of ~
400 mAhg " at 2.0 Ag™" after 25 cycles.

Mai et al.***> synthesized MnO/RGO hybrid via liquid phase
deposition of MnCo; nanoparticles over the surface of GNS and
subsequent heat treatment in a nitrogen environment. In this hybrid,
the surfaces of RGO sheets which were comprised of 35 layers, were
homogeneously covered with several MnO nanoparticles having a
size ~ 10 nm. After 50 cycles, a reversible capacity of 665.5
mAhg ™' was observed at a current density of 100 mAg ' in the case
of the MnO/RGO hybrid electrode. On the other hand, the bare MnO
electrode showed a continuous decay in reversible capacity as the
cyclic number was increased, and after 20 cycles it levelled off with
a capacity of ~ 260 mAhg'. Furthermore, upon increasing the
current density to 400 and 800 mAg™, the hybrid electrode could
maintain a capacity of ~ 454.2 and ~ 325.6 mAhg’, respectively.
Also, the MnO/RGO hybrid electrode could regain higher specific
capacity and better cyclic stability than the bare MnO electrode by
reverting to a lower current density of 200 mAg™' even after 40
cycles.*™

Lithium intercalation behaviors in manganese oxides/graphene
hybrid have been investigated by Sun et al.*® The electrochemical

This journal is © The Royal Society of Chemistry 2014

Nanoscale

observation showed that a change of the oxidation state of Mn (II) to
Mn (IV) and the interfacial lithium storage during the cycling
process can enhance the specific capacity.®**** The electrochemical
studies revealed that the valence state of manganese oxide
significantly influences the lithium storage capacity of the
manganese-oxide/graphene hybrid material.**>** Cheekati et al.***
reported that the MnO/graphene hybrid electrode has better storage
and cycling stability than the Mn;O,/graphene hybrid electrode. Lee
et al**' synthesized graphene-MnO hybrid via spray pyrolysis
method using the colloidal solution of GO and manganese nitrate
hexahydrate. Morphological studies through SEM/TEM micrographs
revealed that the MnO/graphene hybrid possessed a crumpled

structure (size ~1 pum), where the MnO nanoparticles (several tens

of nm) were uniformly distributed over the graphene sheets. In
contrast, bare MnO showed a hollow structure with a size of several
um. This graphene-MnO hybrid electrode exhibited initial charge
and discharge capacities of 849 and 1207 mAhg ', respectively, at a
current density of 500 mAg . In contrast, the hollow-structured
MnO electrode exhibited charge and discharge capacities of 673 and
1004 mAhg ', respectively. Further, the hollow-structured MnO and
graphene/MnO hybrid electrode could deliver discharge capacities of
~ 701 and 1313 mAhg’', respectively, after 130 cycles. The
MnO/graphene hybrid also exhibited a rate capability superior to
bare MnO electrode. Such a superior electrochemical performance
was attributed to the very small size of MnO nanoparticles, high
specific surface area, small charge transfer resistance, and high
lithium diffusion coefficient in the MnO/graphene hybrid.

6.6 Nickel oxide/ graphene hybrid

Because of the low cost, high safety, and ecofriendly features,
NiO is considered to be a promising anode material. NiO exhibits a
theoretical capacity of 718 mAhg ', but it suffers problems
associated with poor conductivity and cycling stability. To overcome
these obstacles, strategies have been employed to fabricate
NiO/graphene hybrid materials. Kottegoda et al.*** synthesized
graphene/NiO hybrid via a controlled hydrothermal reaction method.
Using this method, an appropriate amount of GO and metal salt was
dispersed in ethylene glycol and then hydrothermally treated at 160
°C for 16 h. Subsequently, pyrolysis was carried out through post
annealing at 500 °C. The FE-SEM studies revealed that this hybrid
consisted of NiO nanoparticles (size around few nm), firmly attached
to certain sites on graphene sheets. However, following the same
synthesis route, a completely different structural growth was
observed in the pristine NiO, which shows a much larger particle
size (100-300 nm) than in the NiO/graphene hybrid. This hybrid
electrode with an optimized concentration of NiO (wt % = 50%),
exhibited a capacity as high as 450 mAhg™ at 1C (1 C =300 mAg™")
after 100 cycles. Nevertheless, this electrode could deliver good
capacities of ~ 450 mAhg™' and ~ 400 mAhg™' at current rates of 1 C
and 2 C, respectively. In contrast, the hybrid electrode with NiO (wt
% = 20%) showed a relatively higher capacity at higher current rates
of 10 C and 20 C. NiO nanosheets (NS), grown on GNS, were
synthesized using hydrothermal method.**® The combined
experimental and theoretical investigations suggested the formation
of an oxygen bridge between the NiO nanosheet and graphene. It
was concluded that the oxygen bridge between graphene and NiO
NS contributes to good conductivity and causes a synergistic effect,
thus improving the lithium storage properties. The NiO NS/graphene
hybrid electrode exhibited a stable reversible capacity of ~ 883
mAhg at a current density of 50 mAg™" after 50 cycles, and retained

~90% of the initial capacity. This reversible capacity was observed
to be superior to that of the NiO NS/graphene mixture (530 mAhg™,
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retention of ~ 76%) and the bare NiO NSs (210 mAhg"' and
retention of only 35%) electrode.

Hwang et al.*** synthesized a NiO/graphene hybrid by chemical
precipitation followed by post calcination treatment. This hybrid
material consists of plate type nanostructured NiO (90 — 120 nm),
homogeneously anchored on GNS. The plate type NiO
nanostructures work as spacers and keep the neighbouring GNS
separated, thus forming a 3D hybrid structure. The 3D conducting
network of NiO/graphene affords a fast electron transfer between the
current collector and the active material. Furthermore, NiO/graphene
hybrid with a higher content of NiO (59 wt.%) exhibited better
performance than the hybrid consisting of NiO (37 wt.%). After 40
cycles, the NiO/graphene (NiO, 59 wt. %), NiO/graphene (NiO, 37
wt. %) and bare graphene electrode could deliver discharge
capacities of ~ 856, 604, and 302, mAhg ' at 5 C (5000 mAg ),
respectively.*** In addition, Zhu et al.*** studied the electrochemical
performance of NiO/RGO hybrid. The morphological investigations
revealed that in this hybrid, NiO particles consisted of nanosheet-
based microsphere structures that were uniformly anchored on the
surface of RGO platelets. The NiO/RGO hybrid electrode exhibited
the initial discharge and charge capacities of 1641 mAhg ™' and 1097
mAhg ™' (at 100 mAg "), respectively. Moreover, after 50 cycles, a
charge capacity of ~ 727 mAhg ' (at 1600 mAg ') and a discharge
capacity of ~1041 mAhg' (at 100 mAg ') were achieved. In
contrast, after 50 cycles (at 100 mAg "), the bare NiO electrode
could deliver only a discharge and charge capacity of 91 and 90
mAhg ', respectively. The NiO/graphene hybrid synthesized using a
liquid-phase deposition method was also reported.**® In this hybrid,
graphene was composed of 3—5 individual graphene layers and the
size of the NiO nanoparticles were ~ 5 nm. Fig. 18 shows that after
35 cycles at a current density of 100 mAg ', this NiO/graphene
hybrid electrode was able to deliver a capacity of 646.1 mAhg ',
with a retention value of ~ 86.3 %. Moreover, capacities of 509
mAhg ' and 368.5 mAhg™' were obtained at current densities of 400
and 800 mAg ', respectively.**® Recently, Zhu et al.**’ synthesized
Ni(OH),/RGO hybrid material using a co-precipitation method
following a reduction using hydrazine. The Ni(OH),/RGO hybrid
electrode exhibited a reversible capacity of ~1003 mAhg ' at a
current density of 100 mAg ™' after 40 cycles. In contrast, the bare
Ni(OH), and RGO electrodes exhibited reversible capacities of ~
160 mAhg' and ~ 234 mAhg ', respectively, under the same
conditions. Furthermore, the performance of the Ni(OH),/RGO
hybrid electrode was observed to be even better than that of the B-
Ni(OH),@RGO hybrid electrode.**®

6.7 Copper oxide/graphene hybrid

Although copper oxides are attractive anode materials and
exhibit theoretical capacities of 674 mAhg™' (CuO) and 374 mAhg™
(Cu,0), similar to other metal oxides, it also suffers from problems
related to rapid fading of the capacity due to large volume expansion
and contraction during the cycling process.**>*° Several studies
have demonstrated that the combination of CuO/Cu,0 and graphene
can display some unique properties that are useful for practical
application in LIB. CuO/RGO hybrid was synthesized using a pex-
milled process by mixing CuO nanoparticles with GNS. The initial
charge density (1043.3 mAhg™") of the CuO/RGO hybrid electrode
was found to be significantly higher than that of pure CuO
nanoparticles (785.2 mAhg ™' at 0.1 mAcm™). Furthermore, after 45
cycles, the reversible capacity was maintained at ~ 516.4 mAhg ' in
the case of the CuO/RGO hybrid electrode at a current density of 0.1
mAcm with a columbic efficiency of ~ 90%.%! Tt was observed that
tight contact between the graphene and CuO nanoparticles forms a
highly conductive network, and the issues with the volume change
during the cycling process therefore efficiently diminished in the
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presence of the hollow CuO nanoparticles.**> Zhou et al*>
synthesized CuO a nano-leaves/graphene hybrid using a microwave-
assisted method. The SEM/ TEM investigations showed that leaf-
shaped CuOs (rthombic) were uniformly dispersed on GNS having a
length of 100-140 nm and width of 40 nm. Compared to pristine
CuO, the CuO/GNS hybrids electrode exhibited superior
electrochemical performance. The electrochemical result showed
that after 50 cycles at a current density of 100 mAg ', the CuO/GNS
hybrids electrode retained a capacity of ~ 600 mAhg'. Also, even
when cycled (during 50 cycles) at different rates, a capacity of ~ 600
mAhg ' was recovered, suggesting good rate capability.’>
Furthermore, parameters such as capacity, rate capability, cycling
stability, and Coulombic efficiency can be controlled by tailoring the
morphology of the CuO/graphene hybrids and structural features
(shape/size) of Cu0.****% It was proposed that compared to granules
and slab-like morphology, the CuO nanoparticles with hierarchical
structures afford a larger surface area. Therefore, they offer a better
contact area between the electrode and electrolyte and enhance the
reactivity of the electrode.**”**° Liu et al.*® synthesized flexible and
free-standing CuO nanosheets/RGO hybrid lamellar paper via
vacuum filtration and hydrothermal assisted reduction processes.
This hybrid lamellar paper exhibited a 3-D nanoporous network,
where sheets type nanostructured CuOs were homogeneously
embedded within RGO layers. The CuO nanosheets/RGO hybrid
electrode exhibited much better specific capacity (736.8 mAhg
after 50 cycles at 0.1 C) than the pristine CuO nanosheet (219.1
mAhg after 50 cycles at 0.1 C) and RGO electrode (67 mAg™" after
50 cycles at 0.1 C).**°

Recently, Li et al.*' fabricated core—shell Cu,O@Cu/graphene
hybrids using a microwave-assisted synthesis approach. The unique
dual-conducting system consisting of graphene support and a coating
of a Cu layer on the surface of Cu,O nanoparticles significantly
improved the electrochemical performance. The
Cu,O@Cu/graphene hybrid electrode exhibited a specific capacity of
~ 775 mAhg-' at a current density of 50 mAg™', which was higher
than those of the Cu,O@Cu nanospheres (~ 100 mAhg™") and the
Cu,0-GS (416 mAhg') hybrid electrode. Moreover, the
Cu,O@Cu/graphene electrode showed better rate capability than the
Cu,0O@Cu nanospheres and Cu,O/GS hybrid electrode. The
Cu,O@Cu/graphene electrode could deliver the specific capacity of
~ 410 mAhg" at 2000 mAg™, and after cycling at different current
rates, when returning to 50 mAg™ (after 50 cycles), it delivered a
capacity of ~779 mAhg™'*®' Zhang et al.*** synthesized shape/size
controlled Cu,O/GNS hierarchical nanohybrids using an ultrasound
assisted approach with a mixed solution of copper acetate, glucose
ethylene glycol, and GO. Fig. 19 shows TEM images of Cu,O/GNS
and bare Cu,O spheres. This hierarchical Cu,O/GNS hybrid
electrode exhibited the specific capacity of ~ 400 mAhg' at a
current density of 100 mAg ' after 20 cycles, which was much
higher than that of bare Cu,0O nanospheres (~ 100 mAhg ') [Fig.
20]. Additionally, the Cu,O/GNS hybrid electrode could achieve a
Coulombic efficiency of ~ 90%, during the entire cycling (100
cycles) process. It has been reported that the small size of Cu,O
nanoparticles consisting of hollow structures can exhibit better
electrochemical performances.>®%

6.8 Molybdenum oxides/graphene hybrid

Among the different types of transition metal oxides, MoO,
possesses a layered-type structure and has been considered a
promising anode material. It exhibits a theoretical specific capacity
of ~ 838 mAhg'. However, an intrinsic drawback of molybdenum
oxides is volume expansion during the Li" insertion/extraction. It is
known that the irreversible volume change causes these particles to
pulverize and crack, which essentially detaches the active material
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from the current collector and consequently leads to substantial
reduction in capacity. Graphene has shown its potential to overcome
the above mentioned problems by improving the electron kinetics.
Sun et al.*®® synthesized hierarchical nanostructured MoO,/graphene.
The electrochemical studies revealed that due to hierarchical
topology this hybrid electrode displays high columbic efficiency and
reversible capacity. After 60 cycles, a reversible capacity of 1009.9
mAhg ™' was attained by the MoO,/graphene hybrid electrode at a
current density of 100 mAg™" with a Coulombic efficiency of ~ 97.2
%. Furthermore, it was noticed that after the second cycle, the charge
capacity was gradually increased from 468.7 mAhg' to 1013.7
mAhg ' in the 50th cycle. This phenomenon was attributed to the
activation process of the electrode material. During this process,
MoO,/graphene hybrid may gradually lose its crystallinity and
become amorphous, thus improving the Li" diffusion kinetics during
charging/discharging.*®® The electronic conductivity of the
MoO,/graphene hybrid was observed to be greater by eight orders of
magnitude than the bare MoO,. The high electronic conductivity
expedited charge transfer between the graphene and MO,
nanoparticles. Thus, an improved cycling stability (reversible
capacity of ~ 550 mAhg ') was retained after 1000 cycles and a
capacity of ~ 770 mAhg™' was delivered at a current density of 540
mAg, even after 1000 cycles’ [Fig. 21]. Furthermore, it has been
reported that the presence of GO during the in-situ synthesis of
MoOs/graphene hybrid can change the crystalline phase of the MoOs
nanoparticles from orthorhombic to hexagonal.***>% In addition, the
increased content of GO in the precursor solution changes the phase
of the MoO; rods to MoO, nanorods and subsequently to MoO,
nanoparticles. The MoO,/GO hybrid with 10 wt % GO could deliver
a reversible capacity of ~ 720 mAhg™ at 100 mAg™' and 560 mAhg™'
at a current density of 800 mAg"' after 30 cycles.’”® Also, the
uniform dispersion of MoQO, nanoparticles on graphene helps to
improve the capacity and cycling stability.””"

Noerochim et al*”* synthesized a MoO; nanobelt/graphene
hybrid via microwave-assisted hydrothermal method. With the
synthesis method, an ultra-fast microwave-hydrothermal method was
used to prepare GNS which was then mixed with MoOj; solution.
The morphological investigation revealed that this hybrid was
composed of stacked GNS and uniform MoQO; nanobelts having
lengths of 5-10 um and widths of around 200-500 nm. Furthermore,
the MoO; nanobelt/graphene hybrid film displayed features of high
flexibility and a binder-free electrode. Compared to the pristine
MoOs;, this hybrid electrode could deliver superior reversible
capacity. After 100 cycles, the MoOs/graphene hybrid electrode
delivered a discharge capacity of ~ 172 mAhg-' at 100 mAg-' with
an initial Coulombic efficiency of ~ 98%. On the contrary, the
discharge capacity for bare MoO; electrode was observed to be only
101 mAhg-' at 100 mAg-', with an initial Coulombic efficiency of ~
96%.%”* Choi et al.””* synthesized a MoO,/graphene hybrid material
using a spray pyrolysis method with a colloidal solution of GO in the
presence of Mo ions. This crumpled MoO,/graphene hybrid was
further transformed into a MoOj/graphene hybrid after post
annealing treatment, and exhibited superior electrochemical
behaviour compared to the bare MoO; nanoparticle. The
MoOs/graphene hybrid electrode delivered a reversible discharge
capacity of 845 mAhg " at a current density of 3 Ag™'. The capacity
retention for the graphene/MoO; hybrid electrode was ~ 87% after
the first cycle, while that of bare MoOj; electrode was observed to be
only ~ 47% when measured after 100 cycles. Recently, graphene-
encapsulated a-MoO; nanoribbons as a hybrid material have been
synthesized using a self-assembly approach by exploting the
interaction of positively charged MoO; nanoribbons and negatively
charged GO.*™ The hybrid structure of graphene-encapsulated MoOs
nanoribbons not only exhibited high specific capacitance (~ 823
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mAhg'at 200mAg™ after 70 cycles), but also superior cycling
stability (>754 mAhg'at 1000mAg-1 after 200 cycles) and enhanced
rate capability (discharge capacity ~ 710 mAhg™ at 3000 mAg™ after
30 cycles). The improved electrochemical performances are
attributed to the inhibited volume change/aggregation of MoOs
nanobelts during the Li" insertion/extraction, enhanced electrical
conductivity, high surface area, and short diffusion length for Li",
offered by graphene as the substrate.>”>37¢

6.9 Lithium-titanate/graphene hybrid

Spinel LiyTisOy; has attracted considerable attention as an anode
material for LIBs because of the good reversibility of Li"
intercalation and deintercalation and the nearly zero structural
changes during the charging and discharging process. However, its
low conductivity (10 Scm™) results in initial capacity loss and poor
rate capability. The electrochemical performance of the
Li,TisO;,/graphene hybrid materials was significantly improved
compared to bare Li,Tis01,.3”” Kim et al.>”® synthesized LiyTisO,
nanoplatelet/RGO hybrid via a two-step microwave-assisted
solvothermal reaction and post calcination treatment. TEM study
revealed that the LisTisO;, nanoplatelets (sizes of 10-20 nm) were
well dispersed on RGO nanosheets. The LisTisO,, nanoplatelet/RGO
hybrid electrode could deliver a discharge capacity of ~101 mAhg™
at a 100 C-rate. Moreover, it retained a capacity of ~ 95% at 1 C-rate
and ~ 96% at 10 C-rate over 100 cycles. This improved performance
was attributed to the short diffusion lengths of Li" through the
Li4TisOy, nanoplatelets, and its uniform dispersion over the highly
conductive RGO. In the hybrid form, graphene not only reduces the
resistance and polarization of the electrode effectively, but also
balances the electrical conductivity and initial Coulombic
efficiency.’” The increased electrical conductivity and numerous
electroactive sites of the hybrid electrode materials can improve the
electrochemical properties.*3*-3%

Guo et al.*™® synthesized Li,TisO,,/graphene hybrid using an in-
situ solid state reaction method. Using this method, LiyTisOj,
nanoparticles were first coated with carbon. The carbon coating not
only confines the aggregation of the LisTisOy, particles, but also
enhances the combination between graphene sheets and LiyTisO1,
particles. Therefore, even at 80 C (after 30 cycles), the carbon coated
Li,TisO4,/graphene (C-LiyTisO;o/graphene) hybrid electrode could
deliver a capacity of ~ 155 mAhg ', which was twice that of the
Li,TisOyp/graphene hybrid electrode (70 mAhg' at 80 C). In
addition, these authors studied the temperature dependent
electrochemical performance of C-LiyTisOy/graphene and
Li4TisO;,/graphene, which showed that even at a lower temperature,
C-LisTisO,,/graphene hybrid exhibits better reversible capacities
than LisTisO,,/graphene.*® In the same way, compared to
LiyTisOq,/carbon hybrid, the LisTisO,,/graphene hybrid exhibited
superior performance in terms of capacity and rate capability.**¢ The
electrochemical measurements have also shown that the presence of
graphene in Li TisO,,/graphene hybrid (wrapping of graphene on
individual Li;TisO,, grains) offers better stability in LisTisO; crystal
and enhanced reversible Li" insertion/extraction even at high current
rates, therefore improving the performance of the electrode material
in the hybrid state.¥7*% Ri et al.*¥’ synthesized Li,TisO;,/graphene-
IL(IL implies ionic liquid) hybrid material using the microwave-
assisted hydrothermal method. In this synthsis method, ionic liquid
of Ci,H»;CIN, ([Omim]Cl) was used as the exfoliating agent, which
controlled the microstructures of graphene sheets and induced the
growth of Li;TisO, nanoparticles (18-20 nm) on the graphene sheet.
TEM studies also suggest that when synthesis was completed
without using the [Omim]Cl, only a few Li;TisO,, nanoparticles
were anchored on the graphene sheet, whereas most of the particles
were aggregated and detached from the graphene sheets. The
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LisTis0;o/graphene-IL  hybrid electrode delivered a reversible
capacity of ~ 159 mAhg ' at 0.5 C after 100 cycles.*® In addition,
the LisTisO,,/graphene-IL hybrid exhibited good rate capability.
After cycling at different rates from 0.2 to 20 C, when the current
rate was reduced to 0.2 C, the reversible capacity could be
completely recovered and ~162 mAhg ™' could be maintained after
80 cycles [Fig. 22]. The EIS study further suggests that the low
charger transfer resistance and higher diffusion coefficient in
LisTis0;o/graphene hybrid than the bare LisTisO;, nanoparticles
electrode was the main reason for the improved electrochemical
performance, attributed to good electrical contact between the RGO
and LiyTisO, nanoparticles.”o'”1

7. Metal-oxide/graphene hybrid as cathode materials

Although carbon materials cannot directly provide storage
capacity for Li" in the cathode, they can assist in improving the
performance significantly. They are expected to improve the
electrical conductivity and stability, and inhibit the agglomeration of
the cathode materials."*® In this context, graphene is advantageous
compared to other carbonaceous materials.®> The exceptional
properties of the graphene also provide a high specific surface area,
higher electrical conductivity, and chemical and mechanical stability
to cathode materials. In general, lithium-manganese oxide and
vanadium oxides have been widely used with graphene to fabricate
hybrid materials for cathodes in LIBs.

7.1 Lithium manganate/graphene hybrid

Although LiCoO, has been widely used as a cathode material for
LIBs, several drawbacks such as high cost and toxicity hinder its
applicability. Alternatively, due to the high energy density, better
operating safety, low toxicity, and low cost, spinel-type lithium
manganate (LiMn,0O4) has proven to be a promising cathode
material®* Nevertheless, low electrical conductivity and poor
cycling performance are the main issues with this material.*** Xu et
al.** studied the Li storage property of LiMn,O,/graphene hybrid. In
order to synthesize LiMn,O,/graphene hybrid, LiMn,0,
nanoparticles were prepared using the sol-gel method and then
mixed with GNS by ultrasonic agitation. This hybrid was composed
of LiMn,0,4 nanoparticles (~ 100 nm), dispersed on the surface of
GNS. The LiMn,O,/graphene hybrid (with 5 wt% graphene)
electrode delivered a reversible capacity of 107 mAhg” at a 50 C
charge/discharge rate, which was better than that of pristine
LiMn,O, (80 mAhg™). Furthermore, after cycling at various current
rates from 5C to 100 C when reduced to 5 C, the reversible capacity
could be completely achieved (~115 mAhg™) after 60 cycles and the
corresponding Coulombic efficiency was observed to be ~ 99%.%%
Zhao et al.*’ fabricated LiMn,04/GNS hybrids via a self-assembly
process, combined with solid-state lithiation. This synthesis process
involves mixing of LiOH, H,O, dimethylformamide, and a
suspension of Mn;O,4 with hexane. Subsequent heat treatment of this
mixture led to the growth of LiMn,0O4 nanoparticles on GNS. The
TEM investigation showed that in the LiMn,O,/GNS hybrid,
LiMn,0O, nanoparticles (~ 7 nm) were evenly deposited as a layer on
the surface of GNS. The LiMn,O4/graphene (6 wt% graphene)
electrode could deliver a capacity of ~110 mAhg-' at a constant rate
of 0.2 C after 80 cycles; however, bare LiMn,0O, exhibited only
~110 mAhg-' under the same conditions. Also, this hybrid exhibited
a significantly higher capacity retention of ~ 91% than that of
LiMn,O, nanoparticles (only ~77%).>*® It has been reported that the
flexible nature of GNS is capable of buffering the volume stain of
the LiMn,0, grains associated with Jahn-Teller distortion, which
reduces the manganese dissolution into the electrolyte. Therefore,
LiMn,04,/RGO hybrids exhibited improved storage capacity, cycle
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performance, and rate capability compared to the bare LiMn,O,
nanoparticle and RGO electrode for LIBs.**®

Bak et al.*® synthesized a LiMn,04/RGO hybrid using the
microwave-assisted hydrothermal method. The morphological
studies suggest that the surface of RGO nanosheets was well covered
with thin layers of MnO2 nanoparticles with a size of 1040 nm
without agglomeration. Thus, this offered an inherent high
electroactive surface area of individual LiMn204 nanoparticles in
the hybrid state. Such unique structural/morphological features of
LiMn204 on the highly conductive RGO sheets enabled a high
specific capacity, high rate capability and good cycling stability.
This hybrid could deliver a specific capacity of 137 mAhg” at 1 C,
and a discharge capacity of 117 mAhg™ at 50 C rate. Furthermore,
the LiMn,0,/RGO hybrid exhibited the capacity retention of ~ 90%
at 1 C rate and ~ 96% at 10 C rate over 100 cycles.399 The LiMn,0,
nanoparticles were in-situ coated with a graphene-like membrane
(GLM) using the liquid-polyacrylonitrile (LPAN) as the carbon
source.*”® The electrochemical performances suggest that coating of
GLM can significantly improve the cycling stability and discharge
capacity of LiMn,O, nanoparticle. Additionally, LiMn,0,
nanoparticles coated with a calcined 20 wt% LPAN-GLM could
deliver the discharge capacity of ~ 131.1 mAhg ™" at 0.1 C and retain
a 96% capacity after 50 cycles [Fig. 23]. The improved
electrochemical performance was ascribed to the reduced dissolution
of manganese in the electrolyte and smaller charge transfer
resistance generated by GLM. In order to improve the
electrochemical performance of the LiMn,0,/graphene hybrid, a
layer of ZnO was further coated through ALD.*! ZnO-modified
LiMn,0,/graphene electrode exhibited improved electrochemical
performances over the LiMn,0O,/graphene hybrid and bare LiMn,0,
nanoparticle. The ZnO modified LiMn,0O,/graphene hybrid electrode
retained a capacity of ~ 122.9 mAhg " after 100 cycles at 1C, which
was higher than ~115 mAhg™' from the LiMn,O,/graphene hybrid
and 109 mAhg™" from the bare LiMn,O, electrode. Additionally, the
modification of LiMn,0O,/graphene by ZnO improved the rate
capability compared to the LiMn,O,/graphene electrode. After
cycling (50 cycles) at different current rates from 0.1 C to 2C when
the current rate was reduced to 0.1 C, a capacity of ~ 180 mAhg™
could be achieved, which was nearly the same as that measured after
10 cycles. Similarly, the graphene/Y,0;/LiMn,O,4 hybrid electrode
exhibited electrochemical performance superior to
graphene/LiMn, 04, Y,03/LiMn,0,4, and pristine LiMn,0, electrode
as shown in Table 2.

7.2 Vanadium oxide/graphene hybrid

V,05 is a promising electrode material which exhibits
theoretical capacities of 1471 mAhg™" and 290 mAhg" as an anode
and cathode materials, respectively. However, it suffers from
problems related to volume expansion, structural collapse, and the
formation of an unstable intermediate during the charge and
discharge process, which leads to significant decay of the
capacity.*”*"* Blending vanadium oxide nanostructured with
graphene to form hybrid electrode materials can improve their
electrochemical performance.*”**% Rui et al.** synthesized RGO-
supported polycrystalline V,0s spheres via a solvothermal method
assisted by post annealing treatment. Using this method, reduced
vanadium oxide (rVO) nanoparticles (size 10-50 nm) were grown on
RGO sheets through heterogeneous nucleation during the
solvothermal process. Subsequently, rVO nanoparticles were
oxidized in V205 by annealing in air at 350 °C. The morphological
studies using FE-SEM/TEM revealed that V205 nanoparticele
assembled into porous spheres having sizes of 200-800 nm and
grown on RGO. This V,05/RGO hybrid exhibited improved cycling
stability/rate capability due to conductive network, structural
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integrity, and inhibited particle agglomeration. The V,05/RGO (~
46% RGO) hybrid electrode delivered a discharge capacity of ~ 202
mAhg-' at a current density of 90 mAg-' during the 50™ cycle,
corresponding to 85% of the initial capacity. Furthermore, the
Coulombic efficiency was maintained at ~ 100% for the first 50
cycles, while at a high current density of 5700 mAg-', a discharge
capacity of ~ 93 mAhg-' during the 200" cycle was achieved.*"”

Ho et al.*'® synthesized V,05/RGO ball hybrid using the spray-
pyrolysis method assisted by thermal treatment. In this synthesis
approach, graphene/VO, hybrid was prepared by spray pyrolysis
using a colloidal solution of GO and ammonium vanadate and then
calcined at 300C in an air atmosphere. The morphological
investigation suggests that this hybrid composed of VO,
nanoparticles was decorated on crumbled-graphene balls, which
resembled a hierarchical structure.*'© When used as the cathode, at a
current density of 1 Ag”, the initial charge and discharge capacities
were observed to be 280 and 282 mAhg', respectively, with a
Coulombic efficiency of ~ 100 %. In contrast, the macroporous V,0s
delivered the initial charge and discharge capacities of 221 and 205
mAhg ', respectively, and the corresponding Coulombic efficiency
was observed to be only ~ 93%. Furthermore, the V,05 ball/RGO
ball hybrid electrode exhibited good cyclability, rate capability, and
columbic efficiency. At a current density of 600 mAg™ and 1000
mAg"', V,05 ball/RGO ball hybrid electrode delivered a reversible
capacity of ~ 250 mAhg” up to 100 cycles with 100% columbic
efficiency. Similarly, the improved electrochemical performance of
the V,05 nanowire/graphene hybrid electrode was ascribed to the
combined effect of using graphene with excellent conductivity and
nanowires of V,0s, which provide a short diffusion pathway for
Li**" Cong et al*'? synthesized V,Os nanowires/RGO hybrid
material using the electrospinning method. This hybrid consists of
V,05 nanowires which have diameters of about 100-200 nm and are
several micrometers in length. It was observed that this hybrid with 1
wt% of RGO could deliver discharge capacities up to 225 mAhg™'
and 125 mAhg ' (after 60 cycles with a rate of 0.2 C) when cycled
between 2.0 and 4.0 V, respectively. Recently, Yang et al.*"’
synthesized a V,05/GNRs (graphene nanoribbons) hybrid. In this
hybrid, V,05 nanoparticles were entrapped by GNRs and formed a
3-D conductive network [Fig. 24] This hybrid electrode could
deliver a capacity of ~ 278 mAhg" and 165 mAhg™' at the current
rate of 0.1 C and 2 C, respectively [Fig. 25]. However, it retained
only 78% of its initial capacity (at 0.1 C) when measured after 100
cycles.

Among the metastable oxides of vanadium, VO, can show
superior performance compared to the well-known V,0s. Shi et al.**
synthesized a VO,-nanoribbon/graphene-woven hybrid via the
hydrothermal method. This hybrid electrode exhibited a discharge
capacity of 380 mAhg ™' at a current density of 0.1 mAg, and 99%
of the capacity was retained after 50 cycles. Similarly, an improved
capacity ( ~ 450 mAhg") of the VO, nanotube/graphene hybrid
compared to bare VO, was ascribed to the interaction between the
VO, nanotubes and graphene. In the hybrid form, the graphene
matrix inhibited the aggregation of the VO, nanotubes while
enhancing the charge-transfer process, which improves the cycling
stability.*'> Therefore, at current densities of 40 mAg"' and 100
mAg, this hybrid electrode delivered capacities of ~ 320 mAhg™
and 160 mAhg' (after 20 cycles), respectively, measured in the
potential range of 4-0-1.5 V.*" Recently, V,0s quantum-dot
(QD)/graphene hybrid was synthesized by Han et al. ' using a
controlled hydrothermal method. It was observed that uniformly
dispersed V,05 QD (~2 nm) on the RGO can provide more
electroactive sites and significantly reduces the diffusion length for
Li". Therefore, after 300 cycles at a current density of 100 mAg™', a
reversible capacity of 245 mAhg ™' with a retention value of 89%
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was observed. In addition, it showed superior rate capability
compared to the bare V,0s5 nanowire electrode, when cycled at
different current densities (~100% capacity retention measured after
10" and 50" cycles at current density of 50 mAg™).

Sun et al*"” synthesized free-standing hybrid film of
V,05:0.86H,0 nanoribbons and RGO wusing the hydrothermal
method. The SEM images revealed that the thickness of the film was
~ 20 pm and this hybrid structure was formed by intertwining
ribbons. Such a hybrid network can be helpful to achieve good
contact between RGO and the V,05:0.86H,0O ribbon, essentially
providing an easy electron pathway and a Li" host. This hybrid film
exhibited a reversible specific capacity 160 mAhg ' at a current
density of 70 mAg"' and retained 133 mAhg ' after 200 cycles,
whereas it delivered ~ 60 mAhg™ (by 30 cycles) and ~110 mAhg™
(10 cycles) at high current densities of 1120 mAg™ and 320 mAhg™,
respectively. Recently, Nethravathi et al.*'® synthesized N-doped
graphene—VO, nanotube hybrid material. This hybrid consists of a
3D flower-like structure, exhibiting high capacity (300 mAhg-' at 50
mAg after 20 cycles), good cycling stability (251 mAhg™ 50 mAg™
after 50 cycles), and columbic efficiency (only 0.79 % fading)
compared to bare VO, electrode. This was attributed to the increased
electronic conductivity and short diffusion length facilated by
ultrathin nanosheets of graphene. Reddy et al.*'’ synthesized GO
coated VO, hybrid using vanadyl (IV) sulfate (VOSO,) using the
hydrothermal method under Ar atmosphere. The electrochemical
studies revealed that, compared to carbon coated VO, (~110 mAhg™
at 100 mAg™' by 20 cycles), GO coated VO, electrode could deliver
higher discharge capacity (~160 mAhg™' at 100 mAg™" by 20 cycles).
These observations suggest that graphene can be advantageous over
the other carbon nanostructures for improving the performances of
anode materials.

In addition, Table 2 summarizes the different types of metal-
oxide/graphene hybrids electrode materials and their
performances for LIBs.***4%3

8. Graphene/metal oxide hybrids for flexible LIBs

The demand for flexible LIBs to design a variety of flexible
portable electronic devices is rapidly increasing. Flexible LIBs
possess several unique features such as good flexibility, easy
portability and are lightweight. However, compared to the
conventional LIBs, the fabrication of flexible LIBs is very
challenging. This is mainly because of the lack of reliable materials
that combine a high mechanical stability with electrical conductivity;
meanwhile, they should also possess high stability during the
electrochemical reactions. Therefore, several smart approaches
including the growth of conductive nanomaterials onto textiles and
paper have recently been reported.*****” Due to good mechanical
flexibility and electrical conductivity, graphene has also shown its
potential in the design of flexible LIBs.****** Gwon et al.**° reported
a novel approach to design the flexible LIB using the free-standing
graphene paper as the electrode and V,0s/graphene hybrid paper as
the cathode. In this approach, graphene paper was prepared through
a vacuum filtration process assisted by thermal treatment at 550
for 2h under an Ar atmosphere. The V,0s/graphene hybrid paper
was synthesized using the pulsed laser deposition (PLD) technique.
The target of V,05 was prepared by cold pressing from V,Os
powder, which was further deposited onto the graphene paper. The
complete LIB was assembled with the lithiated graphene paper as the
anode and the V,0s/graphene hybrid paper as the cathode, separated
by a separator dipped in an electrolyte (1 M LiPF4 in ethyl
carbonate/dimethyl carbonate). The cyclic performance of the
assembled battery was measured between 1.7 and 3.8 V at a constant
current density of 10 mAcm™, showing the typical charge/discharge
characteristic of the amorphous V,0s5 cathode. The first
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charge/discharge capacities were observed to be ~15 mAhem™ with
a negligible initial irreversible capacity. Moreover, reversible
charging/discharging was maintained during the prolonged cycling
with a small decay in capacity. This flexible battery was also able to
operate when rolled up or twisted and exhibited good
charge/discharge capability under the full mechanical flexibility
[Fig. 26].

Recently, another flexible LIB was designed by Li et al.**' This
battery was assembled of 3D graphene foam (GF) loaded with
LiFePO, and Li Tis0,,, which were further used as the cathode and
anode, respectively. In order to prepare the anode, Li,TisO,, was
synthesized using a hydrothermal reaction among Ti—(OC;H;),,
LiOH, and H,0, in the presence of graphene foam and the
synthesized sample was heated at 550°C in Ar atmosphere. On the
other hand, the cathode was prepared by hydrothermal reactions
among ammonium dihydrogen phosphate (NH4H,PO,), iron(III)
nitrate hydrate (Fe(NO3);0.9H,0) and lithium acetate hydrate
(CH3COOLi.2H,0) in the presence of graphene foam. The as
prepared sample was further heated at 720°C under a mixture of
hydrogen and argon gas. The complete battery was comprised of
free-standing LiFePO,/GF and LiTisO;,/GF electrodes with a
thickness of ~100 pm, which were laminated on both sides of a
polypropylene separator and subsequently sealed with poly

(dimethyl siloxane) with a thickness of ~250-um. The LiPFy in

ethylene carbonate/dimethyl carbonate was used as the electrolyte.
This flexible LIB exhibited an initial discharge capacity of ~143
mAhg"' at 0.2 C rate with a Coulombic efficiency of 98%. In
addition, ~ 97% capacity was retained after the first 15 cycles under
the flat state, whereas ~ 95% capacity was retained after another 15
cycles under the bent state (radius of bent was 5 mm). Furthermore,
when the battery was operated at 10 C rate, it delivered a capacity of
~117 mAhg ™" and could be cycled over 100 cycles while fading the
capacity to only 4%.

Wang et al.*? synthesized a flexible and free-standing hybrid film
of Fe;04/graphene, through vacuum filtration and thermal reduction
processes. This hybrid film comprised a 3D-graphene network in
which hollow and porous Fe;O4 spindles were uniformly
sandwiched between graphene layers. This hybrid film was further
used as a binder-free and free-standing anode for LIB. The
Fe;04/graphene hybrid film with an optimized concentration of
graphene (39.6 wt%) exhibited a specific capacity of ~ 1555 mAhg™!
at 100 mAg™'. Moreover, at current densities of 200 and 500 mAg™,
it also showed capacities of 940 and 660 mAhg™, respectively, after
50 cycles with a Coulombic efficiency of ~ 100%.

Recently, nanoporous NiO/graphene, Co;0,4/graphene, and Fe;04
/graphene hybrid have been investigated as flexible electrodes in
LIBs.* In these studies a controlled nanoporous graphene paper
was synthesized using carbon nanofiber as the graphene precursor
and spherical silica as hard templates with different diameters. The
nanoporous graphene paper was further immersed in the chemical
solutions containing metal salts of nickel, cobalt, and iron;
subsequently, thermal treatment led to the formation of 3D flexible
electrode. These hybrids could be directly used as the anode in LIB.
The Fe;0,/graphene hybrid electrode exhibited a specific capacity of
~ 1427.5 mAhg™" at a high current density of 1 Ag" and showed
good cycling ability. Moreover, it showed good rate capabilities of 3
Ag'and 5 Ag™' at the steady reversible capacities of 840.0 and 592.5
mAhg', respectively. On the other hand, NiO/graphene hybrid
delivered a specific discharge capacity of ~739.3 mAhg™ after 70
cycles at a current density of 100 mAg™', whereas Co;0,/graphene
exhibited a specific discharge capacity of ~ 684.0 mAhg'. These
strategies could provide new opportunities for the development of
flexible LIBs with high capacity to power flexible electronic devices
in a broad range of unique applications.

This journal is © The Royal Society of Chemistry 2014

9. Conclusions and future study

Graphene has shown potential for the fabrication of electrode
materials in LIBs owing to unique properties such as 2D structure,
excellent electrical/thermal conductivity, chemical and mechanical
stability, and very high specific surface area. Recent advances in the
synthesis of graphene and its hybrid with various types of metal-
oxides nanoparticles have been discussed, along with their
applications as electrode materials for LIBs. In contrast to other
carbon materials such as graphite, Cgy, and CNTs, graphene not only
serves as a 2D matrix for various types of inorganic nanostructures,
it also acts as a building block and establishes inimitable
superstructures with interconnected networks; this can be more
helpful for the fast transportation of Li‘, and can therefore
dramatically improve the performance of electrode materials. An
LIB electrode should satisfy basic requirements such as high
capacity, high energy, and high power density with a long cycling
stability. The current research has shown that graphene in a hybrid
form can accomplish synergetic effects and can therefore fulfill these
requirements. Graphene and its derivatives such as RGO and
functionalized GO can be introduced into a variety of metal-oxide
nanoparticles to form graphene-based metal-oxide hybrids electrode
materials. The incorporation of graphene into these nanoparticles can
significantly improve their properties, and possibly lead to novel
properties. Furthermore, in the hybrid form, graphene can serve as a
2D substrate or template to provide a platform for the controlled
growth of the nanoparticles. The presence of graphene can prevent
the agglomeration of nanoparticles and volume change, whereas the
existence of nanoparticles between the layers of graphene can
effectively suppress the re-stacking of graphene sheets during the
cycling process. The presence of graphene with nanoparticles can
also form 3D interconnected porous structures. These features are
helpful for providing a large surface area, high electrical
conductivity, fast charge transport, and excellent wettability towards
the electrolyte, and therefore significantly improve the performance
of the electrode materials for LIBs.

Research on metal-oxide/graphene hybrid nanostructure
electrode materials is still in the early stage, and more studies for
modifications and development of these hybrids are required to
achieve desired electrochemical properties. Several challenges still
need to be overcome. First, as an important component of the metal-
oxide/graphene hybrids, the synthesis of graphene itself is not
mature in terms of the control of characteristics such as the
morphology, defects, and functionalities. Therefore, new approaches
for the synthesis of graphene with high quality at large scale and low
cost need to be developed. Second, the functionalization of graphene
and controlling the interface between the nanoparticles and graphene
are crucial. The functionalization involves a charge transfer process
that affects the performance of the hybrid materials. Thus, a good
understanding of the surface chemistry between graphene and metal-
oxide nanoparticles is needed. Third, the mechanism of improved
performance is partially unclear, and the relationship between the
number of graphene layers, defects, disordered features, and the
lithium storage mechanism is also critical. Moreover, attention
should be given to the synthesis approaches of the hybrid with
controlled structures regarding morphology, phase composition, and
reproducible features. The synthesis and modification of these
hybrid nanostructures should not be the only focus, and hybrid
materials with high capacity and cycling stability must also be
designed. Graphene based metal oxide hybrids are expected to be
developed as robust electrode materials for LIBs. It is believed that
metal-oxide/graphene hybrid electrode materials will find practical
applications in LIBs in the future.
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Table: 1 Different types of carbon nanostructures based anode materials and their performances in LIBs.
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System

Amorphous
carbon
nanotubes

(ACNTSs)

MWCNTSs paper

Mesoporous
Carbon/
MWNTs

hybrid

Carbon
nanotube/ carbon
fibre hybrid

MWCNTs-
coated
mesophase
carbon

microbeads
hybrid

Activated
microporous
carbon

Activated
nitrogen-
containing
carbon

Carbon
nanofibers

Synthesis Process

Arc discharge method

CVD technique

Soft template approach
at low carbonization
temperatures

CVD technique

Chemical
functionalization

Carbonization phenol-
melamine-formaldehyde
resin, and activated by
ZnCl,

Carbonization and
activation process

Electrospun assisted by
carbonization

Structural morphology

Uniform & flexible type
nanotubes having length

Nearly uniformly grown
nanotubes with several
~pm in length

Mesoporous morphology

Carbon nanotube
networks onto carbon
fibre paper as the support

MWNTs having diameter
of 10-20 nm covered the
surface of mesophase
carbon microbead,
exhibited porous structure

Microspheres consisting
of shallow concave pores

Spherical particles ~ 100
nm

Carbon fibers, forming 3-
D structures

Performance

ACNTs oxidized at 300 C exhibit reversible
capacity ~ 530 mAhg™' at 20 mAg™ which retain
93% after 5 cycle, whereas; ACNTs oxidized at
350°C exhibits capacity ~ 440 mAhg™" after 20
cycles

Reversible capacity of ~330 mAhg™' was measured
up to 10 cycles at a current density of 74 mAg™
whereas; at 372 mAg™ it delivered a reversible
capacity over 225 mAhg™" after 10 cycles and
nearly 100 % Coulombic efficiency

The specific capacity ~ 380 mAhg ' at 2C after 20
cycles and 94 mAhg ' at 30 C after 50 cycles.
However, the Coulombic efficiency of the electrode
was ~ 80% only, measured up to 20 cycles.
Therefore, impedes its practical applications

Initial capacity was observed to be 643 mAhg'
under the constant current discharge rate
0.05mAcm™, whereas a reversible capacity of 546
mAhg" and 338 mAhg' was delivered at current
density 0.05 mAcm? and 0.05 mAcm?2,
respectively after 50 cycles

Capacity ~ 300 mAhg™ at 2.1 C rate up to 30 cycles
and ~ 160 mAhg™ at 7.0 C rate up to 40 cycles

Reversible capacity ~ 300 mAhg ™" at 100 mAg™ up
to 20 cycles, ~ 200 mAhg™' at 200 mAg™" up to 40
cycles, whereas, ~100 mAhg™ at 300 mAg™ up to
60 cycles

At a current density 100 mAg ' the first cycle
discharged and charged capacity up to 917 mAhg™'
and 377 mAhg ', respectively. However, a
reversible capacity only ~ 251 mAhg ' after 20
cycles was delivered at the same current density
with a Coulombic efficiency ~ 90%

Specific capacity ~ 380 mAhg ™ at 100 mAg™ up to
100 cycles (with Coulombic efficiency 99 %),
whereas ~ 200 mAhg ™' at 1Ag™ up to 35 cycles.
Besides, when re-cycled at 20 mAg™ after 40

Ref.

22

23

24

25
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Porous nitrogen-
doped carbon
vegetable-
sponges

CNTs with
bamboo-like
structure

Carbon spheres

CNT film

Vertically
aligned
MWCNTs

Graphene sheets,
expanded
graphite and
natural graphite

Chemical treatment of
the Cu@C precursors
using HNO;

CVD technique

via thermal
decomposition of
resorcinol-formaldehyde
precursor

Vacuum filtration

technique

Pyrolysis technique

Graphene prepared by
chemical method
assisted by thermal and
ultrasonication
treatment

Porous micro-vegetable-
sponges like along with
3D interconnected
framework

Bend graphite-like sheets,
form many separated
cavities and resemble
bamboo like structure

Carbon spheres ~ 500 nm

Thickness of film ~ 61
um and exhibited porous
CNT network

Vertically aligned
MWCNTs consisting of
8.6+0.3pm in length and
diameter of 77+ 23nm

Graphene exhibited nearly
transparent
nanosheetswith along with
wrinkled structure

cycles, delivered a capacity ~ 500 mAhg’
compared 550 mAhg™ after 5 cycle

At current density 0.5 Ag™' capacity was observed ~
870 mAhg after 300 cycles and exhibited a
reversible capacity ~ 910 mAhg™” at 0.2 Ag™' after
cycled at different rate

First cycle charged capacity of 710 mAhg ',
however very low reversible capacity of ~ 131
mAhg ' during 30 cycle, suggest that electrode is
not suitable for anode in LIB

At current density of 0.2 mAcm ? initial discharge
capacity ~ 950 mAhg ' was observed. However, a
rapid fading of capacity occurred in the second
cycle, and delivered a stable capacity ~ 350
mAhg ' after 135 cycles

At a current density 100 mAg-' a reversible
capacity was observed to be ~ 200 mAhg™ up to 40
cycles and it was nearly ~ 200 mAhg™ when cycled
at 600 mAg-1 up to 100 cycles

At a low currents density 57 mAg ™" the specific
capacity was observed to be 782 mAhg™' by 36
cycles but at high current density of 26Ag™'
exhibited 166 mAhg '

First cycle reversible capacities of graphene
electrode were observed to be 1130 and 636
mAhg ' at low current densities of 0.2 and 1

mAcm 2, respectively, almost twice to that of
expended graphite electrode, whereas three times to
that of natural graphite electrode. However,
graphene sheet delivered a reversible capacity only
~ 400 mAhg™' at 1 mAcm ? after 30 cycles

35

36

38

39

40
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Table 2: Different types of graphene/metal nanostructured oxide hybrid and their performance in LIBs.

Shape/size of metal oxide

tem
S nanostructure

Synthesis Process

SnO,—In,05/graphenc Solvothermal Particles size ~ 6 nm

(anode)

ZnO-SnO,/graphene Hydrothermal -

(anode)

Sn0O,/Sn/RGO Peroxide induced Particles size ~ 2.5 nm
reduction followed by

(anode) thermal treatment

Graphene/Y,03/LiM1 Ex-situ synthesis Grain size ~ 200 nm

(ON apporach

(cathode)

NiFe,O4/graphene ~ Hydrothermal Particles size ~6.5 nm
(anode)

CoFe,04,-Co/RGO  hydrothermal particles size

(anode) of 30 nm
CoFe,0,/graphene  hydrothermal particles size

(anode) ~10 nm
ZnFe,04/Graphene  hydrothermal particles size of 20-30 nm
(anode)

Performance Ref.

SnO,—In,0;/graphene hybrid exhibited a 286
storage capacity ~ 962 mAhg ' at 60 mAg™'

with Coulombic efficiency ~57.2%, cycling

stability (after 50 cycles capacity retention

~60.8%), and rate capability (after 25 cycles at

600 mAg "' a capacity ~ 393.25 mAh g ).

These electrochemical properties was observed

to be better than SnO,/GNS and bare SnO,—

In,0;5 electrode

Initial discharge capacity ~ 1287.6 mAhg-' 287
with a reversible capacity ~ 1209.4 mAhg-' at

current density 1Ag-'. The charge capacity

could retain ~ 1075.3 mAhg-' after]Ocycles.

And even after 50 cycles, the charge capacity

was retained ~ 800.9 mAhg-'

After 90 cycles at current density 158 mAg™ 288
the discharge capacity ~ 700 mAhg™' was
delivered

An initial discharge capacity ~129.3 mAhg-' 402
and retained 89.3% even after 500 cycles at 1

C (at an elevated temperature 55 C.

Meanwhile, at high current density 30 C

capacity ~ 90.0 mAhg-' was achieved

Composite with 20% of graphene exhibited 420
reversible capacity of ~812 mAhg™ after 50

cycles at 100 mAg™ (85% retention of the first

cycle) whereas; at 1000 mAg-' delivered a

reversible capacity ~ 445 mAhg after 40

cycles

after 515 cycles the specific capacity was 421
maintained at ~907.3 mAhg™ at 100 mAg™

and even after 420 cycles at 9000 mAg™', the

capacity was still retained 907.3 mAhg' when
recycled at 100 mAg’

With 20 wt% of graphene the composite 422
electrode exhibited a reversible specific

capacity of 910 mAhg ' at 100 mAg™', and

~500 mAhg " at 2000 mAhg " after 50 cycles,
respectively

At a current density of 100 mAg™ a reversible 423
capacity ~1000 mAhg™' by 10" cycle whereas;

at 1000 mAg, hybrid electrode could deliver

a reversible capacity of ~ 600 mAhg™' even

after 40 cycles (much higher than that of pure

This journal is © The Royal Society of Chemistry 2014
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Zn,GeO,/N-doped
graphene (anode)

ZnO/graphene
(anode)

ZnO@Graphene
(anode)

CeO,—graphene
(anode)

(Fe, 5Tig 5)1.0404/
graphene (anode)

Mn,Mo;0g/graphene

(anodes)

Zn,SnO,4/graphene
(anode)

F62M0308*RGO
(anode)

Hydrothermal assisted Nanorods (~100 nm diameter an
by microwave micrometer in length)

Hydrothermal Quasi-spherical with particles si
0f 30-40 nm

Microwave Particle size 80—100 nm

Hydrothermal Particles size ~100 nm

Gas/liquid interface  Particles size  ~20 nm

Chemical reduction
using hydrazine assistc
by annealing

Microspheres of 3 — 5 pm

Hydrothermal Quasi-sphere shape size of 10-2

nm

Chemical reduction ~ Particles size of 10 — 15 nm
using hydrazine and
assisted by annealing

process

ZnFe,0, electrode ~185 mAhg'l)

The capacity of 1463 mAhg ' and 531 mAhg '
at current density of 100 mAg ™' and 3200
mAg ', respectively, along with good
cyclability and columbic efficiency ~ 100 %

424

At 50 mAg’', ZnO/graphene hybrid electrode 425
delivered a capacity ~ 300 mAhg™" after 25
cycles (however; only ~ 75 % of first cycled

capacity was retained)

Reversible capacity 460 mAhg-' at 1 C after
50 cycles. Coulombic efficiency ~ 82.1% at 426
1st cycle, capacity retention ~ 60% at 5 C,

and good cycling stability with capacity decay

~ 8% after 50 cycles

After 100 cycles, specific capacity ~ 605 427
mAhg" at 50 mAg™ (~ 75 % of first cycled
capacity) whereas; at current densities of 100,
200, 400 and 800 mAg™', specific capacities
was observed to be 414, 320, 222 and 146
mAhg’, respectively

After 60 cycles, at current density of 300 428
mAg ' the reversible specific capacity of 1048
mAhg !, whereas at 2000 mAg ™', the
reversible specific capacity was observed to as
high as 480 mAhg ' and exhibit god cyclic
stability (at 300 mAg ' capacity ~ 1113
mAhg ' after 100 cycles). Initial Coulombic
efficiency of the hybrid was 61% but after 3™
cycles the Coulombic efficiency was increased
above 94% in the subsequent cycles

After 40 cycles at current density 200 mAg™ a 429
reversible capacity ~950 mAhg™' with a

Coulombic efficiency of ~ 98%. (much higher

than that of bare Mn,Mo;Og ~ 494 mAhg™)

whereas; at 1000 mAg™' a reversible capacity ~

900 mAhg!

Charge capacity ~ 688 mAhg™ could retain
after 50 cycles at 200 mAg™', and after being
cycled for 40 cycles at 800 mAg™ a charge
capacity > 500 mAhg™' was observed.
However, the capacity of Zn,SnO,/G hybrid
exhibited fluctuation with cycling

430

Up to 40 cycles a specific capacity of 835 431
mAhg ' at 200 mAg ' whereas; the specific

capacity ~574.8 mAhg™' at3000 mA g (bare
Fe,Mo;0g exhibited poor capacity ~ 100

mAhg-' at 200 mAg™ after 20 cycles

This journal is © The Royal Society of Chemistry 2014
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Carbon-doped Hydrothermal Particles size of ~200 nm Up to 50 cycles, specific capacity of 622.7 432
Li,SnOs/graphene mAhg”, 569.7 mAhg'and 518.4 mAhg™' at
(anode) current density of 180 mAg™ (0.3 C), 300

mAg™! (0.5 C) and 600 mAg™ (1 C),

respectively

Li,MnSiO,/carbon/  Solid-state method Particles with size of 20 to 60 nr At 0.05 C, capacity of 290 mAhg™' but at 1 C
graphene (cathode) (166 mAg™), capacity of 150 mAhg " along 433
with nearly stable cycling life up to 700

cycles.
Poly-pyrrole(PPY)/ De-oxidation approacl Particles 30-50 nm At 60 mAg' the reversible capacity of ~ 434
Li,SnOs/graphene 699.4 mAhg™ at the 30th cycle along with
(anode) 95% Coulombic efficiency whereas; at 300

mAg' and 600 mAg" a reversible capacity
~ 493 mAhg" and ~ 377.9 mAhg

LiNi;3Coy3Mn 30,/ Ball-milling Particles size of 220 -280 nm At 0.05 C charge/discharge, capacities of 435
graphene (cathode) 188/185 mAhg™!, during 25 cycles. Moreover,
hybrid exhibited significantly higher columbic
efficiency (99.1 %) compare to bare
LiNil;;Co;,3Mn; 30, (89.7 %)

LiNij gCoq 15A10,050,/ Ball milling Particles size ~500 nm At0.2 C (1 C =278 mAg™") capacity of 180 436
graphene (cathode) mAhg™! (with 97% retention after 80 cycles)

whereas; at 10 C and 20 C, capacity ~ 152 and

112 mAhg™', respectively

NigMnOyg/graphene  Co-precipitation Particles size 20 nm First cycle discharge capacity of 1030 mAhg™! 437
(anode) assisted by calcination at current density 50 mAg™', however, this

hybrid delivered capacity ~ 400 mAhg™' only,

at a rate of 50 mAg™" after 10 cycles.

Moreover, this hybrid exhibited poor cyclic

stability
Li,FeSiO,/C Sol-gel Particles size 50-150 nm Discharge capacity of 135.3mAhg ™" at 438
(resembled graphene current C/16 after 40 cycles, whereas ~ 100
(cathode) mAhg" at current rate of C/1up to 30 cycles
ZnWO,/graphene Sol-gel - At 50mAg ™" after 20 cycle a reversible specific 439
(anode) capacity of 585.7 mAhg ' whereas, at 200

mAg™ capacity ~ 480 mAhg™' was observed.
However, hybrid did not exhibit proper cyclic
stability and therefore, may restrict its
practical application in LIBs

SiO/graphene (anode Chemical reduction by Particle size 50-300 nm When current density back to the initial 100 440
hydrazine mAhg ' after 50 cycles reversible specific
capacity 910 mAhg™' was observed. In
addition, at current density of 200, 400 and
800 mAg™, this hybrid could deliver reversible
capacity of 890, 701 and 441 mAhg™',
respectively

Carbon- Hydrothermal particles size 5-10 nm Carbon-coated graphene—Cr,0O3 hybrid

This journal is © The Royal Society of Chemistry 2014 J. Name., 2014, 00, 1-3 | 32
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coated graphene—Cr,! exhibited a reversible capacity up to 630 at 0.1 441
(anode) C after 100 cycles and 315 mAhg-' could

remain at 1 C by 25 cycles which was better

than that of graphene—Cr,0; hybrid electrode

NiCo,04/graphene  Hydrothermal NiCo,0, consist of nanosheet At a current density 300mAg-', the discharge 442
(anode) sheets capacity maintained around 806mAhg-' up to

90 cycles (in contrast bare NiCo,0, delivered

~ 600 mAhg™' by 50 cycles) whereas, ~ 1000

mAhg" when cycled at 150 mAg™' by 30

cycles
MgFe,04/graphene  Sol-gel Particle size ~50-100 nm At 0.34 C capacity ~ 600 mAhg™' by 15 cycles 443
(anode) whereas, at 4.2C a reversible capacity ~219.9

mAhg ! after 40 cycles and columbic
efficiency ~ 95 % when cycles at 0.04 C up
to 60 cycles

CuGeOs/grapheme  Hydrothermal Nanowires having length of Reversible capacities of 1428, 1242, 1092, 958 444
several micrometer and 879 mA hg™' at current densities of 100,
(anode) 200, 400, 800, and 1000 mAg™, respectively.

Moreover, the specific capacity was increased
to 1600 mAhg-' when the current densities
decreased from 1000 to 100 mAg-', even
higher than the specific capacity observed in
the in the initial 10 cycles

Fe,GeO,/RGO Hydrothermal Particle size 10 — 20 nm At current density 0.4, 1.6, 3.2, and 4.8 Ag‘l, 445
the corresponding capacities were 980, 600,
(anode) 450, and 340 mAhg'1 with a Coulombic

efficiency of ~ 98%. In addition, when current
density was returned to 0.4Ag™, a capacity of
990 mAhg ! was recorded, suggesting good
rate capability

This journal is © The Royal Society of Chemistry 2014 J. Name., 2014, 00, 1-3 | 33
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Figure captions

Fig

Fig

Fig.

Fig

Fig

Fig

Fig

Fig

Fig

. 1 Schematic representation of LIB.

. 2 Basis of all graphitic forms. Graphene is a 2D building

material for carbon materials of all other dimensionalities. It
can be wrapped up into 0D buckyballs, rolled into 1D
nanotubes, or stacked into 3D graphite.?’

3 Schematic of the formation process for the ordered
mesoporous graphene nanosheets.'**

. 4 SEM images and schematic (bottom inset) of the mesoporous

graphene nanosheets before removal of the AAO template.
The remaining regular channels of the membranes are
observed. Mesopores grown on the surface of the macroporous
channels are ordered on the large domain to form carbon
layers several nanometers thick (top inset). (b) SEM images
and schematic (inset) of the mesoporous graphene nanosheets
after removal of the AAO template. The nanosheet-like
morphology grows along the prime AAO channels. (¢) SEM
images and schematic (inset) of the mesoporous graphene
nanosheets observed along the nanosheets. (d) SEM images
observed perpendicular to the side walls of the nanosheets.
The white arrows indicate that the ultrathin nanosheets are
composed of single layers of ordered mesopores.'**

. 5 First and second cycles of galvanostatic discharge/charge

curves of the mesoporous graphene nanosheets. (b) Cycling
performance (red curve, discharge; black curve, charge) and
the Coulombic efficiency (blue curve) of the mesoporous
graphene nanosheets at different current densities. Each
current density is labeled over the corresponding cycles.'**

. 6 (a) Schematic illustration of the pillared CNT and graphene

nanostructure on copper foil. (b) Photograph of centimeter-
scale PGN on copper foil. (¢) Tilted-view SEM image
showing both PGN regions and graphene regions at the same
location. (d) Top-view SEM images of graphene and (e)
pillared CNT regions. (f) High-magnification and (g) low-
magnification cross-section SEM observation of the PGN.
(h) High resolution TEM image of as-grown CNTs. '¢!

. 7 Galvanostatic charge—discharge profiles of (a) PGN electrode

at a low current density of 100 mAg-1 and (b) PGN electrode
under a range of current densities froml00mAg" to 900
mAg™. (¢) Cycling performance and Coulombic efficiency of
the PGN electrode at a current density of 600 mAg'. (d)
Eligh-rate cycling performance of the LIB with PGN anode.

. 8 Characterization of A-TO/GSP. (a) Photograph of a bent

flexible A-TO/GSP. (b and c¢) Cross-sectional SEM images
of the A-TO/GSP. (d) High magnification SEM image of
LTO nanosheets in A-TO/GSP. (¢) TEM image of the A-
TO/GSP. (f) HRTEM image of a TiO, nanosheet showing
lattice fringes with a spacing of 0.19 nm. The lithium
diffusion channels are clearly shown to be along [001]
(perpendicular to the figure facet).'”’

. 9 (a) Galvanostatic discharge—charge voltage profiles of A-

TO/GSP cycled at different rates. Comparison of the (b)
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specific capacity at different rates and (c¢) cycling
performance at 10 C between the A-TO/GSP and I-TO/GSP
electrodes.'”’

10 Schematic diagram of the sample structure. (a) Graphene
foam backbone. (b) Graphene foam coated with ZnO using
atomic layer deposition (GF@ZnO). (c) Graphene foam
supported Fe;0,4 nanostructure electrodes (GF@Fe;0,).'°

. 11 Electrochemical properties of the GF@Fe;0, LIB electrodes.

(@ CV curves of the GF@Fe;0, electrode. (b)
Discharge—charge voltage capacity profiles of the
GF@Fe;0, electrode at 1C rate. (¢) Cycling profiles of the
GF and GF@Fe;0, electrodes at 1C rate.*'

. 12 Cycle performance of the prepared electrodes: (a) the NGr-I,

NGr-I-2ALD, and NGr-I-M-2ALD electrodes when
performing full discharge-charge at 2 Ag-' for 200 cycles.
(b) Capacity performance of the NGr-I-M-2ALD at an
extremely high current rate of 20 Ag-' for 2000 cycles. (A
color version of this figure can be viewed online.)**®

13 Electrochemical performance of the GNRs/SnO, electrodes.
The specific capacities are calculated based on the total
mass of the GNRs/SnO, in the anode electrodes. (a) CV
curves of the first, second, and third cycles of the hybrid
electrodes at a scan rate of 0.5 mV/s over the voltage range
of 0.01-2.5 V. (b) The first, second and 30th
charge/discharge curves of the hybrid electrode at a rate of
100 mA/g. (¢) Comparison of capacity retention and
Coulombic efficiency of GNRs and the
GNRs/SnO; electrode at a rate of 100 mA/g. (d) Rate
capability of the hybrid electrodes with various current
densities?”

14 (a) Schematic diagram showing the wrapping up of the GO
nanosheets on the Co;0, nanoparticles; and (b) the
fabrication of the GO—Co3;0, hybrid film by a direct ESD
process on Cu foils. The optical image shows a uniform
coating of the ESD deposited hybrid film.*"’

15 Electrochemical performance of the G—Co30, hybrid
electrode: (a) cyclic voltammograms of the G—Co;0,
electrode at a scan rate of 0.5 mVs-' for three cycles
between 0.01 and 3.0 V vs. Li+/Li; (b) charge and discharge
curves after the first and 10th cycles at a current rate of 100
mAg-'; (¢) cycling performance at different rates from 100
mAg-' to 5 Ag'; and (d) capacity and Coulombic

efficiency at 1 Ag-'>"’

16 SEM micrographs with different magnifications (A—C) and
TEM images (D and E) of the 3D PG-1Mn hybrid and
HRTEM images (F and its inset) of the MnO, nanoflakes.
(H) The walls of the 3D PG-1Mn hybrid and HRTEM
images (I and its inset) of the MnO, nanoflakes. (J and its
inset) HRTEM image of the interface between the MnO,
and few-layer graphene-like materials of 3D PG. ***

17 Electrochemical performances of various anode materials.
(A) Typical CV curves of the 3D PG—1Mn hybrid anode at
a scan rate of 0.1 mVs-', (B) the galvanostatic discharge—
charge profiles of the 3D PG-1Mn hybrid electrode
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between 0.01 and 3 V at a current density of 100 mAg-',
(C) the cycling performance at a current density of 100
mAg-' and (D) the specific capacity versus current densities
for the 3D PG—xMn composite electrodes.’*

Fig. 18 (a) Cyclic stability at a current density of 100 mAg™', (b)

rate capability and (c¢) EIS results of NiO and NiO-
graphene hybrid electrodes.**

Fig. 19 TEM images of Cu,0-GNS (a, b) and bare Cu,O spheres

(c, d).°!

Fig. 20 Electrochemical characterizations of Cu,O-GNS and bare

Fig.

Fig.

Cu,0 NPs. Charge and discharge curves of (a) Cu,O—GNS,
(b) bare Cu,O NPs, and (¢) Cu,O NPs—GNS for the 1st (red
line), 5th (blue line), 10th (green line) cycles at a current
density of 100 mAg'. (d) Capacity retentions of the as-
obtained samples at various current densities (Cu,O—GNS:
blue line; Cu,O NPs—GNS: red line; bare Cu,O sphere
purple line).**!

21 (a) Galvanostatic discharge/charge curves of the

MoO,/Graphene hybrid electrode at a current density 540
mAg-' in the voltage range of 0.01-3.0 V, (b) the cycling
performance of the MoO,/graphene at current density of
540 mAg-'; (c) rate performance of the MoQO,/graphene
hybrid, and (d) the cycling performance of MoO,/graphene,
neat MoO,, and neat graphene electrodes at different current
densities.*®’

22 (a) Galvanostatic charge/discharge profiles of
LTO/graphene-IL electrode during 1st, 2nd, SO‘h, and
100th cycles at 0.5 C. (b) cyclic performance of LTO,
LTO/graphene, and LTO/graphene-IL electrodes at 0.5 C.
(¢) high-rate performance of LTO, LTO/graphene, and

This journal is © The Royal Society of Chemistry 2014

LTO/graphene-IL electrodes. (d) high rate performance
of LTO/graphene-IL electrode.*®

Fig. 23 Initial charge—discharge curves (a) and cycling stability

curves (b) for the LIB cells made from the LiMn,O, in-
situ coated with graphene-like membrane compared to
the pristine membrane.**

Fig. 24 Synthesis scheme and microscopic images of the fabricated

GNR-V,05 NP hybrid. The composition of
V,05 entrapped in or on the GNRs could be tailored from
25, 40, and 60 wt%, and these are designated as
GNR25VO, GNR40VO, and GNR60VO, respectively. (a)
schematic diagram of the fabrication process. (b) SEM and
(¢) TEM images of GNR25VO. (d) SEM and (¢) TEM
images of GNR40VO. (f) SEM and (g) TEM images of
GNR60VO.*"

Rate performance and cyclability of the hybrid electrode.
(a) variation in the capacity of the hybrid with different
applied current densities from 0.1 to 2C. (b)
discharge/charge profiles of the GNR40VO at different
current densities from 0.1 to 2 C. (¢) 100 discharge/charge
cycle testing of the composites at 0.1 C. (d) EIS of the
hybrid electrode.*'

Fig. 26 (a) Assembled flexible Li battery based on graphene paper.

V,0s/graphene paper and electrochemically lithiated-
graphene paper were used as cathode and anode,
respectively, which were separated by a separator dipped
in liquid electrolyte. (b) The battery is thin, lightweight,
and flexible enough to be rolled up or twisted. (c)
Schematic drawing of the flexible Li battery based on

graphene paper*”’.
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