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a b s t r a c t

This review highlights the recent research advances in active nanostructured anode materials for the
next generation of Li-ion batteries (LIBs). In fact, in order to address both energy and power demands of
secondary LIBs for future energy storage applications, it is required the development of innovative kinds
of electrodes. Nanostructured materials based on carbon, metal/semiconductor, metal oxides and metal
phosphides/nitrides/sulfides show a variety of admirable properties for LIBs applications such as high
surface area, low diffusion distance, high electrical and ionic conductivity. Therefore, nanosized active
materials are extremely promising for bridging the gap towards the realization of the next generation of
LIBs with high reversible capacities, increased power capability, long cycling stability and free from safety
concerns. In this review, anode materials are classified, depending on their electrochemical reaction with
lithium, into three groups: intercalation/de-intercalation, alloy/de-alloy and conversion materials.
Furthermore, the effect of nanoscale size and morphology on the electrochemical performance is pre-
sented. Synthesis of the nanostructures, lithium battery performance and electrode reaction mechanisms
are also discussed. To conclude, the main aim of this review is to provide an organic outline of the wide
range of recent research progresses and perspectives on nanosized active anode materials for future LIBs.

� 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.
1. Introduction

The research community is currently engaging in profuse efforts
to achieve effective energy storage strategies which are the key for
the exploitation of alternative energy and thus for the replacement
of fossil fuels and traditional energy sources [1]. In this regard,
rechargeable Li-ion batteries (LIBs) play a significant role due to
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their high gravimetric and volumetric energy, high power density,
long cycle life and low self-discharge property [2e9]. Furthermore,
they have proved to be the most efficient energy storage strategy
for a wide range of portable devices like cellular phones, laptops
and digital electronics [10e16]. However, the employment of Li-ion
batteries in hybrid electric vehicles (HEV), plug in hybrid electric
vehicles (PHEV) and pure electric vehicles (PEV), needs from two to
five times more energy density than the present lithium batteries
technology can offer (150 Wh/kg) [17]. The increase of the energy
density of lithium batteries can be achieved by either using high
voltage cathode active materials as electrodes or by developing
high capacity anode and cathode electrode materials. One of the
main hindrances to design high voltage cathode in LIBs is
.
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represented by the electrolyte decomposition that occurs at more
than 4.2 V vs. Li/Liþ [18e27]. Hence, the development of electrolyte
with wider electrochemical window stability is also essential in the
realization of the next generation of devices that will operate at
higher cell potential with appropriate Li-ion conductivity. In this
sense, remarkable research is still under progress to improve the
performance of LIBs by using inorganic and organic basedmaterials
[2e9,28e35].

The common concept of present LIBs relies, at the cathode side,
on transition metals oxides or phosphates active material (LiCoO2,
LiMn2O4, LiCo1/3Mn1/3Ni1/3O2, LiFePO4, etc.), while graphite is
commonly used as anode active material. Cathode and anode are
separated by a membrane made of polypropylene/polyethylene fil-
led with electrolyte which contains lithium salts (i.e. LiPF6) in alkyl
organic carbonates such as ethylene, propylene, dimethyl carbon-
ates at different ratio. The separator prevents the electrical contact
between the electrodes and, at the same time, it allows the diffusion
of Li-ions fromcathode to anode during the charging and the reverse
discharging process. The latter is defined as the flow of Li-ions from
the anode to the cathode allowing the conversionof chemical energy
into electrical energy. For example, the chemical reactions occurring
in a typical LIB based on LiCoO2 cathode are as follows;

Anode:

C þ xLi þ xe�4 LixC6

Cathode:

LiCoO2 4 Li1 � xCoO2 þ xLi þ xe�

Active materials, in order to be considered suitable candidates
for LIBs, should fulfil the requirements of reversible capacity, good
ionic and electrical conductivity, long cycle life, high rate of lithium
diffusion into active material and conclusively low cost and eco-
compatibility.

The state-of-the-art for cathode materials is represented by
LiCoO2, LiMn2O4, and LiFePO4 [33e38], while graphite is definitely
the most used anode [2e5] owing to its excellent features, such as
flat and low working potential vs. lithium, low cost and good cycle
life. However, graphite allows the intercalation (see Fig. 1) of only
one Li-ion with six carbon atoms, with a resulting stoichiometry of
LiC6 and thus an equivalent reversible capacity of 372 mAh g�1. In
addition, the diffusion rate of lithium into carbon materials is
Fig. 1. Schematic representation of lithium insertion/de-insertion mechanism for
current rechargeable lithium battery.
between 10�12 and 10�6 cm2 s�1 (for graphite it is between 10�9

and 10�7 cm2 s�1), which results in batteries with low power
density [39,40]. Hence, there is an urgency to replace graphite
anodes to materials with higher capacity, energy and power den-
sity. Even though lithium metal holds one of the highest capacity
among anode materials (3860 mAh g�1), safety issues prevent the
use of lithium as anode material in secondary batteries. In fact,
dendrites formation on the lithium metal can cause short circuit
between anode and cathode [14,41,42].

Therefore, the path leading to LIBs with improved energy and
power density has, as major challenge, the selection of suitable
anodematerials which can provide high capacity and ease diffusion
of Li-ions into the anode, along with good cycling life and free from
safety concerns (see Fig. 2).

Many efforts have been done in the investigation of both carbon
and non-carbon materials for high performances and high capacity
anode in LIBs. A short list must include: carbon nanotubes
(1100 mAh g�1) [43], carbon nanofibers (450 mAh g�1) [44], gra-
phene (960 mAh g�1) [45], porous carbon (800e1100 mAh g�1)
[46], SiO (1600 mAh g�1) [47], silicon (4200 mAh g�1) [48],
germanium (1600 mAh g�1) [49], tin (994 mAh g�1) [50] and
transition metal oxides (500e1000 mAh g�1) [51e53]. Further-
more, metal sulphides, phosphides and nitrides [54e56] might be
also considered for anodes purposes, in fact they possess specific
capacity higher than 500 mAh g�1. However, high volume expan-
sion, poor electron transport, capacity fading, and low coulombic
efficiency as well, are themain limitations that have to be overcame
before they can be used as effective anodes. In this sense, promising
results and a bright perspective is offered by nanostructuring the
above listed materials. Nano-size and tailored morphology repre-
sent the key feature capable of leading these innovative materials
from being theoretically relevant to an effective technological
breakthrough [57e60]. The expected advantages from using
nanotechnology in LIBs can be listed as follow [56,61e64]:

i) Realization of active materials with high surface to volume
ratio, therefore intensification of the presence of active sites
for lithium storage. This would result in a considerable in-
crease of the specific capacity. Furthermore, the high surface
area would imply a high contact area with the electrolyte,
hence leading to high lithium-ion flux across the electrode/
electrolyte interface.

ii) Considering that some of the electrochemical reactions are
hard to be triggered in bulk materials, shifting the anode
research to the nanoscale would result in removing these
limitations (for example bMnO2) [65].
Fig. 2. Schematic illustration of active anode materials for the next generation of
lithium batteries. Potential vs. Li/Liþ and the corresponding capacity density are
shown.
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iii) Improved lithium diffusion due to the reduction of its path
length, hence batteries with enhanced power capability.

iv) Higher electron transfer rates.

In the next sections we will discuss the state of the art of anode
materials for LIBs, with particular emphasis on the recent nano-
technology research outcomes and outstanding results. For sake of
simplicity, we will classify the discussed innovative anode mate-
rials in three main groups, depending on their Li-ion battery per-
formances and reaction mechanism (see Table 1):

1) Intercalation/de-intercalation materials, such as carbon based
materials, porous carbon, carbon nanotubes, graphene, TiO2,
Li4Ti5O12, etc;

2) Alloy/de-alloy materials such as Si, Ge, Sn, Al, Bi, SnO2, etc;
3) Conversion materials like transition metal oxides (MnxOy, NiO,

FexOy, CuO, Cu2O, MoO2 etc.), metal sulphides, metal phosphides
and metal nitrides (MxXy; here X ¼ S, P, N).
2. Insertion/de-insertion materials

2.1. Carbon based materials

Carbon-based materials with various consistencies and mor-
phologies have been recognized as appropriate anode materials for
LIBs due to their features, such as ease of availability, stability in
thermal, chemical and electrochemical environment, low cost, and
good lithium intercalation and de-intercalation reversibility [2e

5,66]. These characteristics are quite important especially when
considering that charged electrode materials, either delithiated
cathodes or lithiated anodes, have the tendency to violently react
with non-aqueous electrolytes at elevated temperatures. However,
also at room temperature, side reactions can occur [66e69]. In
particular, the lithium salt LiPF6 has the tendency of reacting with
moisture resulting in the formation of HF. The produced HF would,
in turn, cause the dissolution of any transition metal in the
Table 1
Most common anode materials used for lithium ion batteries.

Active anode material Theoretical capacity
(mAh g�1) [Reference]

Insertion/de-insertion materials
A. Carbonaceous
a. Hard carbons
b. CNTS
c. Graphene

200-600 [83e85]
1116 [91e94]
780/1116 [45]

B. Titanium oxides
a. LiTi4O5

b. TiO2

175 [121]
330 [121]

Alloy/de-alloy materials
a. Silicon
b. Germanium
c. Tin
d. Antimony
e. Tin oxide
f. SiO

4212 [156]
1624 [191,192]
993 [61]
660 [150]
790 [52]
1600 [47]

Conversion materials
a. Metal oxides(Fe2O3, Fe3O4, CoO ,
Co3O4, MnxOy, Cu2O/CuO, NiO, Cr2O3,

RuO2, MoO2/MoO3 etc.)

500e1200 [51e53, 56]

b. Metal phoshides/sulfides/nitrides
(MXy; M ¼ Fe, Mn, Ni, Cu,
Co etc. and X ¼ P, S, N)

500e1800 [54e56]
electrodes and/or the surface erosion of the active materials,
therefore leading to capacity decay upon chargeedischarge cycling.
The final result is the slow degradation of both the active electrode
material and the electrolyte as well as the formation of a thick
passive layer on the electrode surface during cycling. In particular,
when it comes to anode, this layer is known as Solid Electrolyte
Interface (SEI). In this regard, the use of carbon coating on the active
materials can provide a way to mitigate the mentioned drawbacks.
In fact, carbon shows an electrochemical activity towards the
electrolyte only at very low potentials, and without any oxidation
up to the cutoff voltage of the battery. Furthermore, high resistance
to HF corrosion can be expected owing to the very good chemical
stability of carbon. Finally, carbon coating can also prevent the
surface oxidation of active materials in air, especially at the nano-
scale level. In fact, nanostructured active materials present a high
surface area which enhances the surface oxidation. For these rea-
sons the carbon coating has the capability to greatly retard any
surface degradation during storage and to strongly reduce the ca-
pacity fading upon chargeedischarge cycling.

Some studies reporting the role of carbon coating on anode
active materials for Li-ion batteries are here listed. For example,
Zhang et al. directly observed the difference in the SEI formation
between carbon coated and non-coated graphite anode [68]. The
SEI film for carbon coated natural graphite spheres was found to
be quite compact with a thickness from 60 nm to 150 nm, much
thinner than the SEI film found on uncoated graphite spheres,
showing thickness from 450 nm to 980 nm. The conclusion was
that carbon coating can reduce the decomposition of the elec-
trolyte and it can lead to the formation of a thin SEI on the
electrode surface. Furthermore, it has been proved that after
carbon coating the graphite surface, any direct contact of graphite
with the electrolyte is prevented, therefore the decomposition of
propylene carbonate is greatly reduced and the intercalation of
electrolyte species (organic carbonates) into graphene layer is
prevented [69,70]. The role of carbon coating on different kinds of
active materials other than graphite has also been studied. For
example, He et al. investigated the effect of carbon coating on
Advantages Common issues

Good working potential
Low cost
Good safety

Low coulombic efficiency
High voltage hysteresis
High irreversible capacity

Extreme safety
Good cycle life
Low cost
High power capability

Very low capacity
Low energy density

Higher specific capacities
High energy density
Good safety

Large irreversible capacity
Huge capacity fading
Poor cycling

High capacity
High energy
Low cost
Environmentally compatibility

Low coulumbic efficiency
Unstable SEI formation
Large potential hysteresis
Poor cycle life

High specific capacity
Low operation potential and Low
polarization than counter oxides

Poor capacity retention
Short cycle life
High cost of production
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Li4Ti5O12 finding that it reduces the decomposition of the elec-
trolyte when compared to uncoated Li4Ti5O12 [71] (for further
information on LTO see section 2.2.1). Similarly, carbon coating of
Silicon and Germanium was shown to improve the lithium-ion
battery performance [72,73] (for further information on Si and
Ge see sections 3.1 and 3.3, respectively). The importance of
carbon coating on silicon surface has been examined in details by
using FT-IR and X-ray photoelectronic spectroscopy [67]. In this
study the authors observed that the absence of native oxide layer
on silicon surface was prevented by carbon coating. In addition,
the formation of silicon and carbon fluorides (CFx and SiFx) into
SEI was not found, meaning that the involvement of active ma-
terials (i.e. Silicon) into the SEI formation can be reduced/pre-
vented through carbon coating. However, in this study the
authors also reported about the formation of siloxane species in
SEI for carbon coated silicon electrodes, otherwise absent when
uncoated silicon electrodes where considered. Further examples
on the role of carbon coating on anode active materials will be
described in the next sections.

The variety of carbon based materials used as active anode in
LIBs are classified into two categories, according to the degree of
crystallinity and carbon atoms stacking [3,74]: i) SOFT carbon
(graphitizable carbons) where crystallites are stacked almost in the
same direction and ii) HARD carbon (non-graphitizable carbons)
where crystallites have disordered orientation. In particular, the
former is quite popular in the battery community. In fact, it shows
an appropriate reversible capacity (i.e. 350e370 mAh g�1), long
cycling life and good coulombic efficiency (more than 90%)
[2,37,55,69,75,76]. The reaction mechanism between lithium and
graphite, following an intercalation/de-intercalation process, has
been extensively studiedwith various analytical techniques [77,78].
Among the types of commercially available graphite is worth
mentioning Mesocarbon Microbead (MCMB), Mesophase-pitch-
based carbon fibre (MCF), vapour grown carbon fibre (VGCF) and
Massive Artificial Graphite (MAG). Despite theirmassive production
and the relative low cost of the industrial processes, these classes of
carbon materials have, as major issue, a low specific capacity
(i.e.372 mAh g�1), especially for applications such as HEV, PHEV or
PEV. Hence, the use of graphitic carbon as anode is still limited to
low power devices like mobile phones and laptops. Therefore,
further advances in anode materials for lithium batteries are
necessary to the development of competitive performance electric
vehicles, smart electric grid systems and, in general, of portable high
power consuming devices. One of the possible scenario involves the
use of carbon base materials showing high capacity [37,79]. Pres-
ently, the research activity is strongly focused on porous carbon,
carbon nanotubes (CNTs), nanofibers and graphene, as the most
promising carbon based anodematerials. The size reduction and the
unique shape of these structures introduce novel properties that
can substantially improve the energy storage capacity in LIBs
[37,42e45,73,80]. For example, carbon nanorings (CNRs) with
20 nm outer diameters and 3.5 nm wall thickness, have shown
outstanding performances as anode active materials: high lithium
uptake and larger capacity, i.e. more than 1200 mAh g�1, and over a
hundreds of cycles at the current density of 0.4 A g�1. Even at the
higher current rates of 45 A g�1, it has been observed a capacity as
high as 500 mAh g�1. The larger specific capacity and the high rate
capability have been rationalized as due to the reduction of the
diffusion distance and to the increase of the number of storage sites
for Li-ions [81]. These advantages are paradigmatic results of the
developing of nanosized carbon based materials.

2.1.1. Hard carbon
Even though soft carbons represent the state of art for anode

materials in LIBs, some limitations, such as their low capacity and
the high voltage hysteresis during the delithiation process, might
hinder their use as anode materials for the next generation of LIBs
[12,82]. On the other hand, hard carbons have high reversible ca-
pacity (more than 500 mAh g�1) in the potential range 0e1.5 V vs.
Li/Liþ, therefore they represent a valid alternative to soft carbons.
Hard carbons were developed in 1991 by Kureha Corporation
(Japan) and used as the negative electrode materials in the first
built lithium-ion secondary battery, but they were subsequently
dismissed from the electronic industry. Hard carbon have random
alignment of graphene sheets which provides many voids to
accommodate lithium, however the manner in which lithium
diffusion occurs inside hard carbons makes lithium diffusion very
slow, namely very poor rate capacity. Nevertheless, a number of
automakers and battery companies have been focussing on the
development of hard carbon for use in Electric Vehicles, mainly
motivated by its high reversible capacity. Recently, anode capacity
between 200 and 600 mAh g�1 has been reported [83e85]. This
high capacity is associated to thematerial porous nature, number of
graphene sheets and surface area [86]. However, hard carbons
present two main drawbacks, namely low initial coulombic effi-
ciency and low tap density. In order to overcome these problem-
atics, a number of strategies has been pursuing, for example by
means of surface oxidation, fluorination or by using metal coating
or a thin layer of soft carbon [83,87]. In particular, the latter resulted
in better lithium battery performance by improving both the
coulombic efficiency and the lithium storage capacity. Further
progress in this direction has been obtained through a systematic
investigation of the effects of the temperature during the carbon
coating process [87]. However, both the capacity and the cycling life
of hard carbons still need to be improved. Haung et al. have syn-
thesized porous structures of hard carbons and observed improved
capacity, i.e. more than 400 mAh g�1 [88]. Interesting results have
been observed with micron size hard carbon synthesized from
potato starch. In fact, the results demonstrated reversible capacity
of almost 530 mAh g�1 with good cycling life and rate capability
[89]. Similarly, nano-porous hard carbons were synthesized from
pyrolyzed sucrose and their electrochemical performances for LIBs
were evaluated (see Fig. 3). These nanoporous materials exhibited
remarkable capacity close to 500 mAh g�1 along with a good
cycling life and rate capability. High rate capability has been
demonstrated to be related to the fast lithium diffusion
w4.11�10�5 cm2 s�1 for hierarchical nanoporous hard carbon [84].

2.1.2. Carbon nanotubes
CNTs are characterized by highly ordered carbon nano-

structures, realized through a self-assembly unidirectional growth
process [37,90]. CNTs can be classified in single (SWCNTs) and
multiwall carbon nanotubes (MWCNTs) depending on the thick-
ness and on the number of coaxial layers. Since their discovery in
1991, both SWCNTs and MWCNTs were extensively investigated
both as anode materials and as composites. In particular, when
used together with other active anode materials, they exhibited
better output than non CNT composite due to their superior elec-
tronic conductivity, good mechanical and thermal stability,
adsorption and transport properties [37,90]. The maximum theo-
retical value obtained for the reversible capacity of CNTs has been
estimated to be 1116 mAh g�1 for SWCNTs in LiC2 stoichiometry
[91e94]. This is by far the highest capacity among carbon based
active materials, and it has been attributed to the intercalation of
lithium into stable sites located on the surface of pseudo graphitic
layers and inside the central tube as well. However, to experi-
mentally confirm the maximum theoretical predictions associated
to CNTs/lithium is a major challenge. The research activity in CNTs
as anodes is intense: several attempts were made with a variety of
synthesis protocol and pre-treatments such as acid treatment and



Fig. 3. SEM and TEM images of porous hard carbon-1 (a, c) and porous hard carbon-2 (b, d), respectively; (e) typical plot of their discharge capacities vs. number of cycles at various
current rates. (From Ref. [84].)
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ball milling surface modification [37,91]. Recently, Di Leo et al. re-
ported that purified SWCNTs, produced by laser vaporization pro-
cedure, yield indeed the best lithium battery performance in terms
of high capacity, i.e. more than 1050 mAh g�1 [95]. However, the
achievement of high coulombic efficiency with CNTs remains
challenging because of the presence of large structure defects and
high voltage hysteresis. In order to overcome these issues, research
has been focused on the morphological features of CNTs, such as
wall thickness, tube diameter, porosity and shape (bamboo-like,
quadrangular cross section, etc.) [96,97]. Particularly interesting is
the approach that Oktaviano et al. have reported. In this work,
chemically drilled MWCNTs have been synthesized by solid state
reaction [98]. The process is summarized in Fig. 4. Cobalt oxide
nanoparticles were wired onto the CNTs surface and an oxidation
process was performed. Finally, the removal of oxide particles led to
4 nm size holes on the MWCNTs surface. The lithium battery per-
formances of these structures were evaluated and they showed
higher capacity, better cycling life and higher coulombic efficiency
than pristine MWCNTs.

In order to improve the lithium storage capacity and the cycling
life in batteries, CNTs conjugated with a variety of nanostructured
materials (Si, Ge, Sn, SneSb) or metal oxides (MxOy; M¼ Fe, Mn, Ni,
Mo, Mo, Cu, Cr) have been synthesized [37,55,73,99e102]. These
Fig. 4. (a) Schematic representation of the synthesis protocol for drilling multiwalled carbo
drilled MWCNTs at the 20th cycle and current density 25 mA g�1. (From Ref. [98].)
hybrid systems result in CNTs with enhanced electrical conduc-
tivity and reduced volume changes during the charging and dis-
charging processes. For example, Fan et al. reported that the
uniform coating of Fe3O4 onto aligned CNTs by magnetron sput-
tering leads to a capacity over 800 mAh g�1 with 100 chargee

discharge cycles along with good rate capability [103]. Similarly,
Mahanthy’s research group prepared MoS2/MWCNTs composite.
The electrochemical studies of this hybrid material showed a stable
capacity of 1030 mAh g�1 at the 60th cycle [104].

Even though we have shown a number of interesting and
promising results where CNT played a fundamental role, from the
battery industry point of view the CNT technology is not yet
considered mature enough. In fact, open issues regarding CNTmass
production and cost presently hinder their use in LIBs applications.

2.1.3. Graphene
Graphene consists in a honey comb network of sp2 carbons

bonded into two dimensional sheets with nanometre thickness
(single-atom thickness). Since the introduction of the term gra-
phene in 1987, this material has drawn much attention because of
its admirable properties and versatility in a number of fields such as
chemical, physical, biological and engineering sciences [45,105].
Among its astonishing properties, we can recall good electrical
n nanotubes; (b) Chargeedischarge profile of MWCNTs, purified MWCNTs and nano-
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conductivity, relevant mechanical strength, high values of charge
mobility and high surface area which make graphene a suitable
electrodematerial for LIBs [45,73,106,107]. However, the theoretical
lithium storage studies of graphene are quite controversial. In fact,
even though the amount of lithium adsorbed by a single layer of
graphene is low compared to graphite (372 mAh g�1) [108], when a
number of graphene sheets is considered together this value
overtakes the graphite performance leading either to 780 mAh g�1

or to 1116 mAh g�1 [45,109,110]. These two values are associated to
two different descriptions of the interaction between lithium and
graphene. In particular, the former assumes absorption of Li-ions on
both faces of graphene (Li2C6stoichiometry), while the latter as-
sumes Li trapped at the benzene ring in a covalent bond
(LiC2stoichiometry).

Interestingly, the experimental research activity about graphene
as anodematerial for LIBs is quite rich. Pan et al. prepared disordered
graphene sheets by various methods: hydrazine reduction process,
low-temperature pyrolysis and electron beam irradiation [110].
Electrochemical measurements demonstrated that graphene sheets
exhibit high gravimetric capacity in the range 790e1050 mAh g�1

due to the presence of additional active sites for lithium storage such
as edges and otherdefects. However, the drawback of the disordered
structure is the poor electronic conductivity. Similarly, to achieve
high capacity from graphene anode in LIBs, Lian et al. proposed high
quality graphite with few graphene layers (w4) and with a surface
area over 490 m2 g�1. Electrochemical studies have shown large
reversible capacities close to 1200mAh g�1 at the initial cycles, with
values around 848 mAh g�1 even at the 40th cycle [111]. Recently,
Wang et al. reported in-situ fabrication of doped hierarchically
porous graphene (DHPG)electrodes for LIBs with ultrafast and long
cycling capability [112]. As shown in Fig. 5, low and high magnifi-
cation SEM and TEM images indicated that hollow graphene as-
semblies can contains small nanoscale pores. The electrochemical
performance of DHPG electrodes exhibited high lithium storage
with long cycling capability, around 3000 cycles, at a current density
of 5 A g�1. These promising results are attributed to the synergetic
effects of the hierarchically porous structure, good conductive
network and hetero-atom doping, which facilitate the mass trans-
port and the speeding up the electrochemical reactions. Among the
graphene class of materials, nanoribbons synthesized from
MWCNTs hold promising potential in lithium storage capability. In
particular, Fahlman’s research group obtained both reduced and
Fig. 5. (a, b) SEM, (c) TEM and (d) HRTEM images of doped hierarchically porous graphene (
(From Ref. [112].)
oxided graphene nanoribbons, the latter with increased lithium
uptake and stable capacity of 800 mAh g�1 [113].

Presently, the LIBs research activity suggests, as suitable anode
candidates, the use of various hybrid graphene/metals or semi-
conductors and graphene/metal oxides/phosphides [103,114e116].
For example, it is well known that SnO2 possess good anode
properties, however its volume changes, while cycling, represents
the major drawback for a good reversible capacity. This issue was
faced by considering a grapheneeSnO2 particles composite. In fact,
graphene can insert SnO2 nanoparticles, therefore supporting the
electrical conductivity to SnO2. In particular, it was recently pro-
posed a hybrid system formed by 2e3 nm SnO2 particles/nitrogen
doped graphene (1220 mAh g�1 gravimetric capacity over 100 cy-
cles) [117]. Similarly, silicon composite with carbon nanocables and
reduced graphene oxide sheets showed excellent Li-ion battery
performance by reaching a capacity value of 1600 mAh g�1 over
100 chargeedischarge cycles along with high coulombic efficiency
[118]. An alternative approach considered Fe3O4 nanorods
implanted onto graphene. This nanorod/graphene hybrid system
showed a capacity retention of 867mAh g�1 with only 5% loss from
its initial capacity [119].

2.2. Titanium based oxides

Titanium based oxides have drawn significant attention in the
lithium battery community because they allow the designing of
operational devices with minor safety concerns. Moreover, this
class of active materials shows other interesting features such as
inexpensiveness, low toxicity, low volume change (2e3%) on both
lithium insertion and de-insertion, along with an excellent cycling
life [120e123]. However, it shows also low theoretical capacity, in
the range 175e330 mAh g�1, and low electronic conductivity.

The electrochemical performance and the lithium insertion/
removal capacity of titanium based oxides mainly depend on their
structure, morphology and size. In particular, it has been found that
nanostructured titanium oxides lead to better capacity, longer
cycling life and higher rate capability than the bulk materials
[60,123,124]. Hence, a lot of efforts have been spent in the devel-
opment of anode materials based on nanostructured titanium ox-
ides. To date, titanium dioxide with various allotropic forms and
spinel Li4Ti5O12 have been extensively studied for anode purposes
[120e122,125,126].
DHPG) electrodes; (e) Corresponding Electrochemical performance of DHPG electrodes.
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2.2.1. Spinel Li4Ti5O12 (LTO)
Spinel Li4Ti5O12 is considered the most appropriate titanium

based oxide material for lithium storage purposes because it ex-
hibits excellent Li-ion reversibility at the high operating potential of
1.55 V vs. Li/Liþ. Lithium insertion/extraction in LTO occurs by the
lithiation of spinel Li4Ti5O12 yielding rock salt type Li7Ti5O12. During
the insertion process, the spinel symmetry and its structure remain
almost unaltered [120,127,128]. The high operating potential gua-
rantees safety conditions, in fact the formation of the solid elec-
trolyte interface (SEI) is mitigated and the development of
dendrites, typical issue in carbon based anodes, is avoided [129].
However, the low theoretical capacity of 175 mAh g�1 and the low
electronic conductivityw10�13 S cm�1 limit the full capacity at high
chargeedischarge rates and reduce the Li-ion diffusion [130]. To
overcome these issues two approaches have been followed: the
first one is to enhance the electronic conductivity of LTO by surface
treatments [131,132], the second one consists in enhancing the Li-
ion diffusion by downsizing the LTO to the nanoscale. Nano-
crystalline LTO, with particle sizes between 20 and 50 nm, has been
synthesized by simple combustion method in short time period
(less than 1 min) [133]. An experimental discharge capacity, i.e.
170 mAh g�1, very close to the maximum theoretical value, was
measured at 0.5C rate, while stable capacities of 140 and
70mAh g�1 were observed at higher chargeedischarge rates of 10C
and 100C, respectively. The doping of low conductivity materials,
such as LTO, is one of the prominent techniques to enhance their
electrical conductivity. In this regard, Shen et al. implemented a
methodology for direct growing of LTO nanowires on titanium foil
and they further showed an improvement in the conductivity of
LTO nanowires by introducing Tiþ3 ions through hydrogenation.
The results were confirmed through XPS technique [134]. These
nanowires containing Ti foil were directly used as electrodes
without any conductive additives and binders, and they exhibited
brilliant rate performance by reaching a capacity value close to the
theoretical one, i.e. 173 mAh g�1 at 0.2C rate with good cycle life.
Moreover, this value became 121 mAh g�1 at 30C (see Fig. 6). These
nice results are related to the enhancement of the electron con-
ductivity in hydrogenated LTO with respect to the pristine one.
Furthermore, Xia’s research group reported binary nanocomposites
of Li4Ti5O12eLi2Ti3O7 for overcoming the LTO sudden voltage drop
at the end of the chargeedischarge process. These composites,
having dimensions of few hundreds of nanometres, show a
lamellar-like morphology formed by interconnected nanograins of
w20 nm size. The composites exhibited superb electrochemical
Fig. 6. (a) Schematic representation of the fabrication of hydrogenated-LTO (H-LTO);
performance, in terms of capacity and cycling life. Finally, their
voltage profile could be altered by monitoring the composite ratio,
therefore fulfilling the request of a smooth voltage output in order
to prevent overcharging and over discharging [130].

2.2.2. Titanium dioxide (TiO2, titania)
Titanium dioxide (titania) is a very promising material for anode

applications in the LIBs field, in fact it is suitable for mass produc-
tion and it is also cost effective. In addition, titania shows excellent
safety and stability characteristics at the operative potential of 1.5 V
vs. Li/Liþ. Moreover, TiO2 has admirable advantages such as high
electro-activity, strong oxidation capability, good chemical stability,
high abundance and structural diversity [120,121,135]. These fea-
tures make titania a good candidate as anode material in LIBs,
especially for HEV applications. Titania can host 1 mol of lithium
per 1 mol of TiO2 with a theoretical maximum capacity of
330 mAh g�1 and LiTiO2 stoichiometry (almost double than LTO).
However, the exploitation of the entire capacity is a major experi-
mental challenge. The lithium intercalation/de-intercalation pro-
cess in titania typically depends on its crystallinity, particle size,
structure and surface area [136e138]. Titania has several allotropic
forms, the most well-known are rutile (tetragonal, P42/mnm),
anatase (tetragonal, I41/amd) and brookite (orthorhombic, Pbca)
[139,140]. Even though anatase titania has been considered the
most electroactive form, other allotropes such as rutile and
brookites are also widely studied for anode purposes [136,141,142].

Regarding the rutile form of TiO2, it has been shown that
decreasing its particle size to 15 nm allows a larger capacity of
378 mAh g�1 at first discharge and subsequent stable capacity of
200 mAh g�1 (0.6 Li per one molecule of rutile TiO2) over 20 cycles,
at the current density of 0.05 A g�1. With particle size of 300 nm,
the initial and the 20th cycle capacities of 110 and 50 mAh g�1 were
observed, respectively [142]. The improvement of the capacity and
the Li-ion uptake are related to the nanosize characteristic and to
the high surface area. Similarly, it was reported that 6 nm particle
size of TiO2 anatase maintains high capacity at more than
200 mAh g�1 over 20 cycles at the current density of 0.1 A g�1.
Furthermore, at the current rate of 10 A g�1, the capacity of
125 mAh g�1 was attained. Whenmoving to higher particle sizes of
TiO2, such as 15 nm and 30 nm, lower capacities of 80 and
71 mAh g�1 were found, respectively [143]. In particular, the
reduction in the particle size facilitates the lithium intercalation/
de-intercalation and the electron collection at the anode by
enhancing the Li-ions diffusion and shortening the charge path
(b) Electrochemical performance of H-LTO and LTO nanowires. (From Ref. [134].)
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length, respectively. In this regard, Lee’s research group synthe-
sized anatase TiO2 microspheres by solvothermal process. These
TiO2 microspheres are formed by the combination of ultra-fine 6e

8 nm TiO2 nanocrystals with 4e6 nm pore sizemicrostructures. The
optimal performances of TiO2 microspheres, such as high lithium
storage capability, high number of chargingedischarging cycles and
high tap density were explained with their spherical morphology
[123]. This last characteristic was in fact tuned to improve the ca-
pacity, the rate capability as well as the cycling life of titania based
anodes [135,141]. For example, Gentili et al. synthesized, by means
of hydrothermal route, nanotube of anatase TiO2 with wall thick-
ness of 2e3 nm, an external diameter of 8e10 nm and length in the
range 100e300 nm [144]. These nanotubes exhibited maximum
capacity at around 300 mAh g�1 with lithium uptake roughly 0.98
Li for unit formula of titania. Along with high capacity, these titania
nanotubes showed high rate capability and good cycling life with a
capacity around 250 mAh g�1 over 100 chargeedischarge cycles.
Similarly, Brown et al. have synthesized mesoporous TiO2eB mi-
crospheres, with 12 nm pore size [145]. This porous titania has
proved to be a good anode material at different current densities.
Interestingly, a lithium storage capacity of w120 mAh g�1 was
attained at the high current rate of 60C. This improved rate per-
formance was related to the fast kinetics from the pseudo-
capacitive electrochemical behaviour of microspheres of TiO2eB.

Further development of TiO2 in terms of power density and
cycling life can be reached by combining titania nanostructures
with conductive matrices such as carbon, CNTs and graphene
Fig. 7. Schematic illustration of (a) TiO2 nanotube/graphene (TG) composite; (b) electron t
capacities of TG composite electrodes at various current densities from 10 to 8000 mA g�

(voltage range: 1.0e3.0 V). (From Ref. [148].)
[146,147]. For example, as shown in Fig. 7, Wang et al. fabricated an
hybrid composite of titania and graphene by hydrothermal proce-
dure. The obtained structure consisted of 10 nm diameter TiO2
nanotube, with length from few hundreds to thousands of nano-
metres, built on a graphene layer [148]. The obtained specific ca-
pacity of this composite was more than 300 mAh g�1 in the
potential range from 1.0 to 3.0 V vs. Li/Liþ. The stability of these
hybrid composites was proved over few thousands of chargee

discharge cycles, from low to high currents, namely from
10 mA g�1e8000mA g�1, along with very good columbic efficiency.
This promising results were possible due to the nanotube smor-
phology and to the electronic interactions between the hybrid
components.

3. Alloy/de-alloy materials

The next generation of LIBs is expected to fulfil the power de-
mand of high energy consuming devices, to power electric vehicles
and HEVs and to be used in stationary applications. Hence, the
specific capacity is the fundamental parameter to be considered in
novel anode active materials. Materials which can satisfy the
requirement of high capacity are, for example, silicon, germanium,
silicon monoxide and tin oxide which react with lithium according
to an alloy/de-alloy mechanism. Their specific theoretical capacity
ranges from 783 mAh g�1 for tin oxide up to 4211 mAh g�1 for
silicon [149e151]. Even though these alloy based materials can
provide larger specific capacity than graphite (372 mAh g�1) and
ransport through graphene and ion diffusion in the tubular TiO2; (c) Initial discharge
1; (d) Cycling stability of TG composite at current densities from 100 to 4000 mA g�1
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LTO (175 mAh g�1), the major drawbacks are the poor cycling life
due to the high volume expansion/contraction and the larger
irreversible capacity at the initial cycles. In order to overcome these
issues, various approaches have been followed: the downsizing
from micro to nanoscale particle and the fabrication of composites
with both lithium active and inactive material, are the most
promising. In the latter case the lithium active/inactive material
serves as a conductive buffer matrix between the alloy materials
and lithium source [152]. Nanostructured alloy materials with
different morphologies like nanowires and nanotubes have been
considered as an implementable path to achieve high capacity with
a good rate capability and long cycling life [153,154].

3.1. Silicon (Si)

Silicon has both the highest gravimetric capacity (4200mAh g�1,
Li22Si5) and volumetric capacity (9786 mAh cm�3) among the
anode material candidates [155e159]. In addition, the discharge
(lithiation) potential of silicon is almost close to graphite i.e. 0.4 V
vs. Li/Liþ. Finally, Si is the 2nd most abundant element on earth,
hence inexpensive and eco-friendly. It is then easily understood
why silicon and its derivatives are considered the most promising
and interesting materials for the realization of the future genera-
tion of LIBs, which justifies the strong academic and industrial in-
terest for their development as anode active materials. The
electrochemical lithiation of Si electrodes has been deeply inves-
tigated by many groups. It has been clarified that the high specific
capacity value is due to the formation of intermetallic LieSi binary
compounds such as Li12Si7, Li7Si3, Li13Si4, Li22Si5 [156]. However,
some issues prevent the employment of Si as anode in LIBs. Firstly,
the large volume modification (w400%) during the charge/
discharge process causes poor cycling life and irreversible capacity.
Secondly, the formation of Si compounds at the solid electrolyte
interface inhibits the alloy/de-alloy process. In order to understand
the exact reason of poor cycling stability of Si as anode in LIBs, many
in-situ investigations with different experimental techniques such
as XRD, NMR, TEM have been performed [160e164]. These studies
evidenced that the electrical contact between the active material
and both the conductive carbon and current collector undergoes a
drop due to the large volume expansion/contraction of the Si
anode, leading to an irreversibility of lithium insertion/extraction.
Eventually, these volume changes result in shorter cycling life and
capacity fading.

To overcome these issues, a lot of efforts were focused on
nanostructured Si, especially on their morphology aspect. For
example nanowires, nanotubes and nanospheres were considered
due to their capability of providing the necessary free volume for
accommodating the Si expansion during the alloying/de-alloying
process. In particular, Si nanowires (Si NWs) and nanotubes have
shown a reversible capacity over 2000 mAh g�1 with good cycling
stability. The best results were obtained by the direct growth of Si
NWs on themetallic current collectors, following a vapoureliquide

solid approach. Such technique gives better accommodation to the
large volume changes and all the nanowires participate to the
lithium alloy process because of the direct contact with the current
collector [165]. This anode fabrication approach led to remarkable
electrochemical performances. In fact, the observed chargee

discharge capacity was 3500 mAh g�1 over 20 cycles at 0.2C rate,
while at the higher current rate of 1C the capacity value was set at
2100 mAh g�1. This impressive lithium storage results were
possible due to the good electronic contact between the current
collector and the Si NWs, to an efficient charge transport mecha-
nism and to the small diameter of Si NWs, which allows better
accommodation of the volume change without any initiation of
fractures. Similarly, Yao et al. reported about composite nanofibers
formed by Si, lithium and highly electrical conductive materials
such as TiC/C, fabricated by low pressure chemical vapour deposi-
tion [166]. These synthesized silicon composite nanofibers showed
high specific capacity around 2800 mAh g�1 at 0.2C current rate,
with an excellent cycling life, over 100 chargeedischarge cycles.
When a higher 2C current rate was considered, a specific capacity
close to 1500 mAh g�1 was observed.

Despite the mentioned nanostructures showed superior elec-
trochemical properties, their fabrication is not cost-effective, and
thus this emerging technology is still not applicable at an industrial
level. In order to move from an experimental proof-of-concept de-
vice towards the realization of effective anodes for LIBs, research
groups are seeking for alternative fabrication methods such as the
promisinghydrothermal and solvothermal techniques. For example,
Chan et al. introduced a newmethod to grow carbon coated Si NWs
in solution. The main point was the carbon coating of Si NWs by
means of their mixing with conductive matrices such as MWCNTs
andwith amorphous carbon [167]. The synthesized carbon coated Si
NWs, showed stable reversible capacity of 1500 mAh g�1 and about
100 chargeedischarge cycles at the current rate 0.2C.

Similar approaches have been exploited to fabricate carbon
coated Si NWs. An example is offered by the metal catalytic etching
of silicon wafer in HF aqueous solution followed by carbon coating.
The prepared carbon coated silicon nanowires exhibited reversible
capacity around 1326 mAh g�1 [168]. Further improvements in the
performances of Si NWs as anode were made by Ge et al. [48] with
direct etching of boron-doped silicon wafers. The obtained porous
Si NWs exhibited superior electrochemical performance and long
cycling life. In fact, even after 250 cycles, the reported reversible
capacities were 2000, 1600 and 1100 mAh g�1 at 2, 4 and 8 A g�1

current density, respectively. This impressive performance was
possible due to the high porosity of silicon nanowires and to the
improvement of the electronic conductivity through boron doping.

In other works, Si nanotubes demonstrated even larger revers-
ible capacity up to 2500mAh g�1 [156,169]. For example, Song et al.
fabricated sealed tubular shape silicon nanostructures by chemical
vapour deposition in a ZnO assisted approach [170]. These kinds of
nanotubes are capable to accommodate the Si volume change
during the lithiation/delithiation process, they show high initial
coulombic efficiency together with discharging/charging capacities
around 3860 and 3360 mAh g�1, respectively. Interestingly, these
high capacities are very close to the theoretical ones which in-
dicates that all Si nanotubes are connected to the current collector
and are fully reacting with lithium. In addition, electrochemical
measurements evidenced stable capacities from 2600 to
1490 mAh g�1 at high current rate regimes from 0.2C to 2C. Simi-
larly, carbon coated Si nanotubes were fabricated by Cho et al. with
the use of alumina as template [171]. These carbon coated nano-
tubes showed the impressive capability to deliver large reversible
charge capacity of 3247 mAh g�1 and high coulombic efficiency,
close to 89%. In the perspective to introduce Si nanotubes as anodes
into the commercial market, they have been tested by using stan-
dard cathode electrode, i.e. LiCoO2. Li-ion technology, based on
these materials, exhibited 10 times larger capacity than commer-
cially available graphite based lithium cells, even after 200 cycles.
This exceptional behaviour has been attributed to three main as-
pects: i) availability of free volume in the nanotubes for accom-
modating lithium, ii) amorphous phase dominance vs. the
crystalline form during cycling, iii) carbon coating. Recently, Wu
et al. developed stable Si double walled nanotubes surrounded by
ion permeable silicon oxide shell as anode for advanced LIBs (as
shown in Fig. 8) [172]. The thin layer of SiOx on the Si nanotube
allows the diffusion of Li-ions but, at the same time, it prevents
direct contact with the electrolyte. These hybrid nanotubes showed
outstanding stable anode performancewith a cycling life over 6000



Fig. 8. (a, b) SEM and (c) TEM images of double-walled SieSiOx nanotube (DWSiNTs); (d) Electrochemical chargingedischarging cycling performance of DWSiNTs electrodes. (From
Ref. [172].)
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cycles, with a specific capacity retention close to 88% and with a
superior coulombic efficiency.

3.2. Silicon monoxide (SiO)

SiO is considered an alternative choice to silicon, as anode
candidate, due to its high theoretical capacity (>1600 mAh g�1). In
addition, lithium oxygen co-ordination implies minimal volume
change and, at the same time, lower activation energy [173e176].
The electrochemical reactions happening during the chargee

discharge process determine the conversion of SiO into Si and
lithium oxides and, possibly, the formation of SieLi or, alternatively,
the direct formation of SieLi alloy and lithium silicates. The
mechanism can be schematized as follows:
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SiO þ xLi 4 Si þ LixO

xLi þ Si 4 LixSi

(or)

xLi þ SiO 4 LixeySiz þ LixSiOz

Solid SiO is thermodynamically unstable at all temperatures.
Therefore, it can be transformed into Si and SiO2 in a temperature
triggered disproportionation reaction [177,178]. As previously
pointed out about silicon, also SiO undergoes consistent changes in
the volume during the lithiation and de-lithiation processes.
Moreover, both the electrical conductivity and the lithium
insertion/de-insertion rates remain quite poor [179,180]. To solve
these problems and to improve the reversible capacity as well as
the cycle retention, different approaches have been tested. The
most promising are carbon coating, electrochemical reduction of
SiO with lithium and, finally, the size reduction of SiO [181,182].
Among these solutions, particle size reduction combined with
carbon coating is an effective way to overcome the above issues by
shortening the diffusion distance of Li-ions and thus to enhance the
ionic and the electrical conductivities.

In 2002 it was demonstrated the effect of both the oxygen con-
centration and particle size on the cycling life and on the reversible
capacity of SiOx [47]. The lithium battery analysis performance was
carried out by changing the oxygen concentration of SiO, such as
SiO0.8, SiO and SiO1.1, along with the particle size, such as 30 and
50 nm. It was observed that SiO0.8 with 50 nm particle size shows
the high capacity of 1700 mAh g�1 at initial cycles accompanied by
large capacity fading over cycling. However, when SiO1.1 was
considered, a stable capacity over cycling of 750mAh g�1 was found.
The conclusion was that lower oxygen contents in SiOx allow for
higher specific capacity associated to poorer cycling life. In addition,
also the particle size was found to affect the anode performance. In
particular, 30 nm SiOx particle size showed better capacity retention
with high reversible capacity compared to larger particles.

Finally, it is interesting to notice that in order to understand the
electrochemical reaction mechanisms between SiO and lithium,
various analytical techniques have been employed, such as X-ray,
photoelectron spectroscopy, NMR, high resolution TEM and elec-
trochemical dilatometry [183e188]. In particular, 29Si Magic Angle
Spinning (MAS) NMR, 7Li MAS NMR and HRTEM experiments were
carried out at various discharge/charge potentials of SiO electrode
with lithium. From these results it has been suggested that SieLi
alloy, along with LiOx and LieSieO ternary, were the intermediate
products of reversible electrochemical reactions [187]. Hence,
further investigations on SiO electrode for LIBs are still required.

Recently Liu et al. [173,189] published an interesting work about
SiO composites containing highly conductive intermetallic com-
pounds, such as SneCoeC and SneFeeC, which have the advan-
tages of good cycleability and high tap density. However, they also
present the major drawback of low reversible capacity which make
their performance not better than graphite. Hence, the authors
realized a composite by combining these intermetallic materials
with an anode showing high theoretical capacity, such as SiO. This
led to new kinds of hybrid materials which are expected to over-
come the volume expansion problem of SiO and to achieve high
capacity with good cycling stability. Therein, tin acts as active phase
with lithiumwhile the transitionmetal (i.e. Cobalt or Iron) serves as
a tin alloying buffer layer, inactive to lithium. These composites
exhibited stable capacity of 700e900 mAh g�1 over a large number
of chargeedischarge cycles.

Further achievements regarding SiO anodes have been reached
with the synthesis of three-dimensional porous SiO. The realization
of 3-D porous structures of SiO has been accomplished by depos-
iting silver nanoparticles on SiO, followed by chemical etching in
hydrofluoric acid solution. The best performances in terms of
lithium reversibility and cycleability were observed with the car-
bon coating of the 3-D porous SiO, where the carbon source was
acetylene gas [190]. Carbon coated 3-D porous SiO represents an
effective way to achieve improved electrochemical conductivity
and low volume expansion during the cycling process. In fact,
carbon coated porous SiO have shown an excellent capacity around
1490 mAh g�1 over 50 chargeedischarge cycles at 0.1C. A good
response was also observed at the larger current rates of 3C and 5C
with stable capacities of 1100 and 920 mAh g�1, respectively [190].
Recently, structurally and kinetically stable hierarchical SiOx
(0.9 < x < 1) nanoconifers were reported by Song’s group for ap-
plications as anode material in LIBs [174]. Columnar-shape SiOx
nanoconifers were directly self-assembled on metallic NiSix nano-
wires by means of chemical vapour deposition technique (see
Fig. 9). These SiOx nanoconifers revealed stable chargeedischarge
performance over a hundred of chargeedischarge cycles with
specific capacity close to the theoretical one, along with good
coulombic efficiency and high rate capability compared to bulk
SiOx. This exciting result is due to the high conductivity of the
metallic NiSix core, which assists the efficient charge transport
pathway from/to SiOx phase.

3.3. Germanium (Ge)

Germanium is an extensively studied active anode material
owing to its high lithium storage capability (1623 mAh g�1) with
Li22Ge5 as equivalent stoichiometry and reversible alloy/de-alloy
reactions [150,191]. Even though Ge is considerably more expen-
sive and shows lower capacity than silicon, it has desirable ad-
vantages such as high intrinsic electrical conductivity (104 times
higher than silicon), higher capacity than graphite anode and a
narrow band gap (0.67 eV). Furthermore, it has been reported that
the lithium diffusion into Ge is 15 and 400 times faster than in Si at
360 �C and at room temperature, respectively. This ensures higher
rate capability and more efficient charge transport than in silicon
and graphite as well [150,192]. Ge high power capability is then
extremely important in advanced high power density applications
such as electric vehicles. However, as discussed for silicon, the
practical usage of Ge as active electrode in LIBs is hindered by the
dramatic volume change (w300%) during lithium insertion/de-
insertion [150,193]. Ge nanostructures, such as nanoparticles
[194], nanowires [192] and nanotubes [171,195] can effectively
sustain the volume change with better efficiency than bulk and
microstructures. Noticeably, improvements have been observed
with hybrid composite of Ge nanoparticles using conductive
matrices, obtained through simple preparation routes, for example
solid state pyrolysis [196].

For example, Ge nanoparticles, with diameter between 5 nm
and 20 nm, were encapsulated inside carbon nanospheres with
diameters in the range from 50 to 70 nm [196]. The role of the
carbon nanospheres is to act as structural buffer and electro-active
material during the lithium insertion and de-insertion process and
to avoid direct contact with the electrolyte. This last aspect pre-
vents Ge from the formation of SEI. These obtained composites
exhibited highly reversible lithium storage along with high rate
capability.

Similar behaviour has been observed in Ge nanoparticles
deposited on SWCNTs by CVD [197]. Crystalline Ge nanoparticles,
with an average size of 60 nm, were deposited on SWCNTs and
coated with a thin layer of titanium for better rate capability. The
major advantage of using CNTs is the increase of the conductivity
between Ge and the current collector together with the increase



Fig. 9. (a) TEM image of SiOx nanoconifer on NiSix nanowires (NWs) (inset: SEM image of SiOx/NiSix NW); (b) scanning TEM-HAADF images and EDX elemental colour map of single
SiOx/NiSix NW; (c) electrochemical cycling stability along with coulombic efficiency and specific capacity vs. charge/discharge cycle numbers of SiOx/NiSix NWs (inset: galvanostatic
chargeedischarge curves in the range of 0.01 and 1.2 V); (d) cycling performance of SiOx/NiSix NWs at different current rates. (From Ref. [174].) (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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of the lithium diffusion which, in turn, means accommodation of
Ge volume expansion while cycling. This hybrid Ge nano com-
posite showed excellent anode capacity around 980 mAh g�1 vs.
lithium metal and 800 mAh g�1 with LiFePO4 as cathode. Simi-
larly, comparable high reversible capacities, along with excellent
cycling life and high rate capability, were achieved by combining
Ge nanoparticles with MWCNTs and reduced graphene oxide
[49,198].

Nanostructured germanium nanowires and nanotubes have
been investigated as well. For example, Yuan et al. proposed
alkanethiol-passivated Ge NWs as anode in LIB [199]. Firstly, Ge
NWs were synthesized through gold-seeded growth process. Sec-
ondly, HF solution was used to attain H-terminated Ge NWs which,
in turn, underwent surface passivation of thiol by using dodeca-
nthiol. The electrochemical performances of thiol-passivated Ge
NWs showed remarkable results such as high reversible specific
capacity of 1130 mAh g�1 along with a good cycling life at 0.1C.
These structures were also proved to possess high power capability
with a reversible capacity of 550 mAh g�1 at the higher current rate
of 11C. For a better understanding of the passivation effect of Ge
NWs in LIBs, comparison experiments with Ge nanoparticles and
unpassivated Ge NWs were also carried out. Both electrochemical
and microscopy techniques confirmed that the surface passivation
of Ge NWs leads to better structure integrity.

Similarly, hybrid metal/Ge nanostructures have also been
fabricated and tested. For example, Wang et al. synthesized three
dimensional CueGe coreeshell nanowires by direct RF-sputtering
of Ge layer on previously prepared Cu nanowires [200]. These
nanowires delivered large reversible capacity of 1419 mAh g�1

even after 40 cycles. They also attained a brilliant rate capability
with capacities of 850 and 734 mAh g�1 at the current rates of
40C and 60C, respectively. These exciting results can be ratio-
nalized by considering that Cu nanowires act as good electrical
contact between substrate and Ge, thereby facilitating electron
transfer and charge collection by shortening the lithium diffusion
length.

Finally, nanoscale germanium oxides were also studied as novel
anode material for LIBs. Very recently, Seng et al. improved
germanium dioxide (GeO2) electrochemical performance by using
Ge with a conductive carbon coating [201]. GeO2/Ge/C was pre-
pared in a three steps process, starting with the synthesis of GeO2
from hydrolysis of GeCl4 and followed by carbon coating with
acetylene gas, resulting in GeO2/C. The last step was the reduction
of GeO2/C to GeO2/Ge/C through high temperature w650 �C. The



Fig. 10. (a) Schematic representation of the lithium reaction mechanism in Ge, GeO2e

C and GeO2/Ge/C; (b) Cycling performance of all samples for 50 cycles at 1C rate; (c)
rate performance of all samples from 0.1 to 10C. (From Ref. [201].)
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analysis of the lithium battery performance was carried out for
materials such as GeO2/Ge/C, GeO2/C, nano GeO2 and bulkGeO2. The
GeO2/Ge/C composite showed high capacities of 1860 and
1680 mAh g�1, with good cycling stability, at the current rates of 1C
and 10C, respectively (see Fig. 10). Such a notable Li battery per-
formance was related to the carbon coating of Ge, in particular it
was found that carbon enhances the reversibility of the conversion
reaction of GeO2 with lithium.

3.4. Tin oxide (SnO2)

Tin oxide was firstly developed by Fuji Photo film corporation
and it received significant attention as anode in Li-ion batteries due
to the high theoretical capacity and lowwork potential, i.e. 0.6 V vs.
Li/Liþ [12,51,52,127]. The electrochemical lithium alloying reactions
can be summarized in a first partially irreversible step, where SnO2
is reduced into Sn and lithium oxides (SnO2 þ 4Li 4 Sn þ 2Li2O),
which is followed by the reversible Snelithium alloying/de-
alloying reaction (Sn þ 4.4Liþ 4 Li4.4Sn). This overall electro-
chemical process involves 8.4Li for one SnO2 formula unit. The
corresponding theoretical capacity is 1491 mAh g�1 but it is
reduced to 783 mAh g�1 when the second highly reversible step is
reached. Hence, 783 mAh g�1 is commonly considered as the actual
theoretical capacity. Furthermore, severe electrode degradation is
observed because of the consistent volume change (>200%) upon
cycling. Therefore, a lot of attention has been paid to improve the
cycling stability of SnO2 and to reduce the irreversible capacity
caused by volume change [51,127].

Porous nanostructures, nanocomposites, and hollow nano-
structured SnO2 have been proposed to overcome the above spec-
ified issues [51,202,203]. In particular, it was shown that porosity in
nanostructured SnO2 is capable of balancing the volume changes
during the lithium insertion/de-insertion. In fact, the pores act as
buffer for the large volume changes. In this regard, Yin et al. pre-
pared SnO2 mesoporous spheres in the range 100e300 nm from tin
sulphate, by cost-effective and easy solution method [204]. The
prepared SnO2 spheres showed notable lithium battery perfor-
mance with capacities of 761 and 480 mAh g�1 after 50 chargee

discharge cycles at current densities of 200 mA g�1 and
2000 mA g�1, respectively. Similar results were observed with
mesoporous SnO2 using silica as template and, when compared to
SnO2 nanowires, it was found the former providing better elec-
trochemical response than the latter. In particular, the mesoporous
SnO2 exhibited a reversible capacity of 800 mAh g�1, with capacity
retention of 98%, even after 50 cycles at 0.2C current rate [202].
Responsible of this improved performance is the porosity of SnO2,
which allows the flooding of the electrolyte among the particles
together with the buffering role for volume changes during the
chargeedischarge cycles.

Due to the significant importance of carbon in the lithium bat-
teries field, further developments were obtained by using com-
posite carbon based materials such as carbon coated SnO2, SnO2/
nanofibers, SnO2/carbon nanoparticles, SnO2/CNTs and SnO2/gra-
phene [203,205e207]. In this regard, carbon free and carbon coated
SnO2 hollow microspheres, prepared through cost-effective hy-
drothermal route where glucose was used as carbon source, were
proposed [203]. The results showed better performance for the
carbon-coated SnO2, in terms of storage capacity, columbic effi-
ciency and cycling life. This achievement was explained in terms of
electrochemical oxidation of Sn, leading to SnO in carbon coated
SnO2. In fact, the electrochemical oxidation of Sn was not observed
in carbon free SnO2. Similarly, Jiang et al. proposed the use of gra-
phene, as support for porous SnO2, to enhance the lithium storage
capacity and the cycling life. This hybrid composite was prepared
by using electrostatic spray deposition technique and it was found
to possess very good characteristics for lithium battery purposes
[208]. The proper assembly of SnO2 on graphene is considered
highly beneficial for lithium battery performance because it en-
hances the electrical conductivity and, at the same time, it can
provide mechanical support of the active nanoparticles (i.e. SnO2)
during charging and discharging process. The electrochemical
outcome of this hybrid system were large stable capacities of 551
and 507 mAh g�1, up to the 100th cycle, at current densities of 200
and 800 mA g�1, respectively. Similar results were observed with
hierarchical carbon encapsulated in tin embedded in graphene
nanosheet composites. The synthesis protocol of this hybrid com-
posite undergoes three main steps: i) assembly of SnO2 on gra-
phene, ii) reduction of SnO2 into Sn nanoparticles, iii) carbon
coating of the composite via CVD procedure. The final structurewas
directly used as anode in LIBs [209].
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In addition to these examples, various morphological structures
of SnO2 have been widely investigated such as nanowires, nano-
tubes, nanorod, nanoboxes and nanosheets, just to name a few
[210e215]. For example, Ye et al. reported the effect of the size of
SnO2 nanotubes on the anode performance [211]. Different lengths
of SnO2 were synthesized through an hydrothermal process by
using pre-fabricated mesostructured silica nanorods as sacrificial
Fig. 11. (a, b) SEM and (c, d) TEM images of short and long SnO2 nanotubes, respec-
tively; (e) plot of the first charge/discharge cycle of short SnO2 nanotube electrodes; f)
Cycling performance of various SnO2 samples at a current density of 100 mA g�1.
(From Ref. [211].)
template. Short size SnO2 nanotubes showed better electro-
chemical behaviour in terms of capacity and cycling life. The
measured discharge capacity was 468 mAh g�1 after 30 cycles (see
Fig. 11). This prominent outcome is thought to be related to the
hollow characteristic of the nanotubes, that alleviate the volume
changes and the mechanical stress during the cycling process.

4. Conversion materials

In this section we will provide an overview on the transition
metal compounds such as oxides, phosphides, sulphides and ni-
trides (MxNy; M ¼ Fe, Co, Cu, Mn, Ni and N ¼ O, P, S and N) when
utilized as anodes in LIBs. The electrochemical reaction mechanism
involving these compounds together with lithium, implies the
reduction (oxidation) of the transition metal along with the
composition (decomposition) of lithium compounds (LixNy; here
N ¼ O, P, S and N). Anodes based on these compounds exhibit high
reversible capacities (500e1000 mAh g�1) owing to the participa-
tion of a high number of electrons in the conversion reactions
[56,127,216]. The electrochemical conversions reactions can be
described as follows:

MxNy þ zLiþ þ ze�4 LizNy þ xM (Here M ¼ Fe, Co, Cu, Mn, Ni &
N ¼ O, P, S and N)

4.1. Iron oxide

Iron based oxides have been extensively studied for rechargeable
lithium batteries because of their low cost, non-toxicity and high
natural abundance. Iron oxides, both haematite (a-Fe2O3) and
magnetite (Fe3O4), are capable of participating in reversible con-
version reactions with lithium, providing a theoretical capacity of
1007 and 926mAhg�1, respectively [217]. However, iron oxides tend
to exhibit poor cycling performance due to low electrical conduc-
tivity, low diffusion of Li-ions, high volume expansion and iron ag-
gregation during charging and discharging. Therefore, to overcome
the above identified limits, many recent investigations have been
focused on developing new methods for the preparation of iron
oxide nanomaterials as well as for modifying their size, shape and
porosity [218e222]. Other studies have been focused onmethods to
stabilize their structure and to improve the electrochemical kinetics
and power capability, mainly by carbon coating or by carbon based
composites of a-Fe2O3 and Fe3O4 [223e225].

For example, Wang et al. reported a-Fe2O3 hollow spheres as
anode in LIBs [226]. Hollow spheres of a-Fe2O3 have been synthe-
sized by a facile quasiemulsion template method. In particular,
water and glycerol were used for this purpose, in fact their mixing
leads to the formation of quesiemulsion droplets, which served as
soft template for the formation of a-Fe2O3 hollow spheres. The
electrochemical reaction of a-Fe2O3 hollow spheres with lithium
was studied in the potential window of 0.005e3 V vs. Li/Liþ. The
results revealed high lithium reversibility accompanied by a storage
capacity higher than 700 mAh g�1 for about one hundred of
chargeedischarge cycles. These investigations on a-Fe2O3 hollow
spheres suggested that the morphology of the nanosized Fe2O3

plays a significant role in the reactivity with lithium. Similarly, Wu
et al. have studied the size and morphology effect of a-Fe2O3

nanorods in the range from 300 to 500 nm length with and without
porosity [227]. Liu et al. prepared haematite a-Fe2O3 nanotubes
with outer diameter ranging from 200 to 300 nm by using ZnO as
sacrificial template. Next, they proceeded with carbon coating us-
ing glucose as carbon source [219]. The prepared a-Fe2O3 nano-
tubes showed good lithium insertion and de-insertion reversibility
with a capacity close to 750 mAh g�1 over 150 chargeedischarge



Fig. 12. (a, b) TEM images of Fe2O3 nanotubes (FNTs) from MONTs template; Li-ion
battery performance of FNTs, (c) discharge capacity vs. number of cycles of FNTs (red)
and commercial Fe2O3 nanoparticles (black). The coulombic efficiency of FNT is also
included (violet); (d) galvanostatic chargeedischarge curves; (e) cycling performance
of FNT at different current rates. (From Ref. [220].) (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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cycles. The set current rate was 0.2C in the potential range 0.005e

3 V vs. Li/Liþ [219]. Similarly, carbon-decorated crystalline Fe3O4
nanowires were synthesized by Muraliganth et al. through
microwave-assisted hydrothermal approach, using PEG-400 as soft
template and polysaccharide as carbon source [228]. The resulted
carbon decorated Fe3O4 nanowires, with diameter ranging from
20 nm to 50 nm and length of several micrometres, showed
excellent electrochemical stability with a good reversible capacity
of 830 mAh g�1 without any capacity damage over 50 cycles. These
results are attributed to the positive role played by carbon in
realizing a fast and highly reversible conversion reaction of iron
oxides with lithium, which provides good electronic conductivity,
enhanced lithium permeability and electrochemical stability.
Recently, Xu et al. prepared spindle-like porous a-Fe2O3 from an
iron-based metal organic structure, formed by nanoparticles with
dimensions around 20 nm [229]. These novel a-Fe2O3 structures
showed great enhancement of lithium storage with a reversible
capacity of 911 mAh g�1 at 0.2C current rate for more than 50
chargeedischarge cycles. In addition, the capacity of 424 mAh g�1

was achieved at the higher current rate of 10C. These promising
results indicate that both size and morphology strongly affect both
rate and lithium storage capability of iron oxides.

Sohn et al., through an aerosol-assisted process, followed by
vapour coating, synthesized nanocomposites of Fe3O4 cores and
porous carbonesilicate layers. Carbon was chosen for its charac-
teristic of increasing the electrical conductivity, hence to mitigate
the aggregation of iron oxides particles and to reduce the me-
chanical stress during cycling [230]. These nanocomposites showed
quite stable capacity around 900 mAh g�1 with a coulombic effi-
ciency close to 100% over 50 chargeedischarge cycles. Very
recently, nanoparticulate Fe2O3 tubes have been obtained from
microporous organic nanotubes (MONT) used as template [220].
The prepared porous Fe2O3 nanotubes (FNT, see Fig. 12) exhibited
excellent electrochemical performances with large capacities such
as 918 and 882 mAh g�1 at current densities of 500 and
1000 mA g�1, respectively. These results indicate that low cost iron
based oxides with highly conductive carbon composites can be a
valid alternative to graphite anodes.

4.2. Cobalt oxides

In this section we will consider the recent advances on the
research related to cobalt oxides materials (Co3O4 and CoO) used
as anode for LIBs. Co3O4 and CoO show theoretical capacities of
890 and 715 mAh g�1, respectively [231,232]. Similarly to other
kinds of materials, a number of different forms of cobalt oxides
have been studied. Porous nanostructures, nanosheets, nanocubes,
nanowires and nanotubes have been prepared by various syn-
thetic routes such as wet chemical, solid-state, hydrothermal and
microwave, therefore allowing the tailoring of their electro-
chemical performance [233e237]. For example, Guan et al.
developed a template free method for the preparation of pure
phase CoO octahedral nanocages by simply utilizing NH3 as a co-
ordination etching agent [238]. Therein, uniform size of the
octahedral nanocages, with edge length of 100e200 nm, were
obtained. In the test as anode material, they exhibited excellent
cycling performance along with a good rate capability and
enhanced lithium storage capacity, as seen in Fig. 13. Even at the
high current rate of 5C, these octahedral nanocages were able to
deliver a reversible capacity of 474 mAh g�1. Their large capacity
and the high rate capability were possible owing to the existing
huge voids which can accommodate the large volume changes.
Recently, Wang et al. reportedmesocrystalCo3O4nanoplatessyn-
thesized by solid state crystal reconstruction from Co(OH)2
nanosheets [225]. The obtained porous Co3O4nanoplates showed
superior electrochemical performance with low initial irreversible
capacity along with stable cycling performance. Discharge capacity
of 1015 mAh g�1 was observed even after 30 cycles at the current
rate of 0.2C. This amazing output was attributed to the 2-
dimensional nature of the nanoplates together with their
porosity that facilitates the accommodation of volume expansion
during the charge/discharge process.

Further composites of cobalt oxides have been studied to buffer
the volume changes and to prevent the detachment and the
agglomeration of cobalt oxides during the lithium insertion/
extraction process. As previously described, especially carbon based
composites are intensively studied due to their desirable proper-
ties. For example, ultra-fine CoO nanoparticles with size w5 nm,
densely anchored on graphene nanosheets, were fabricated by



Fig. 13. (a) Galvanostatic first chargeedischarge curves and (b) cycling performance for three CoO samples at the current rate of 0.2C. (From Ref. [238].)
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Haung et al. [239]. The resulted CoO/graphene composites exhibi-
ted excellent lithium storage for a long chargeedischarge cycling
with 100% coulombic efficiency. Stable capacity of 1015 mAh g�1

was maintained for 520 chargeedischarge cycles. In fact, trans-
mission electron microscopy analysis showed that the original
morphology of CoO nanocomposites was preserved during such
amount of cycles. This impressive result indicates that composites
of CoO, with an electrically conductive network, can lead to high
structural stability and enable long cycling life. A different
morphology was introduced by Peng et al. who reported about
Fig. 14. TEM and HRTEM images of CoxP nanostructures, (a, d) Co2P rods; (b
quantum dots of CoO/graphene composites and their high lithium
storage capacity [240]. Similarly, Wu et al. prepared 10e20 nm
Co3O4 particles size anchored on graphene nanosheets in basic
aqueous solution starting from Coþ2 inorganic salt and graphene
[241]. This Co3O4/graphene nanocomposites displayed superior
electrochemical performance with high reversible capacity, good
cycling life and good rate capability.

Various other metal oxides, showing a conversion reaction
mechanismwith lithium, have also been studied. For example NiO,
MnOx, CuOx, MoOx, CrOx were extensively investigated as anode
, e) CoP hollow spheres; (c, f) fine CoP nanoparticles. (From Ref. [259].)
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materials for LIBs and they showed miscellaneous physico-
chemical properties and a large reversible capacity around
500 mAh g�1 [242e249].

4.3. Metal phosphides (MPx)

Metal phosphides have also been deeply studied as anodes for
rechargeable lithium batteries [55,58,250e255]. They can react
with lithium, both in a conversion reaction schema and in an
intercalation/de-intercalation reaction, depending on the nature of
the transition metal and on phosphorous bonding stability upon
electrochemical environment. It is possible to divide MPx into two
groups. The first one involves the lithium insertion/extraction
without breaking the metalephosphorous bond, known as
insertion/de-insertion mechanism:

MxPy þ zLiþ þ ze�4 LizMxezPy

The second group involves a conversion reaction mechanism. In
such electrochemical reactions the bonds between metal and
phosphorous are broken, resulting in nanosized metal particles and
Li-phosphides:

MxPy þ zLiþ þ ze�4 LizPy þ xM

Copper, cobalt, iron, nickel and tin based phosphides are usu-
ally considered to belong to the second group, i.e. conversion
mechanism. Nevertheless, some reports showed that MPx could
Fig. 15. (a) Cyclic voltammograms of the first three cycles of CoP hollow particles in the po
charge/discharge profiles for hollow CoP nanoparticles at the current density of 0.2C; (c, d
different current rates. (From Ref. [259].)
participate to the insertion as well as the conversion mechanism
with respective to potential vs. Li/Liþ [59,256]. Metal phosphides
can deliver high capacities between 500 and 1800 mAh g�1. In
addition, MPx as anode, show an high degree of electrons delo-
calization, which leads to low formal oxidation state and strong
covalent bond of MePhosphorous. Another advantage is the lower
insertion potential of MPx than their oxide counterparts. However,
MPx usually have low electrical conductivity and high volume
changes upon chargeedischarge cycling. The use of MPx as anodes
deserves further exploration to overcome these drawbacks. For
example, cubic Ni2P crystals and lithiated NiP2, were prepared
through the milling of a mixture of nickel powder and red
phosphorus. Furthermore, LieNieP ternary active composites
were also synthesized. Both Ni2P and LIeNieP showed reversible
lithium reactions in electrochemical environment. Especially the
ternary composites exhibited a high reversible capacity of
600 mAh g�1 by conversion process [257]. Another approach was
followed by Lu et al., who prepared carbon decorated hierarchical
nanostructures of NiP2 spheres with an uniform size of 5e10 nm.
The synthesis was based on an organic-phase mixture of nickel
acetylacetonate, trioctylphosphine, tri-n-octylamine, and oleyl-
amine, together with oleyamine as surfactant [258]. By intro-
ducing the carbon decoration into Ni2P, it was possible to enhance
the capacity retention of lithium and to improve the structural
stability by suppressing the aggregation and the pulverization of
Ni2P particles. The electrochemical performance of these small
size Ni2P spheres resulted in a capacity of 365 mAh g�1 at the
current rate of 0.5C with a good reversible lithium chargee
tential range of 0.005e3.0 V vs. Li/Liþ at the scan rate of 0.5 mV s�1; (b) galvanostatic
) comparison of cycling performances of CoP hollow and solid particles at 0.2C and at
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discharge capability. In order to improve the lithium storage ca-
pacity with high cycling stability, the same research group syn-
thesized carbon composites of mono phase Ni5P4 by solution
chemistry. In fact, an increase of the phosphorus concentration
within nickel lead to a high theoretical capacity while the carbon
coating was introduced to generally enhance the lithium battery
performance [256]. The carbon shell on the surface of Ni5P4 was
achieved by thermal calcination at high temperatures. The gal-
vanostatic chargeedischarge measurements of Ni5P4/C as anode
showed a specific capacity of 644 mAh g�1 after 50 cycles at the
current rate 0.1C. Even at the higher current rate of 3C, it has been
shown a noticeable capacity of 357 mAh g�1. This interesting
improvement is due to the high crystallinity of Ni5P4 combined
with the amorphous carbon shell.

Similar lithium performance was reported with copper and
cobalt phosphides as well. Yang et al. prepared CoxP particles with
carbon layer coating of various morphologies such as nanorods,
spheres, and hollow structures in solution phase with oleylamine
(see Figs. 14 and 15) [259]. In particular, the electrochemical in-
vestigations of CoP hollow nanoparticles, coated with a carbon
layer, showed higher capacity retention together with stable
cycling and good rate capability than Co2P nanorods and spheres.
Their hollow peculiarity allows indeed an efficient lithium con-
version reaction and, at the same time, it accommodates the vol-
ume changes during the chargeedischarge process, thus leading to
enhanced specific capacities and stability. Similarly, Trizio et al.,
reported size controlled hexagonal-like morphology of Cu3P
nanostructures for LIBs [260]. Furthermore, Villevielle et al. pre-
pared Cu3P nanorods from vaporized phosphorus and copper
nanorods. This novel active electrode, i.e. the nanostructured Cu3P,
was also tested for LIBs applications [251].
Fig. 16. (a) Cyclic voltammetries of the C@FeS nanosheets electrode from potential window
discharge voltage curves of C@FeS nanosheets electrode at the current density of 0.1 A g�1

and nanoparticles at various current densities. (From Ref. [268].)
4.4. Metal sulphides (MSx) and nitrides (MNx)

Other kinds of materials, which have been thoroughly investi-
gated for anode applications in the LIBs field, are the transition
metal sulphides (MSx) and nitrides (MNx). Iron, molybdenum, tin,
antimony, nickel, cobalt and tungsten have attracted major interest
due to their high lithium storage capability and structural advan-
tages during the lithium insertion/de-insertion process
[56,127,261e265]. As anticipated in the previous sections, MSx and
MNx reaction mechanisms with lithium involve the reduction to
metal and, respectively, the formation of lithiumesulphur and
lithiumenitride, through conversion reaction. For instance, Wang
et al. reported phase controlled polyhedron CoSx prepared by solid
state reaction. The synthesis procedure was based on a high tem-
perature Coesulphur powders reaction in presence of potassium
halide (KX). Therein, KX served as reaction agent [266]. In partic-
ular, CoS2 and CoS were the most promising composites exhibiting
superior reversible lithium insertion and extraction reaction, hence
resulting in capacities of 929 and 835 mAh g�1, respectively. In
another approach, Paolella et al. prepared nanoplates of Fe3S4 using
sulphur and thiosulfate, octadecylamine, iron salt and 3-methyl
catechol [263]. Therein, 3-methyl catechol acted as phase control
agent and growth moderator as well. Furthermore, cyclic voltam-
mograms of Fe3S4 electrode showed good reversible lithiation/de-
lithiation process [267]. Similarly, composites of conductive
matrices of carbon and graphene were also reported. For example,
ultra-thin carbon coated FeS (C@FeS) nanosheets were prepared by
surfactant assisted solution method [268]. Here the carbon coating
served to avoid the dissolving of lithium sulphides (LixS), inter-
mediate product of the metal sulphide formation during cycling,
into the organic electrolyte inside LIBs. Owing to this advantage
between 0 and 3 V vs. Li/Liþ at the scan rate of 0.5 mV s�1; (b) galvanostatic chargee

for the 1st and 2nd cycles; (c, d) cycling performance of C@FeS nanosheets, nanoplates



Fig. 17. Galvanostatic chargeedischarge voltage vs. capacity curves of Ni3N prepared
by (a) ammonolysis of Ni(NH3)6Br2; (b) from nickel nanoparticles with ammonia at
260 �C; (c) from decomposition of nickelamide at 150 �C for 70 h. The cells are at the
rate of 1 Li per 20 h (C/20). The insets describe the capacity evolution for each cycle.
(From Ref. [274].)
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provided by the carbon coating, 2-dimensional C@FeS nano-
structures exhibited very interesting LIBs performance (see Fig. 16),
with stable 100 cycles capacity of 615mAh g�1 at the current rate of
0.16C and voltage between 0.01 and 3.0 V vs. Li/Liþ. Interestingly,
even at the current rate of 10C, it resulted in a reversible capacity of
235 mAh g�1. A similar electrochemical behaviour was also
observed for graphene wrapped CoS nanoparticles [269]. These
impressive results indicate that metal sulphides can represent a
valid alternative as materials anode in future LIBs.

Besides metal sulphides, also metal nitrides have emerged as
promising anodes for LIBs. Among them, Cu3N, VN, Co3N, CrN,
Fe3N, Mn4N and Ni3N have especially been studied [56,127,270e

273]. Gillot et al. prepared Ni3N by various synthetic routes, such
as ammonolysis of nickel salts, or nickel particles, and thermal
decomposition of nickelamide in the presence of ammonia [274].
In particular, Ni3N from nickelamide showed the best electro-
chemical performances, with the largest capacity (1200 mAh g�1).
Moreover, Ni3N exhibited also a good rate capability, with a
reversible capacity of 500 mAh g�1 sustained in 10cycles at the
current rate of 1Li per hour (see Fig. 17). Similarly, large discharge
capacity (1200 mAh g�1) was achieved with Cr3N thin films by Sun
et al. [275]. Nanopowder of Cu3N has been reported in a conver-
sion reactions with Li3N and Cu particles, and the obtained first
cycle discharge capacity was 675 mAh g�1 [272]. Das et al. pre-
pared nanoflakes of CoN films by RF magnetron sputtering [273].
The galvanostatic chargeedischarge measurements with lithium
metal in the range 0.005e3 V vs. Li/Liþ showed an initial capacity
close to 760 mAh g�1, however it was also observed a huge irre-
versibility in the first cycle due to SEI formation. Interestingly,
upon cycling, the capacity increased consistently up to
960 mAh g�1, value observed after 80 cycles. From this result was
deduced that the CoN electrode takes a certain number of cycles to
reach a stable configuration.

Along with the above specified anode nanostructures, an
important research field involves the use of conversion-alloy based
materials, having the characteristic of undergoing reversible con-
version reaction followed by reversible alloy reactionwith lithium.
It has been reported that lithium can form alloys with several
metals such as Al, Si, Sn, Sb, In, Zn, Pb, Bi, Ag, Pt, Au, Cd, As, Ga and
Ge [61,150,276e279]. However, few of them, together with their
corresponding compounds such as intermetallic, oxide or phos-
phide, were studied in the anode perspective for lithium batteries
[51,56,278]. These anodes can react with lithium, first through
conversion, then through alloy reactions at a potential that de-
pends on the selected material. In particular, metal oxides like SiO,
SnO, GeOx have already been discussed in the present review.
Intermetallic compounds based on Sn, Sb, Bi, Si, such as ZnxSb,
SnSb, InSb, MnSb, AgxSb, and AlSb, have been extensively studied
[142,278e282]. The main advantage of intermetallic compounds is
the reaction capability with lithium provided by the metal ele-
ments, which leads to highly reversible capacities. However, some
reports showed that these intermetallic compounds can instead
activate an intercalation reaction with lithium (Li þMSb/ LiMSb,
therein M ¼ Mn, Cu, etc.) [283,284], therefore lower capacities
than under conversion alloy conditions are obtained. In order to
clarify this aspect, further investigations, both in-situ and ex-situ,
are required.

5. Summary

In summary, this extended overview showed the amount of
research efforts towards the development of novel active anode
materials for LIBs. A bright perspective is offered by nanoscience
and nanotechnology. Novel techniques and deep insight on mate-
rial science have offered the opportunity to design and synthesize
appropriate nanostructured anode materials for the next genera-
tion of LIBs. Uniquely tailored physico-chemical properties of
nanostructures allow achieving high lithium storage, high Li-ion
flux at the electrode/electrolyte interface, lower diffusion length
for both Li-ions and electrons, and minimal anode volume change
during the charging/discharging process. These exquisite features,
when combined together, can lead to high energy density and high
power density devices.
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In this review, three categories of LIB anode materials were
described depending on their reaction mechanism with lithium.

Firstly, the intercalation/de-intercalation group, which in-
cludes carbonaceous and titanium oxides materials, was illus-
trated. The storage capacity, that occurs through an intercalation
path, is closely associated to the surface area, morphology, crys-
tallinity and its orientation. Soft carbons are commonly well
accepted and used in the battery industry. It was seen that Soft
Carbon is quite a mature technology, while Hard Carbon may
present an interesting alternative solution especially for applica-
tions requiring high capacity such as in the Electric Vehicle sector.
Titanium Oxide anodes are currently under development with
already some utilization in the batteries industry because, unless
their poor energy density, the high reversible capacity, the high
power density and the associated safety make these materials
very good candidates for application in high power batteries for
application in Hybrid Electric Vehicles and system that required
High Power. Graphene was also extensively reviewed. In partic-
ular, it was seen that their electrical properties make this mate-
rials especially suitable for hybrid graphene/metal anodes
(example graphene with SnO2 and Fe2O3). CNTs were overview
for their very interesting academic results, although production
cost might hinder their application as anode active material in the
battery industry for the next future.

In a second category, alloying materials such as Si, Ge, SiO, SnO2

were described. These materials can provide larger capacities and
high energy density compared to the previous group, by reacting
with lithium in an alloy/de-alloy electrochemical mechanism.
However, this process implies large volume expansion which re-
sults into substantial capacity loss upon cycling. The reduction
from bulk dimensions to the nanoscale, along with the realization
of complex structures by the combination with conductive
matrices, has been proposed to overcome the above specified is-
sues and to improve the overall anode performance. Silicon and
SnO2 and their composite with carbon are the most promising
materials for applications in future lithium batteries, however an
inexpensive way for their mass production as anode materials is
still necessary. On the other hand Ge, although interesting for its
electrochemical properties and excellent experimental laboratory
results, suffers of the drawback of being the fiftieth ranks element
in terms of abundance in the Earth’s crust. Therefore, it seems not
to be a good option for lithium battery technology mass
application.

In the third group, materials reacting with lithium in a conver-
sion reaction fashion were described. In particular, metal oxides/
phosphides/nitrides/sulphides were considered. However, these
materials are still far away from the large commercial lithium
battery market, due to poor capacity retention and large potential
hysteresis. Therefore, a variety of nanostructured forms of these
materials have also been investigated to address the above identi-
fied problems.

Finally, from this review we can conclude that nanotechnology
is definitely a formidable approach for engineering the next gen-
eration of anode materials for lithium batteries. In order to utilize
the described materials as effective anodes in commercial LIBs,
especially for electric vehicle applications, more research work is
however required. In fact, it is necessary to achieve both higher
energy and higher power density together with the developing of
inexpensive fabrication processes for large scale synthesis of
nanosized materials. Furthermore, the investigation of the mech-
anisms ruling the interaction between lithium and the nanosized
forms of the described materials along with the electron transport
properties at the electrode/electrolyte interface are of crucial
importance for the designing of the next generation of anode active
materials engineered by nanotechnology.
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