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Abstract
Transformational changes in battery technologies are critically needed to enable the effective use of renewable energy sources, 
such as solar and wind, and to allow for the expansion of the electrification of vehicles. Developing high-performance batteries is 
critical to meet these requirements, which certainly relies on material breakthroughs. This review article presents the recent pro-
gresses and challenges in discovery of high-performance anode materials for Li-ion batteries related to their applications in future 
electrical vehicles and grid energy storage. The advantages and disadvantages of a series of anode materials are highlighted.
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1 Introduction

Due to climate changes, especially exhaust of fossil fuels, a 
significant worldwide interest has been driven into the devel-
opment of electrochemical power devices (batteries), which 

could significantly help to effectively use the renewable 
energy sources such as solar and wind, as well as to inten-
sively expand the electrification of vehicles [1, 2]. To achieve 
such goals, innovative technology and advanced materials 
development of the battery are urgently required, where the 
batteries must have high volumetric (Wh/L) and gravimetric 
energy density (Wh/kg), and they must have long cycle life 
and calendar life with sufficient safety. When such a situation 
arises, it is essential to develop high-performance batteries in 
order to meet various requirements, which certainly relies on 
further breakthroughs in battery materials [3–7].

Non-aqueous rechargeable Li-ion batteries are definitely 
one of the most successful energy storage devices of the mod-
ern materials electrochemistry in the last century [1, 8–12]. 
Since Sony Corporation commercialized the first Li-ion bat-
tery in 1991 for small portable electronic devices, the relatively 
low-voltage, water-based batteries including Ni–Cd [13] and 
Ni–MH [14] systems have been gradually replaced by Li-ion 
technology. Nowadays, the usage of Li-ion batteries has been 
expanded largely into various devices, including robots, vari-
ous power tools, stationary power storage units, uninterrupted 
power supply (UPS) units, as well as electrical vehicles (hybrid, 
plug-in or pure EVs) [15]. However, demand is still dramati-
cally increasing for batteries with higher gravimetric and volu-
metric energy density to power EVs with long driving ranges 
(of approximately 300 miles per charge) and to store intermit-
tent solar and wind energy for stationary power applications. 
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Unfortunately, conventional Li-ion battery technologies fall 
short to meet the requirement for these applications [8, 16].

The existing concept of present lithium-ion batteries is 
based on the combination of a lithium-ion positive electrode 
“cathode” and a negative electrode “anode” with these being 
separated by a membrane soaked with a lithium-ion con-
ducting electrolyte, for example a solution of  LiPF6 in alkyl 
organic carbonates, as schematically shown in Fig. 1. Lithium 
transition metal oxides or phosphates  (LiCoO2,  LiMn2O4, 
 LiNi1/3Co1/3Mn1/3O2,  LiFePO4,  LiNi0.8Co0.15Al0.05O2 (NCA), 
etc.) are generally adopted as the active cathode materials of 
the commercial lithium-ion batteries [17–20]. At the anode 
side, graphite is the common choice [21]. During charge of 
the cell, lithium ions move out of the cathode  (Li1−xCoO2) and 
become trapped inside the anode  (LixC6) when external electri-
cal current is applied, through which the electrical energy is 
converted to chemical energy. Upon the cell discharge, those 
lithium ions travel back to the cathode and release the chemical 
energy stored via producing an external electrical current. The 
electrochemical reactions occurring in a typical lithium-ion 
battery based on  LiCoO2 cathode and graphite anode can be 
described as follows:

Overall reaction:

The reversible flow of lithium ions moving back and 
forth through the ionically conducting electrolyte between 

(1)(+) Li
1−xCoO2

+ xLi
+ + xe ↔ LiCoO

2

(2)(−) Li
x
C ↔ C + xLi

+ + xe
−

(3)Li
x
C + Li

1−xCoO2
↔ C + LiCoO

2

two electrodes allows the conversion of chemical energy 
and electrical energy repeatedly. During the initial battery 
cycling (charge/discharge), multicomponent (organic/inor-
ganic) and multilayer passivation films form at each elec-
trode known as solid electrolyte interphase (SEI) that is 
critical to protecting the electrodes from further reactions 
with electrolytes.

Although such lithium-ion batteries are commercially 
very successful, we must realize that we are reaching the 
limits in performance using the current electrode and elec-
trolyte materials [22]. The performance limitation together 
with the cost concern of the commercially available Li-ion 
batteries seriously limits the fast expansion of the electri-
cal vehicle market and efficient usage of renewable energy 
sources. In addition, some other technical bottlenecks of the 
current Li-ion technology including slow recharge cycles, 
relatively short calendar life as well as the safety issues need 
to be fully addressed.

Significant research has been conducted to exploring 
higher energy density electrode materials in order to meet 
the requirement for EV’s application. Currently,  LiCoO2 
[23], layered metal oxides such as  LiNi0.8Co0.15Al0.05O2 
(NCA) [24, 25] and  LiNi1/3Co1/3Mn1/3O2 (NCM) [26, 
27], electrode derived from spinel-type  LiMn2O4 [28] 
and olivine-type  LiFePO4 [29] are the state of the art for 
cathode active materials. However, they deliver relatively 
low practical capacities in a lithium-ion cell, typically in 
the range of 100–180 mAh/g at moderate current rates. 
Clearly, it is important to develop new strategies to design 
alternative high-energy cathode materials that are superior 
to those achievable with standard  LiCoO2-,  LiMn2O4- and 

Fig. 1  Scheme of a common 
lithium-ion battery
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 LiFePO4-type electrodes, yet they still have to maintain con-
siderable structural stability, rate capability as well as long 
cycle life. For example, a family of high-energy manganese-
based cathode materials have been developed recently by 
structurally integrating a  Li2MnO3 stabilizing component 
into an electrochemically active  LiMO2 (M=Mn, Ni, Co) 
electrode, which boosts specific capacity up to 250 mAh/g 
due to the excess lithium in the system and, thereby, sig-
nificantly improves the energy density of cell (based on the 
active materials) to 900 Wh/kg [30, 31]. However, the decay 
of capacity and voltage of these materials during the long 
time cycling led to the severe loss of the cell energy density 
that prevents its practical application in EVs [32, 33]. Going 
beyond the horizon of Li-ion batteries could offer another 
great opportunity to increase the energy density of the cell, 
although it requires the exploration of new electrochemis-
try and materials. For example, sulfur- and oxygen-based 
cathodes have recently been intensely investigated due to 
their potentially much higher theoretical capacity than the 
conventional lithium metal oxide [34–36]. These systems, 
however, are still in the early stage and facing a formidable 
challenge. The science and technology of the development of 
high-performance cathode materials have been extensively 
reviewed in the previous reported papers, to which the reader 
is referred for more details [22, 37–43].

Another effective approach of increasing the energy den-
sity of lithium-ion batteries is to search for high-capacity 
anode materials. As mentioned earlier, graphite is definitely 
the most widely used anode active material in the commer-
cial Li-ion cells thanks to its excellent features including low 
working potential, low cost and good cycle life [44]. How-
ever, graphite only delivers a relatively low capacity of 372 
mAh/g since it allows the intercalation of only one lithium 
for six carbon atoms forming a stoichiometric  LiC6, as shown 
in reaction 2. In addition, battery with graphite anode usu-
ally has moderate power density due to the relatively slow 
diffusion rate of lithium ion into carbon materials (between 
 10−12 and  10−6  cm2/s) [45]. Therefore, there is an urgency 
to find alternative anode materials with high-capacity and 
high lithium-ion diffusion rate that could help to improve 
the energy and power densities of the cell. During the past 
decade, numerous efforts have been devoted to this blooming 
field with significant progress being achieved; yet there is still 
a sizable challenge facing those involved in the design and 
development of high-performance anode materials.

This review article will go through a brief description of 
the importance of high-performance anode materials for Li-
ion batteries related to their applications in future electrical 
vehicles and grid energy storage. In the main part of this 
review, we will present the recent progresses and challenges 
of a new type of carbon materials, i.e., graphene. We will 
then discuss high-rate (power) anode material, since it is 
critical for the hybrid electrical vehicle (HEV) application. 

Moving toward the high-capacity anode, we will discuss 
the recent progresses on Si-based alloys and metal oxides 
as anode materials, although these materials are still facing 
significant challenges. Finally, the progresses and challenges 
faced by Li metal will be presented. Through this review, we 
intend to show that development of high-performance anode 
materials is one of the key factors toward high-energy and 
high-power battery research; and it also intends to familiar-
ize the readers with the frontier research of different anodes 
for Li-ion battery and to evaluate and summarize the pro-
gress and challenges presently at hand.

2  Overview of Anode Materials

An ideal anode for Li-ion battery should fulfill the require-
ment of high reversible gravimetric and volumetric capacity; 
a low potential against cathode materials; high-rate capabil-
ity; long cycle life; low cost; excellent abuse tolerance; and 
environmental compatibility. Pure lithium metal is clearly 
the best anode material since it does not carry any dead 
weight, if taking the specific capacity into account alone. 
However, the electroplating of dendritic lithium during 
charging can cause an internal short circuit, leading to severe 
safety concerns. Both carbon and non-carbon materials for 
high-performance anode have been intensively investigated 
[46], including but not limiting to carbon nanotubes [47, 48], 
carbon nanofibers [49], graphene [50–52], porous carbon 
[53], silicon [54] and silicon monoxide [55, 56], germanium 
[57, 58], tin [59, 60], and transition metal oxides [61, 62], 
sulfides [63], phosphides [55] and nitrides [63, 64]. The 
redox potentials versus Li/Li+ and the corresponding spe-
cific capacity of these materials are shown in Fig. 2, which 
clearly shows that the selection of suitable anode materials 
has significant impact on improving energy density of the 
Li-ion cell.

Based on their electrochemical lithiation/delithiation 
mechanism, the innovative anode materials discussed in this 
review can be classified into three main groups as shown 
in Fig. 3, i.e., intercalation anodes, carbon-based materials 
and  Li4Ti5O12; alloy anodes such as Si, Ge, Sn; conversion 
anodes, mainly referring to transition metal oxides but also 
including metal sulfides, phosphides and nitrides. Compared 
to the conventional graphite anode, the above-mentioned 
materials show great promise in terms of energy density and/
or power density (see Fig. 3). However, it requires signifi-
cant research efforts in a variety of fields to unlock their full 
potentials. Fortunately, researchers and industry alike see a 
great chance in the development of high-performance anode 
materials with the recent progress in advanced technologies 
and fundamental understandings.

Currently, Si-based alloys are one of the most attractive 
anode materials and have been investigated intensively in 
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Fig. 2  Schematic illustration 
of active anode materials for 
the next-generation lithium 
batteries. Potential (vs. Li/Li+) 
and the corresponding capacity 
density are shown

Fig. 3  Schematic illustration of three different types of anodes based on the lithium storage mechanism and their advantages and disadvantages
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the past years due to their significantly high capacity. How-
ever, the large volume changes of these materials associ-
ated with the lithium alloying processes have been the 
main impediment, which needs to be addressed before their 
implementation. In terms of safety and rate capability of the 
anode, lithium titanate  (Li4Ti5O12, LTO) [65–68] and β-TiO2 
[69–71] are the best choice, since they offer a significant 
safety and power advantage over graphite anode. However, 
the potential of gassing issue of this type of material dur-
ing the repeated charge–discharge cycles needs to be fully 
understood and addressed. Ultimately, Li metal is an ideal 
anode for rechargeable batteries, including Li-air, Li–S and 
other Li batteries using intercalation compounds or conver-
sion compounds as cathode materials. However, Li dendrite 
growth and low coulombic efficiency during the charge/dis-
charge process have largely prevented the use of Li metal 
for rechargeable batteries. To enable broad applications of 
Li anodes, more fundamental studies need to be conducted 
to simultaneously address these barriers. In the following 
sections, we will discuss the recent research to address the 
aforementioned issues and share our perspectives with read-
ers on how to better understand the chemistries involved in 
these anode materials in order to improve their electrochemi-
cal performance.

3  Intercalation Anode: Graphene

Carbon-based materials with various morphologies have 
been long considered as potential anode materials due to 
their promising physical and chemical features. Indeed, 
graphite has very impressive electrical (~ 10−4 S/cm) and 
thermal (~ 3000 W/mK) conductivity, which makes it the 
most widely used anode material in the commercial Li-ion 
cells [72–74]. Equally impressive in terms of electrical con-
ductivity and mechanical strength, graphene derived from 
exfoliated graphite provides a modular approach to study 
the lithium intercalation/deintercalation behavior in layered 
carbon as well as composite layered carbon materials [75]. 
Since the pioneering work on lithium insertion in carbona-
ceous materials by Dahn et al. [76], great progress has been 
made in understanding lithium intercalation mechanism for 
ordered and disordered carbon-based anodes in lithium-ion 
batteries which has been summarized in several reviews [63, 
77, 78]; hence, this area will not be discussed here. We will 
only focus on the graphene-based materials as anode in the 
following discussion.

Graphene consists of  sp2 carbons bonded into two-dimen-
sional sheets in a honey comb network with single-atom 
thickness. Due to its good electrical conductivity, mechani-
cal strength, high charge mobility and surface area, graphene 
is considered as a suitable anode material for lithium-ion 
battery, which has been intensively investigated recently [75, 

79–82]. In general, the detached graphene sheets (multiple 
layers) can significantly increase the lithium storage capacity 
by ameliorating the electrolyte infiltration and shortening 
the ion diffusion distance within active materials [78, 83], 
even though the amount of lithium stored by a single-layer 
graphene is low compared to graphite (372 mAh/g). In a 
defect-free graphene, three different sites are potentially 
available to absorb lithium ion, i.e., on hollow site (on the 
center of carbon hexagon ring), on top site and on bridge site 
(Fig. 4). Up to now, it is still not clear how the lithium ions 
store and arrange on the defect-free graphene, although the 
hollow site seems to be more energetically favorable based 
on the first principle calculations [84]. If the Li ions reside 
on the hollow sites of the graphene, the theoretical specific 
capacity could be as high as 1116 mAh/g by forming a stoi-
chiometric  Li3C6 compound [75, 76, 79, 85–87]. Theoretical 
calculation also predicted that both sides of graphene are 
available for Li-ion absorption, i.e, one Li ion on the top of 
a carbon atom and another under a different carbon atom 
in primitive unit cell to form a stoichiometric  Li2C6, which 
corresponds to a specific capacity of about 780 mAh/g [88, 
89]. Other theoretical studies suggest that lithium ions prefer 
to form clusters rather than being uniformly distributed on 
the graphene surface [90, 91]. Clearly, unlike graphite, the 
theoretical capacities of graphene are quite controversial and 
are strongly dependent of the lithium storage mechanisms 
on graphene surface. At this juncture, there is much to be 
learned on the mechanism of lithium-ion storage in gra-
phene, and this should be a fruitful area for further research.

Experimentally, due to the presence of additional active 
sites for lithium-ion storage such as defects, graphene sheets 
normally deliver high gravimetric capacity in the range of 
790–1050 mAh/g. A capacity as high as 1200 mAh/g was 
reported at the initial cycle with values around 850 mAh/g 
at 40th cycle for high-quality graphene sheets (~ 4 graphene 
layers) with a surface area over 490 m2/g [92]. However, 
the disordered structure usually results in poor electrical 

Fig. 4  Schematic illustration of a typical graphene structure and the 
potential sites for lithium storage
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conductivity of graphene and therefore low power density. 
Results also demonstrated that the graphene characteristics 
including defect density and surface area associated with 
the electrical conductivity strongly impact the capacity for 
lithium storage, which highly depends on the processing 
methods of graphene.

One approach that potentially can increase the lithium 
storage capacity of graphene is using spacers to enlarge the 
interlayer distance of graphene sheets by reassembling a so-
called pseudo-graphite-type material. Yoo et al. [75] were 
able to demonstrate that the specific capacity of graphene 
sheets can be improved from 540 to over 700 mAh/g by 
incorporating nanocarbon macromolecules [such as carbon 
nanotubes (CNT) and fullerenes  (C60)]. Their study sug-
gested that the d-spacing between the reassembled graphene 
sheets, which needs to be carefully tuned and controlled, 
plays the key role in determining the reversible capacity 
of graphene-based materials. If the d-spacing of the gra-
phitic carbon layer in the graphene sheets can be expanded 
to 0.40 nm compared to 0.34 nm in graphite, large revers-
ible lithium storage capacities up to 784 mAh/g could be 
expected. Other alternative approaches, including prepar-
ing graphene papers by filtration and reduction of prefab-
ricated graphene oxide paper [93, 94] or using graphene 
sheets functionalized by oxalic acid molecules [95], have 
been also reported to expand the d-spacing of the graphene 
layers. Although the capacity increase in graphene benefi-
cial from the expansion of the d-spacing of graphitic carbon 
layer is obvious, the first cycle irreversible capacity loss and 
poor cycle performance of this type of materials are very 
problematic in terms of their practical application, which 
requires further research to identify the underline reasons 
and to search for potential solution to address these issues.

Heterogeneous atom doping is another effective 
approach to improve the electrochemical performance of 
graphene for lithium-ion storage through tuning the elec-
tronic structure of the graphene base plane [96, 97]. Nitro-
gen doping appears to be more feasible one, which forms 
pyridinic, pyrrolic and graphitic structures [96–99]. Such 
structures are electronically deficient that could strengthen 
the binding energies of lithium to graphene layer and thus 
increase the lithium coverage. For example, doped hierar-
chically porous graphene (DHPG) electrodes exhibit high 
capacity with long cycling capability (~ 3000 cycles) at 
a current density of 5 A/g. Low- and high-magnification 
SEM and TEM images indicated that hollow graphene 
assemblies can contain small nanoscale pores [100]. 
These promising results are attributed to the synergetic 
effects of the hierarchically porous structure, good con-
ductive network and heteroatom doping, which facilitate 
the mass transport and speed up the electrochemical reac-
tions. In terms of the fabrication of the doped graphene, 
several approaches have been reported, including thermal 

treatment, arc discharge, high-energy irradiation, chemical 
vapor deposition, bottom-up chemical synthesis, electro-
chemical synthesis [101–103].

Although graphene-based materials show some prom-
ises as the anode for next-generation lithium-ion battery, 
they are facing formidable challenges. The restacking of 
graphene driven by the van der Waals forces between the 
adjacent layers leads to low specific surface area of the 
material and therefore low specific capacity. Introduc-
ing porosity in graphene-based materials appears to be 
an effective approach to address this issue, which can 
increase the accessible area and accelerate the transport 
of lithium ions in graphene [52, 100, 104]. In general, 
pores can be introduced either as in-planes holes within 
individual sheets [52, 105, 106], or as interstitial space 
between neighboring sheets [107]. In most cases, these 
types of pore can be integrated in graphene-based mate-
rials, which further enhance the electrochemical perfor-
mance. Another issue of the graphene-based materials is 
the relatively high irreversible capacity loss during the 
initial discharge/charge cycle, which results in a low cou-
lombic efficiency [108, 109]. Unfortunately, this problem 
is associated with the high surface area of graphene, since 
a solid electrolyte interphase (SEI) layer is required to 
form on the graphene anode (which consumes lithium 
from the cathode) during operation of the cell in order 
to protect the lithiated graphene from further reactions 
with electrolytes [110]. At the moment, limited attempt 
has been conducted to address this issue and, therefore, 
still remains an open question.

In line with the above concern, recent research effort 
has been focused on exploring graphene as a novel support 
for other anode materials such as silicon, tin or transi-
tion metal oxides by taking the advantage of graphene’s 
high surface area, mechanical strength and good electrical 
conductivity [111]. In such graphene-based heterogeneous 
hybrid anode materials, a nanoporous 3-D structure with 
significant amount of void spaces is created by homog-
enously distributing the graphene nanosheets between the 
host particles such as  SnO2 or Si. This structure together 
with its mechanical strength can confine the host parti-
cles by the surrounding graphene sheets, which effectively 
limits the volume expansion during lithium intercalation, 
while the voids can act as buffering spaces to absorb the 
volume change during discharge and charge cycles. In 
addition, the good electrical conductivity of graphene can 
provide conducting network to improve the power den-
sity of the electrodes [112–117]. Although this compel-
ling approach does help to improve the rate capability and 
capacity retention of the graphene-composited materials, 
long-term stability of these hybrids still needs further 
improvement to be applicable for commercial purpose.
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4  Intercalation Anode:  Li4Ti5O12 (LTO) 
and  TiO2

In the above section, we mainly focused on the progresses 
and challenges for the potentially high-capacity anode 
based on the graphene materials that represent one of 
major research effort on development of next-generation 
lithium-ion batteries. It should be emphasized, however, 
similar to the graphite, a stable SEI layer is required to 
enable graphene-based materials as secondary Li-ion bat-
tery anode, despite other challenges facing these materials, 
as pointed out earlier. In general, because the SEI on the 
graphite surface will easily decompose at a temperature 
as low as 60 °C, the continuous heat flow from the exo-
thermal reaction between the lithiated graphite and the 
electrolyte can quickly accumulate [118]. When a large 
amount of heat is generated on the anode side during a 
short period of time, it would eventually trigger the major 
reaction between the cathode and the electrolyte, leading 
to a thermal runaway associated with fire or explosion of 
the battery. Although it is widely accepted that the thermal 
runaway is associated with the thermal instability of the 
delithiated cathode  (Li1−xMO2), more attention should also 
be paid to the anode side. Apparently, the thermal stability 
of the SEI plays a critical role in the safety of lithium-ion 
batteries using graphite as the anode, which is another 
major barrier that hinders the deployment of lithium-ion 
batteries in automobiles.

From the safety perspective, titanium-based oxides 
including  Li4Ti5O12 (LTO) and  TiO2 hold the great poten-
tial to be a class of attractive alternatives to graphite 
anode, since they operate at a potential above 0.8 V versus 

 Li+/Li where the formation of a SEI layer on the anode 
surface can be avoided by eliminating the reduction of 
electrolytes. In this sense, titanium-based anode materials 
showed great advantage over the graphitic carbon anode 
along with other features such as low cost, low toxicity, 
low volume change during discharge/charge process and 
outstanding power and excellent cycle life. Therefore, 
many research efforts have been devoted to develop large-
scale Li-ion batteries for hybrid electrical vehicle (HEV) 
applications using Ti-based oxides anode materials, taking 
their advantages of the extremely safe lithium-ion chem-
istries, high power density and long cycle life. However, 
the main drawbacks of this type of materials are the low 
inherent theoretical capacities (in the range of 175–330 
mAh/g) and low electronic conductivity in bulk materials 
with micrometer-sized particles. The structure, morphol-
ogy and size of titanium-based oxides strongly determine 
their electrochemical performance in a cell. Nevertheless, 
spinel  Li4Ti5O12 (LTO) and  TiO2 with various allotropic 
forms have been extensively studied as one of the most 
promising anode materials.

Li4Ti5O12 has a spinel structure which can be depicted as 
 Li[Li1/3Ti5/3]O4 with a cubic space group Fd3m. Crystallo-
graphically, lithium occupies all the tetrahedral 8a sites, lith-
ium and titanium with an atomic ratio of 1:5 (i.e.,  [Li1/3Ti5/3] 
unit) occupy the octahedral 16d sites, while oxygen atoms 
occupy the 32e sites, respectively. During lithiation at volt-
age of 1.55 V (vs.  Li+/Li), three Li atoms at the 8a sites 
together with external lithium ions move to the empty 16c 
sites accompanying with the conversion of the spinel struc-
ture to a rock salt structure  Li7Ti5O12 which is separated 
by an almost ideal heterointerface, i.e., two-phase reaction 
mechanism (see Fig. 5a). Such process exhibits excellent 

Fig. 5  Intercalation anodes 
for Li-ion batteries—LTO and 
 TiO2. a Structure of  Li4Ti5O12 
and  Li7Ti5O12 showing no 
volume change after charge and 
discharge. b Scanning electron 
microscopy under low and high 
magnification of nanostructured 
 Li4Ti5O12 with micrometer-
sized secondary particles and 
nanometer-sized primary parti-
cles. c Charge–discharge curve 
for nanostructured  LixTiO2-B 
nanowires (rate of 10 mA/g). d 
Comparison of cycling behavior 
for  TiO2-B nanowires,  TiO2-B 
nanoparticles and nanoparticu-
late anatase, all at 200 mA/g. 
a, b Adapted with permission 
from Ref. [134]. c, d Adapted 
with permission from Ref. [5]
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reversibility of lithium insertion/extraction with a theoreti-
cal capacity of 175 mAh/g. The volume associated with this 
phase transformation is very small (~ 0.2%), and therefore, 
 Li4Ti5O12 is well known as a zero-strain material for lithium 
insertion that offers extremely long cycle life for lithium 
storage due to its structural stability. Lu et al. investigated 
the subtle structure evolution in the bulk/surface of LTO 
during lithium intercalation/deintercalation at atomic level, 
which showed significant Ti–O bond stretching/shrinking at 
different state of charge (SOC) [67]. Such structure torque 
plays a critical role in forming the capturing centers for the 
electron/hole pairs in a 3.80 eV insulating material as is 
LTO.

However, LTO is characterized by poor electronic con-
ductivity (~ 10−13 S/cm) on the one hand and interfacial 
reactivity with the electrolyte on the other hand resulting 
in undesirable gas release that complicates the use of this 
important material in large-scale electrochemical energy 
storage applications [119]. The first issue can be addressed 
by either surface treatment of LTO [67, 120] or downsiz-
ing LTO to nanoscale [121] to enhance lithium-ion diffu-
sion rate. During the past years, a variety of nanostructured 
LTO has been successfully explored as the anode materials 
which demonstrated much improved electrochemical per-
formance in terms of the rate capability and cycling stabil-
ity [122–126]. However, the drawback associated with the 
nanostructured material is the relatively low loading den-
sity of the electrode due to the high porosity created by the 
nanomaterials which, consequently, significantly reduces the 
volumetric energy density of the battery [127]. One potential 
approach to address this issue is to prepare micrometer-sized 
secondary particles with nanosized LTO primary particles 
(see Fig. 5b). In this type of particle design, the tap den-
sity and the loading at the electrode level can be effectively 
improved with all the benefits associated with nanostructure 
being maintained by the nanometer-sized primary particles. 
In particular, porous LTO with microspheres showed much 
improved electrochemical performance with high volumet-
ric energy density because the spherical morphologies can 
efficiently minimize the Li-ion diffusion pathway [128, 129].

The intrinsic gassing issue of LTO is associated with the 
fact that the lithiated  Li4+xTi5O12 has a tendency to react 
with the organic electrolytes such as ethylene carbonate 
when aged at high temperatures. Recent study by Lu et al. 
using electron energy loss spectroscopy (EELS) reveals that 
there is a reversible spontaneous charge transfer process of 
 Ti3+ ↔ e− + Ti4+ occurring on the surface (ordered or dis-
ordered) of lithiated  Li4Ti5O12 that potentially could be an 
essential step of the gas-releasing phenomenon, although 
more work needs to be conducted to fully confirm the mech-
anism [67]. Nevertheless, it is urgently needed to address the 
gassing issue in order to enable the successful deployment 
of the LTO anode, especially in application that requires 

power such as HEVs. Surface modification on the LTO 
anode appears to show some promises in terms of avoid-
ing the gas generation. For example,  AlF3 coating acted as 
the buffer layer to reduce the activity of the lithiated LTO 
surface has been explored to suppress the electrolyte decom-
position [130, 131].

TiO2 with various crystal structures, including anatase, 
rutile, brookites and especially  TiO2(B) (monoclinic C2/m), 
is also an ideal host for lithium insertion/extraction [132]. 
Similar to LTO, the electrochemical lithiation of  TiO2 oper-
ates at high potential (1.5 V vs.  Li+/Li) which provides 
excellent safety to the battery, but it delivers much higher 
capacity (330 mAh/g) than LTO since 1 mol of lithium can 
be inserted into  TiO2 theoretically (corresponding to the 
composition  LiTiO2). Experimentally, however, it has been 
proven that achieving the theoretical capacity is very chal-
lenging [133]. In general, the electrochemical performance 
of  TiO2 heavily relies on its crystal structure, morphology 
and particle size. Recent results demonstrated that control-
ling shape and size of  TiO2 nanoparticles can offer great 
advantages [134].  TiO2-B nanotubes or nanowires with 
diameter in the range of 40–60 nm and length up to several 
microns synthesized from a simple aqueous route demon-
strated significantly enhanced rate capability with much 
higher capacity (305 mAh/g corresponding to  Li0.91TiO2-B), 
as shown in Fig. 5c, d [135].

5  Alloying Anode: High‑Capacity Si, Sn, P

There are two types of mechanisms attractive to anodes 
beyond the intercalation process: alloying and conversion 
mechanisms. The alloying mechanism has the general reac-
tion of xLi+ + xe− + M → LixM, where typical examples of 
M are Si, Ge, Sn, P [55, 136–138]. In general, these materi-
als can have multiple times of lithium-ion storage capacity 
of graphite, as shown in Fig. 2. For example, Si has 4200 
mAh/g specific capacity which is about 11 times of graphite 
[139]. In addition to the gravimetric capacity, the volumetric 
capacity at the expanded (lithiated) state is also an important 
consideration for portable and electric vehicle applications. 
Another important parameter is their delithiation potential, 
which should be low in order to maximize the discharge 
voltage in the full cells. (Note that the delithiation poten-
tial is more important, not the lithiation potential.) The del-
ithiation potentials of Si, Sn and P are 0.45, 0.6 and 0.9 V, 
respectively, which are all in the reasonable potential ranges.

The alloying mechanism shares some of the most chal-
lenge issues. The first one is volume expansion and fracture 
[140]. Large capacity of lithium storage in the materials 
unavoidably causes large volume expansion during lithia-
tion, for example: by 4 times in Si, 3.7 times in Ge, 2.6 
times in Sn, 3 times in P. The large volume expansion can 
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cause mechanical fracture in individual particles, resulting 
in the loss of electrical contact and capacity fading. The sec-
ond one is the instability of the solid-electrolyte interphase 
(SEI) [141, 142]. The volume expansion during lithiation 
and contraction during delithiation causes the movement of 
interface boundary between the particles and electrolyte and 
thus the challenge of forming stable SEI layer. The third one 
is the swelling at the electrode level. The volume expansion 

in the individual particle also results in the swelling at the 
whole electrode level and thus the challenges for the battery 
cell design.

In the past 10 years, nanomaterials design affords a new 
powerful route to overcome the issues outlined above. The 
most important and successful example is Si, which will be 
used to illustrate the materials design concepts here. The first 
critical milestone of nanostructured design is Si nanowires 

Fig. 6  Nanoengineering on silicon anodes for Li-ion batteries. a 
Si nanowires (NWs) grown directly on the current collector, allow-
ing for efficient 1D electron transport. b TEM and SAED images of 
a core–shell Si nanowire with crystalline core and amorphous shell. 
c TEM image of interconnected hollow Si spheres (Rin  ~  175  nm, 
Rout  ~  200  nm). d Schematic images showing the nanostructure of 
the mesoporous Si sponge particle. e Schematic images showing the 
difference of SEI accumulation on the surface of Si nanotube with 
(bottom) and without (top) mechanical constraining layer. A thick 
SEI grows outside the Si nanotube without a mechanical constraining 
layer, which also has a varying and unstable interface with the elec-
trolyte (top). Designing a mechanical constraining layer on the hol-
low Si nanotubes can prevent Si from expanding outside toward the 
electrolyte during lithiation. As a result, a thin and stable SEI can be 
built (bottom). f Lithiation/delithiation capacity and coulombic effi-
ciency of double-walled Si nanotubes cycled at 12C for 6000 cycles. 
g Schematic images of a Si–C yolk–shell particle showing that the 
Si nanoparticle expands without breaking the carbon coating or dis-
rupting the SEI layer on the outer surface. h TEM images of Si–C 

yolk–shell particle before (left) and after (right) lithiation. i Sche-
matic images of one pomegranate microparticle before (left) and after 
(right) lithiation. j SEM images of silicon pomegranates showing the 
micrometer-sized and spherical morphology and the magnified SEM 
image showing the local structure of silicon nanoparticles and the 
conductive carbon framework with well-defined void space between. 
k Scheme  1: schematic illustration of the design and behavior of a 
conventional silicon electrode that shows failure of the electrode 
because of cracking in particles and polymer binder, which results 
in loss of electrical contact. Scheme 2: schematic illustration of the 
design and behavior of our stretchable self-healing electrode that 
shows the maintaining of electrical contact between the broken parti-
cles and no cracks in the polymer binder because of the stretchability 
and incorporation of self-healing chemistry. a Adapted with permis-
sion from Ref. [143]. b Adapted with permission from Ref. [154]. c 
Adapted with permission from Ref. [161]. d Adapted with permission 
from Ref. [160]. e, f Adapted with permission from Ref. [163]. g, h 
Adapted with permission from Ref. [164]. i, j Adapted with permis-
sion from Ref. [165]. k Adapted with permission from Ref. [167]
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grown directly on stainless steel current collector (Fig. 6a), 
where Si nanowires do not fracture due to their small diam-
eters and can maintain electrical connection during charge/
discharge [143]. Fundamental studies with well-defined nan-
opillars patterned on Si wafers have revealed the anisotropic 
volume expansion of crystalline Si along (110) direction, 
while amorphous Si has isotropic volume expansion. The 
critical breaking diameter for crystalline Si is ~ 150 nm for 
particles and ~ 250 nm for nanowires, while the critical size 
for amorphous Si is much larger up to ~ 870 nm [144]. The 
differences between crystalline and amorphous Si are due to 
the bonding and structure of these two materials [145]. It is 
noted that during the first lithiation, crystalline Si is changed 
into amorphous LiSi phase and remains mostly as amor-
phous phase afterward although crystalline  Li15Si4 phase 
was observed under certain conditions.

The design of nano-Si anodes can be categorized into four 
areas: The first one is solid Si nanostructures [146–153]. 
There has been a rich morphology of solid Si nanostructures 
including nanowires, nanoparticles and carbon-Si composite 
particles. The key of all these solid nanostructures is their 
small sizes, less than the critical breaking size of Si (Fig. 6a). 
An interesting further advancement in the solid nanostruc-
ture concept is the core-shell nanostructures (Fig. 6b), where 
the core materials provide stable mechanical support and 
efficient electron transport while the Si shell stores lithium 
ions [154]. Examples for the core materials include carbon 
[155, 156], NiSi [157], TiC [158]. The second design is hol-
low Si nanostructures since it provides facile strain relaxa-
tion which is important to enable Si anodes without fracture 
[159]. Compared to solid Si particles, hollow Si structures 
would provide the interior hollow space for strain relaxation 
(Fig. 6c, d) [160, 161]. Typical, hollow structures include Si 
nanotubes [162] and hollow Si nanospheres [161]. The third 
one is constraint hollow Si [163]. Nanostructured Si does not 
have a serious fracture problem; however, establishing stable 
SEI is much more challenging due to continuous volume 
expansion and contraction during charge/discharge. In order 
to solve this problem, a breakthrough materials design con-
cept is to have a mechanically constraining layer on hollow 
Si structure. It was first realized by having a double-walled 
nanotube: Si as inner tube and  SiO2 as outer mechanical 
constraining layer (Fig. 6e) [54]. The  SiO2 layer allows the 
diffusion of lithium ions for reaction with Si but is mechani-
cally strong to force volume expansion toward the interior 
space during lithiation. During delithiation, the interior Si 
interface moves back. Therefore, the outer  SiO2 surface 
remains static during charge/discharge. Such a concept ena-
bles the formation of stable and thin SEI, and a long life 
of 6000 was demonstrated (Fig. 6f). This powerful concept 
of constraint hollow structure was further confirmed with 
Si–C, S–TiO2 and Al–TiO2 yolk–shell structures (Fig. 6g, 
h) [164] and permanganate-like Si–C structures (Fig. 6i, j) 

[165]. The constrained hollow structures have additional 
benefit of avoiding the swelling at electrode level since there 
is empty space pre-reserved for interior volume expansion. 
For example, permanganate-like structures show negligi-
ble volume change at the electrode level. The final one is 
exploring polymer binder that represents another approach 
to bring the cohesions of Si particles and to maintain the 
electrical connection during the large volume change. One 
set of polymers (CMC, carboxymethylcellulose, alginate) 
have a strong binding with Si particle surface has been 
shown to have certain improvement over traditional poly-
vinylidene difluoride (PVDF) binder to maintain electrode 
integrity. Another set (conducting PANi hydrogel) is con-
ducting polymers with engineered binding sites as well as 
electronic conducting function [166]. Recently, self-healing 
polymer has been shown as an exciting set of binder, which 
has dynamic hydrogen bonding to self-heal if the volume 
expansion causes the breaking of polymer (Fig. 6k) [167].

6  Conversion Anode: Transition Metal Oxide

The conversion mechanism has the general reaction: 
 MxOy + 2yLi+ + 2ye− → yLi2O + xM (Fig. 7a). Conversion 
materials with the potential being low enough have been 
shown in a broad range of compounds including oxides [168, 
169], fluorides [170, 171] and sulfides [172]. Conversion 
oxides as anodes offer high specific capacities of 700–1200 
mAh/g and volumetric capacities of 4000–5500 mAh/cm3 
[173]. Similar to alloy anodes, the conversion anodes also 
have the issues of material pulverization at the individual 
particle level, unstable SEI layer, and the morphology and 
volume change at the whole electrode level. However, 
additional challenging aspect of conversion mechanism is 
the large voltage hysteresis ~ 1 V (the difference between 
charge/discharge voltage), which reflects the sluggish path-
ways during charge/discharge (Fig. 7b) [12]. The delithiation 
potential spreads from 1 to 2 V [10], which reduces the full 
cell voltage and would need to be addressed in the future. 
The large voltage hysteresis results likely from interconver-
sion of multiple solid phases  (MOx,  Li2O and M) with dif-
ferent structures that involves in breaking of strong chemical 
bonds. In addition, it requires not only lithium ions but also 
oxygen and M ions to diffuse to a long distance to form 
single particle domain size.

In order to be able to cycle the conversion oxides, 
nanoscale materials design is needed for interconversion of 
multiple solid phases [5, 11, 63, 174]. The small dimension 
of nanostructures reduces the strain of solid transforma-
tion and the distance for atomic diffusion. The pioneering 
work by Tarascon has shown that  MOx would be divided 
into very small particles of M and  Li2O after the first con-
version reaction [62, 175]. The starting morphology and 
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structure of  MOx play an important role on the cyclability 
of electrodes. An attractive approach is to chemically attach 
small nanoparticles of  MOx to the reduced graphene oxide 
(RGO) [111]. The RGO offers good electronic conductiv-
ity and strong chemically ankled point for  MOx (Fig. 7c, 
d). Excellent cycling performance and rate capability have 
been demonstrated (Fig. 7e, f) in this case. Another set of 
materials design is to have void space design (similar as Si 
anodes) in  MOx due to the large volume changes, which also 
show excellent performance [176].

7  Lithium Metal Anode

Li metal is a holy-grail anode with very high specific capac-
ity of 3860 mAh/g for rechargeable batteries. Unfortunately, 
Li dendrite growth and low coulombic efficiency during the 
charge/discharge process have largely prevented the use of Li 
metal for rechargeable batteries [177, 178]. To enable broad 
applications of Li anodes, more fundamental studies need 
to be conducted to simultaneously address these barriers. In 
this part, techniques utilized to characterize the morphology 
of Li deposition and the results obtained by modeling of Li 
dendrite growth will be reviewed. Recent development on 
interfacial materials design, electrolyte additives and solid 
electrolyte approaches in limiting the dendrite formation will 
be also discussed.

These challenges of lithium metal anode are rooted to 
the following two fundamental reasons. The first reason is 
mechanical in nature. During battery charge and discharge, 
Li metal is plated and stripped without a host material. 

Compared with the finite volume expansion of lithium-ion 
battery anodes such as graphite and Si hosts, the “hostless” 
Li metal has virtually infinite relative volumetric change. 
The spatial control of Li deposition in Li metal anodes is 
absent, resulting in various possible morphologies includ-
ing dendrites. Such an uncontrolled deposition creates sig-
nificant mechanical instability and cracks in electrodes and 
the SEI. The second reason is chemical in nature. Li metal 
reacts with nearly all the chemical species in gas, liquid and 
solid phases. In liquid electrolyte, Li metal decomposes 
solvent and salts to form SEI. There is very little control 
over the SEI thickness, grain size, chemical composition 
or spatial distribution of the reaction products. Such an SEI 
layer is weak against the unavoidable mechanical deforma-
tion during Li plating/striping, and it continuously breaks 
and repairs by reacting with more electrolytes.

To enable broad applications of Li anodes, deep fun-
damental studies need to be conducted. For instance, Li 
metal anodes after cycling were examined using optical 
microscopy and scanning electron microscopy, showing 
valuable morphology information. In recent years, several 
new characterization techniques were applied to Li metal 
anodes that provide new knowledge and understanding. 
One powerful technique is in situ transmission electron 
microscopy (TEM), which was first developed in 2010 on 
the demonstration of  SnO2 nanowire battery inside TEM, 
revealing astonishing visual effect of electrochemical lith-
iation [179]. An ionic liquid electrolyte with low-vapor 
pressure or  Li2O on Li metal as solid-state cell is usually 
used in the in situ TEM cell configuration. For example, 
the dry solid-state cell configuration has been adopted to 

Fig. 7  Conversion metal oxide 
anodes for Li-ion batteries. a 
Schematic images showing the 
first lithiation of a metal oxide 
particle and the later lithiation/
delithiation cycles. b The volt-
age composition profile for vari-
ous MO/Li cells cycled between 
0.01 and 3 V at a rate of C/5 (1 
lithium in 5 h). c TEM image of 
 Mn3O4/reduced graphene oxide 
(RGO); inset shows the SAED 
pattern of the  Mn3O4 nanoparti-
cles on RGO. d High-resolution 
TEM image of an individual 
 Mn3O4 nanoparticle on RGO. 
e, f Representative charge and 
discharge curves (e) and capac-
ity retention (f) of  Mn3O4/RGO 
at various current densities. b 
Adapted with permission from 
Ref. [62]. c–f Adapted with 
permission from Ref. [111]
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study the Li metal deposition onto Cu substrate with hol-
low carbon sphere coating (Fig. 8a, b), revealing that Li 
metal deposition took place underneath the carbon [161]. 
This helps guide the design of stable interphase layer 
on Li metal. The second technique is synchrotron hard 
X-ray microtomography. Balsara et al. applied it to sym-
metric lithium–polymer–lithium cells cycled at 90 °C and 

discovered surprising phenomena (Fig. 8c–e) [180]. At the 
early stage of dendrite formation, dendrites lie within the 
electrode and underneath the electrode/polymer interface. 
The portion of the dendrite protruding into the polymer 
increases on cycling. Eventually, it spans the polymer 
electrolyte thickness, causing a short circuit. The third 
technique is in situ nuclear magnetic resonance (NMR). 

Fig. 8  Advanced characterization techniques and design principles 
for Li metal anodes. a A schematic image showing the configuration 
of a in situ TEM cell. b TEM images of the Li deposition process on 
Cu wires decorated with hollow carbon nanospheres taken at differ-
ent times. Li metal approaches the carbon nanospheres from the right, 
and deposition is observed once a voltage bias is applied. c 3D recon-
structed volume of a cell with C = 84 C/cm2 containing two, closely 
spaced dendrites. d The reconstructed volume was rotated such that 
the viewer is within the electrolyte looking at the dendrites. e SEM 
micrograph of the bottom electrode of the same cell, after dissolv-
ing away the electrolyte, showing the dendritic structures. The SEM 
images contain no direct evidence for the presence of subsurface 
structures under the dendritic protrusions. f Deconvoluted 7Li NMR 
spectra as a function of time. Time t = 420 min represents full charge. 
The deconvoluted peaks used to fit the NMR data are indicated with 
thin red, blue and green lines, in this and the next two figures. The 
thick red line and blue line (almost invisible under the red line) show 
the fit and the experimental spectra, respectively. g Schematic images 
showing the Li deposition process based on the self-healing elec-

trostatic shield mechanism. h Schematic images of Li deposition on 
copper (Cu) current collector (top) where ramified Li can grow after 
continuous cycling. In contrast, Cu substrate modified with a hol-
low carbon nanosphere layer creates a scaffold for stabilizing the SEI 
layer, which results in uniform Li deposition. i Cross-section SEM 
image showing the lithium plating underneath and elevate the car-
bon nanosphere layer. j Top-view SEM image showing the smooth 
surface of the electrode with the carbon nanosphere modification. k 
Schematic images showing the design of h-BN film grown on cop-
per for uniform Li deposition. The subnanometer defects in h-BN 
film can serve as channels for Li ions during lithium deposition. 
Lithium is deposited between h-BN and copper. The stiff B–N bond 
and chemical stability prevent dendrite formation and lithium corro-
sion, respectively. a, b Adapted with permission from Ref. [187]. c–e 
Adapted with permission from Ref. [180]. f Adapted with permission 
from Ref. [181]. g Adapted with permission from Ref. [183]. h–j 
Adapted with permission from Ref. [187]. k Adapted with permission 
from Ref. [188]
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The Grey group has pioneered the development of NMR 
technique for in situ spectroscopy and imaging of lithium-
ion batteries. The 7Li NMR has high sensitivity and can 
be acquired on a timescale that is much faster than the 
typical charge discharge cycle. For lithium metal, the skin 
depth of radiofrequency field is ~ 10 μm. The diameter of 
Li metal dendrite is usually below 3 μm, and thus, they are 
fully penetrated by the NMR radiofrequency field. There-
fore, the formation of Li metal dendrite can be monitored 
by the intensity of NMR peak signal, which provides quan-
titative information (Fig. 8f) [181].

The challenges of Li metal anodes calls for strategies to 
form a stable interfacial layer with the dual functions of sup-
pressing the dendrite formation and stop the side chemical 
reaction. Liquid electrolyte and additives are an important 
area of research to stabilize Li metal anodes since the formed 
SEI can have significantly different morphology, composi-
tion and property. For example, Zhang et al. recently discov-
ered that highly concentrated electrolytes composed of ether 
solvents and the lithium bis(fluorosulfonyl)imide salt enable 
the high-rate cycling of a lithium metal anode at high cou-
lombic efficiency (up to 99.1%) without dendrite growth and 
demonstrated long cycling in symmetric Li/Li metal cells 
[182]. The authors attributed the excellent performance to 
the increased solvent coordination and increased availability 
of lithium-ion concentration in the electrolyte. Zhang et al. 
invented a self-healing electrostatic shielding mechanism 
to prevent dendrite growth (Fig. 8g). Certain cations (such 
as cesium) as additive at low concentrations have reduction 
potential below the standard reduction potential of lithium 
ions [183]. The additive cations form a positively charged 
electrostatic shield around the initial growth tip of Li metal 
protrusion and prevent further deposition of lithium onto it, 
effectively suppressing the dendrite growth. The coopera-
tion effects of  LiNO3 and polysulfides in ether solvent are 
recently shown to work well on forming stable SEI layer on 
Li metal and suppressing the Li dendrite growth [184].

Solid electrolytes including polymers and ceramics have 
strong mechanical property for dendrite suppression, which 
is another interesting direction to go. The Young’s modulus 
of Li metal is only 4.9 GPa. Indeed, Li metal is a soft metal 
and it would be easy to find materials with larger mechanical 
strength. However, most solid electrolytes have low ionic 
conductivity, resulting in low power output. Ceramic solid 
electrolytes with framework structure such as  Li10GeP2S12 
[185] and garnet-type  Li7La3Zr2O12 [186] are promising 
due to their high Li-ion conductivity (~ 10−2–10−4 S/cm). 
Polymer–inorganic nanostructure composites recently show 
promising results in improving ionic conductivity. Another 
issue of solid electrolytes is the instability of interfacial layer 
and increased impedance with cycling, which result from the 
high chemical reactivity of Li metal with solid electrolyte 
as well.

In the past few years, nanoscale interfacial materials 
design emerges as a new approach to address the Li metal 
anode problems [187, 188]. The key design criteria of both 
mechanical and chemical stability need to be satisfied in 
order to have a stable interfacial layer. Such an interfacial 
layer might not be formed by electrolyte additive alone but 
needs to be pre-deposited before battery fabrication. Several 
exciting examples were recently demonstrated. One exam-
ple is interconnected hollow carbon spheres as interfacial 
layer to promote Li metal deposition between carbon and 
Cu current collector (Fig. 8h–j) [187]. The morphology of 
deposited Li exhibits nice large column-like structures free 
of dendrites. The efficiency is higher than the bare Cu col-
lector control. Another example is 2D layered materials such 
as h-BN and graphene, which are both chemically stable 
against Li metal and mechanically strong [188]. Li metal 
was found to be sandwiched between Cu metal collector and 
the 2D layers (Fig. 8k). Most recently, an interfacial layer of 
 Al2O3 synthesized by atomic layer deposition is also shown 
to improve the Li metal cycling [189].

8  Concluding Remarks

The need for storage technologies with much greater energy 
density than the current Li-ion systems for applications such 
as electrical vehicles and grid storage calls for the search of 
higher-capacity electrode materials, both cathode and anode, 
which certainly relies on material breakthroughs. Although 
notable progress has been achieved in the development of 
high-performance anode materials for Li-ion batteries, fur-
ther investigation of the underpinning mechanisms that limit 
their performance is required in order to aid the rational 
design and development of kinetically facile and chemically 
stable anode materials. As detailed in this review article, we 
mainly discussed the research activities and achievements of 
three different types of high-performance anode materials, 
i.e., intercalation anodes (graphene and  Li4Ti5O12); alloy 
anodes (Si, Sn, P); conversion oxide anodes; as well as the 
holy-grail lithium metal anode. Without a doubt, substantial 
challenges exist for each component, which requires signifi-
cant research efforts in a variety of fields to unlock their full 
potentials as the next-generation anode material.

Graphene-based materials show some promises; their 
restacking issue and high irreversible capacity loss during 
the initial discharge/charge cycle seriously limit their appli-
cation. Its high surface area leads to low CE and significant 
consumption of electrolyte, also making it not a practical 
anode material. However, graphene could be used as a novel 
support for other anode materials such as silicon, tin or tran-
sition metal oxides by taking the advantage of graphene’s 
high surface area, mechanical strength and electrical con-
ductivity. In this sense, further research is needed to find the 
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best combination between the graphene and other materials 
that will give satisfactory capacity and capacity retention.

Alloy-type materials represented by Si and Sn are the 
most attractive anode due to their high capacity, but the large 
volume changes during cycling have been the main impedi-
ment to their implementation. To address this issue, one 
approach that demonstrates great success is using nanoscale 
design; however, future research is necessary in the follow-
ing areas. First, quantitative understanding of the nanoscale 
design, such as size-dependent of the nanostructure proper-
ties, is still needed. Second, the nature of solid electrolyte 
interphase (SEI) layer that has the significant impact on the 
coulombic efficiency need to be fully investigated. Third, 
developing of advanced characterization techniques (both 
in situ and ex situ) together with multiscale modeling and 
simulation is vital to unravel the detail microscopic pro-
cesses that occur during lithiation/delithiation, especially at 
both the atomic level and the electrode surface. Fourth, it 
is necessary to develop effective method to pack the nano-
structured materials into the electrode and understand the 
deformation mechanism at the whole electrode level. Finally, 
in terms of the practical application, it is vital to develop 
large-scale and low-cost fabrication strategies for nanoma-
terials with desirable performance.

Similar to alloy anodes, the conversion anodes also have 
the issues of material pulverization at the individual particle 
level, unstable SEI layer, and the morphology and volume 
change at the whole electrode level. To enable good cycling 
performance for the conversion oxides, nanoscale materials 
design is needed for interconversion of multiple solid phases. 
Another challenging aspect of conversion anode is the large 
voltage hysteresis (~ 1 V) between charge/discharge, which 
needs to be addressed.

Titanium-based materials as the high-power anode 
showed much improved tolerance to thermal abuse com-
pared with the conventional graphite anode. However, the 
main drawbacks of this type of materials are low inherent 
theoretical capacities and low electronic conductivity in bulk 
materials with micrometer-sized particles. Nanocrystalliza-
tion, doping or surface doping could potentially solve the 
issue of low electronic conductivity. The intrinsic gassing 
issue of LTO is associated with that the lithiated  Li4+xTi5O12 
has a tendency to react with non-aqueous electrolyte when 
aged at elevated temperatures. Resolving the gassing issue 
would enable the successful deployment of the LTO as high-
power anode for HEV applications.

Eventually, enabling the lithium metal electrode would 
be the ultimate goal for the high-performance anode of 
the next-generation Li-ion batteries. The challenges of Li 
metal anodes call for strategies to form a stable interfacial 
layer with the dual functions of suppressing the dendrite 
formation and stop the side chemical reaction. Liquid elec-
trolyte and additives are an important area of research to 

stabilize Li metal anodes since the formed SEI can have 
significantly different morphology, composition and prop-
erties. Solid electrolytes including polymers and ceram-
ics with strong mechanical property for dendrite suppres-
sion would be another interesting direction to go. Finally 
nanoscale interfacial materials design could be a promis-
ing approach to address the Li metal anode problems.

Acknowledgements This work was supported by the U.S. Department 
of Energy under Contract DE-AC0206CH11357 with the main support 
provided by the Vehicle Technologies Office, Department of Energy 
(DOE) Office of Energy Efficiency and Renewable Energy (EERE).

References

 1. Yang, Z., Zhang, J., Kintner-Meyer, M., et al.: Electrochemi-
cal energy storage for green grid. Chem. Rev. 111, 3577–3613 
(2011)

 2. Armand, M., Tarascon, J.M.: Building better batteries. Nature 
451, 652–657 (2008)

 3. Tarascon, J.M., Armand, M.: Issues and challenges facing 
rechargeable lithium batteries. Nature 414, 359–367 (2001)

 4. Scrosati, B.: Challenge of portable power. Nature 373, 557–558 
(1995)

 5. Aricò, A.S., Bruce, P., Scrosati, B., et al.: Nanostructured 
materials for advanced energy conversion and storage devices. 
Nat. Mater. 4, 366–377 (2005)

 6. Sun, Y.K., Myung, S.T., Park, B.C., et al.: High-energy cathode 
material for long-life and safe lithium batteries. Nat. Mater. 8, 
320–324 (2009)

 7. Ji, X., Lee, K.T., Nazar, L.F.: A highly ordered nanostruc-
tured carbon-sulphur cathode for lithium-sulphur batteries. 
Nat. Mater. 8, 500–506 (2009)

 8. Whittingham, M.S.: Ultimate limits to intercalation reactions 
for lithium batteries. Chem. Rev. 114, 11414–11443 (2014)

 9. Xu, K.: Nonaqueous liquid electrolytes for lithium-based 
rechargeable batteries. Chem. Rev. 104, 4303–4417 (2004)

 10. Xu, K.: Electrolytes and interphases in Li-ion batteries and 
beyond. Chem. Rev. 114, 11503–11618 (2014)

 11. Bruce, P.G., Scrosati, B., Tarascon, J.M.: Nanomaterials for 
rechargeable lithium batteries. Angew. Chem. Int. Ed. 47, 
2930–2946 (2008)

 12. Cabana, J., Monconduit, L., Larcher, D., et al.: Beyond interca-
lation-based Li-ion batteries: the state of the art and challenges 
of electrode materials reacting through conversion reactions. 
Adv. Mater. 22, E170–E192 (2010)

 13. David, J.: Nickel–cadmium battery recycling evolution in 
Europe. J. Power Sources 57, 71–73 (1995)

 14. Kanda, M., Yamamoto, K., Kanno, Y., et al.: Cyclic behav-
iour of metal hydride electrodes and the cell characteristics of 
nickel-metal hydride batteries. J. Less Common Met. 172–174, 
1227–1235 (1991)

 15. Amine, K., Kanno, R., Tzeng, Y.H.: Rechargeable lithium bat-
teries and beyond: progress, challenges, and future directions. 
MRS Bull. 39, 395–401 (2014)

 16. Goodenough, J.B., Kim, Y.: Challenges for rechargeable Li 
batteries. Chem. Mater. 22, 587–603 (2010)

 17. Armstrong, A.R., Bruce, P.G.: Synthesis of layered  LiMnO2 
as an electrode for rechargeable lithium batteries. Nature 381, 
499–500 (1996)

Author's personal copy



Electrochemical Energy Reviews 

1 3

 18. Kang, K.S., Meng, Y.S., Breger, J., et al.: Electrodes with high 
power and high capacity for rechargeable lithium batteries. Sci-
ence 311, 977–980 (2006)

 19. Yabuuchi, N., Ohzuku, T.: Novel lithium insertion material of 
 LiCo1/3Ni1/3Mn1/3O2 for advanced lithium-ion batteries. J. Power 
Sources 119, 171–174 (2003)

 20. Okubo, M., Hosono, E., Kim, J., et al.: Nanosize effect on high-
rate Li-ion intercalation in  LiCoO2 electrode. J. Am. Chem. Soc. 
129, 7444–7452 (2007)

 21. Guerard, D., Herold, A.: Intercalation of lithium into graphite 
and other carbons. Carbon 13, 337–345 (1975)

 22. Scrosati, B., Garche, J.: Lithium batteries: status, prospects and 
future. J. Power Sources 195, 2419–2430 (2010)

 23. Cho, J., Kim, Y.J., Park, B.: Novel  LiCoO2 cathode material with 
 Al2O3 coating for a Li ion cell. Chem. Mater. 12, 3788–3791 
(2000)

 24. Song, S.W., Zhuang, G.V., Ross, P.N.: Surface film formation on 
 LiNi0.8Co0.15Al0.05O2 cathodes using attenuated total reflection 
IR spectroscopy. J. Electrochem. Soc. 151, A1162–A1167 (2004)

 25. Tran, H.Y., Greco, G., Täubert, C., et al.: Influence of elec-
trode preparation on the electrochemical performance of 
 LiNi0.8Co0.15Al0.05O2 composite electrodes for lithium-ion bat-
teries. J. Power Sources 210, 276–285 (2012)

 26. Wang, Z.X., Sun, Y.C., Chen, L.Q., et al.: Electrochemical char-
acterization of positive electrode material  LiNi1/3Co1/3Mn1/3O2 
and compatibility with electrolyte for lithium-ion batteries. J. 
Electrochem. Soc. 151, A914–A921 (2004)

 27. Rao, C.V.,  Reddy, A.L.M.,  Ishikawa, Y.,  et   al . : 
 LiNi1/3Co1/3Mn1/3O2-Graphene composite as a promising cath-
ode for lithium-ion batteries. ACS Appl. Mater. Interfaces 3, 
2966–2972 (2011)

 28. Tarascon, J.M., McKinnon, W.R., Coowar, F., et al.: Synthesis 
conditions and oxygen stoichiometry effects on Li insertion into 
the spinel  LiMn2O4. J. Electrochem. Soc. 141, 1421–1431 (1994)

 29. Chung, S.Y., Bloking, J.T., Chiang, Y.M.: Electronically conduc-
tive phospho-olivines as lithium storage electrodes. Nat. Mater. 
1, 123–128 (2002)

 30. Thackeray, M.M., Kang, S.H., Johnson, C., et  al.: 
 Li2MnO3-stabilized  LiMO2 (M=Mn, Ni, Co) electrodes for 
lithium-ion batteries. J. Mater. Chem. 17, 3112–3125 (2007)

 31. Yabuuchi, N., Yoshii, K., Myung, S.T., et al.: Detailed studies 
of a high-capacity electrode material for rechargeable batteries, 
 Li2MnO3–LiCo1/3Ni1/3Mn1/3O2. J. Am. Chem. Soc. 133, 4404–
4419 (2011)

 32. Zheng, J.M., Gu, M., Xiao, J., et al.: Corrosion/fragmentation of 
layered composite cathode and related capacity/voltage fading 
during cycling process. Nano Lett. 13, 3824–3830 (2013)

 33. Zheng, J.M., Gu, M., Genc, A., et al.: Mitigating voltage fade in 
cathode materials by improving the atomic level uniformity of 
elemental distribution. Nano Lett. 14, 2628–2635 (2014)

 34. Zhu, Z., Kushima, A., Yin, Z., et al.: Anion-redox nanolithia 
cathodes for Li-ion batteries. Nat. Energy 1, 16111 (2016)

 35. Lu, J., Lee, Y. J., Luo, X., et al. A lithium–oxygen battery based 
on lithium superoxide. Nature 529, 377–382 (2016)

 36. Tan, G., Xu, R., Xing, Z., et al. Burning lithium in  CS2 for high-
performing compact  Li2 S–graphene nanocapsules for Li–S bat-
teries. Nat. Energy 2, 17090 (2017)

 37. Whittingham, M.S.: Lithium batteries and cathode materials. 
Chem. Rev. 104, 4271–4301 (2004)

 38. Grey, C.P., Dupre, N.: NMR studies of cathode materials for 
lithium-ion rechargeable batteries. Chem. Rev. 104, 4493–4512 
(2004)

 39. Ellis, B.L., Lee, K.T., Nazar, L.F.: Positive electrode materials 
for Li-ion and Li-batteries. Chem. Mater. 22, 691–714 (2010)

 40. Luntz, A.C., McCloskey, B.D.: Nonaqueous Li–air batteries: a 
status report. Chem. Rev. 114, 11721–11750 (2014)

 41. Bruce, P.G., Freunberger, S.A., Hardwick, L.J., et al.: Li–O2 and 
Li–S batteries with high energy storage. Nat. Mater. 11, 19–29 
(2012)

 42. Chen, J., Cheng, F.Y.: Combination of lightweight elements 
and nanostructured materials for batteries. Acc. Chem. Res. 42, 
713–723 (2009)

 43. Yang, Y., Zheng, G., Cui, Y.: Nanostructured sulfur cathodes. 
Chem. Soc. Rev. 42, 3018–3032 (2013)

 44. Long, J.W., Dunn, B., Rolison, D.R., et al.: Three-dimensional 
battery architectures. Chem. Rev. 104, 4463–4492 (2004)

 45. Goriparti, S., Miele, E., Angelis, F.D., et al.: Review on recent 
progress of nanostructured anode materials for Li-ion batteries. 
J. Power Sources 257, 421–443 (2014)

 46. Hassoun, J., Scrosati, B.: Review-advances in anode and electro-
lyte materials for the progress of lithium-ion and beyond lithium-
ion batteries. J. Electrochem. Soc. 162, A2582–A2588 (2015)

 47. Landi, B.J., Ganter, M.J., Cress, C.D., et al.: Carbon nanotubes 
for lithium ion batteries. Energy Environ. Sci. 2, 638–654 (2009)

 48. Lee, S.W., Yabuuchi, N., Gallant, B.M., et al.: High-power lith-
ium batteries from functionalized carbon-nanotube electrodes. 
Nat. Nanotechnol. 5, 531–537 (2010)

 49. Qie, L., Chen, W.M., Wang, Z.H., et al.: Nitrogen-doped porous 
carbon nanofiber webs as anodes for lithium ion batteries with 
a superhigh capacity and rate capability. Adv. Mater. 24, 2047–
2050 (2012)

 50. Su, F.Y., He, Y.B., Li, B.H., et al.: Could graphene construct an 
effective conducting network in a high-power lithium ion bat-
tery? Nano Energy 1, 429–439 (2012)

 51. Ambrosi, A., Chua, C.K., Bonanni, A., et al.: Electrochemistry 
of graphene and related materials. Chem. Rev. 114, 7150–7188 
(2014)

 52. Fang, Y., Lv, Y.Y., Che, R.C., et  al.: Two-dimensional 
mesoporous carbon nanosheets and their derived graphene 
nanosheets: synthesis and efficient lithium ion storage. J. Am. 
Chem. Soc. 135, 1524–1530 (2013)

 53. Stein, A., Wang, Z.Y., Fierke, M.A.: Functionalization of porous 
carbon materials with designed pore architecture. Adv. Mater. 21, 
265–293 (2009)

 54. Wu, H., Chan, G., Choi, J.W., et al.: Stable cycling of double-
walled silicon nanotube battery anodes through solid-electrolyte 
interphase control. Nat. Nanotechnol. 7, 310–315 (2012)

 55. Park, C.M., Kim, J.H., Kim, H., et al.: Li-alloy based anode mate-
rials for Li secondary batteries. Chem. Soc. Rev. 39, 3115–3141 
(2010)

 56. Miyachi, M., Yamamoto, H., Kawai, H., et  al.: Analysis of 
SiO anodes for lithium-ion batteries. J. Electrochem. Soc. 152, 
A2089–A2091 (2005)

 57. Xue, D.J., Xin, S., Yan, Y., et al.: Improving the electrode per-
formance of Ge through Ge@C core–shell nanoparticles and 
graphene networks. J. Am. Chem. Soc. 134, 2512–2515 (2012)

 58. Seo, M.H., Park, M., Lee, K.T., et al.: High performance Ge 
nanowire anode sheathed with carbon for lithium rechargeable 
batteries. Energy Environ. Sci. 4, 425–428 (2011)

 59. Idota, Y., Kubota, T., Matsufuji, A., et al.: Tin-based amorphous 
oxide: a high-capacity lithium-ion-storage material. Science 276, 
1395–1397 (1997)

 60. Lee, K.T., Jung, Y.S., Oh, S.M.: Synthesis of tin-encapsulated 
spherical hollow carbon for anode material in lithium secondary 
batteries. J. Am. Chem. Soc. 125, 5652–5653 (2003)

 61. Lee, K., Mazare, A., Schmuki, P.: One-dimensional titanium 
dioxide nanomaterials: nanotubes. Chem. Rev. 114, 9385–9454 
(2014)

Author's personal copy



 Electrochemical Energy Reviews

1 3

 62. Poizot, P., Laruelle, S., Grugeon, S., et al.: Nano-sized transition-
metal oxides as negative-electrode materials for lithium-ion bat-
teries. Nature 407, 496–499 (2000)

 63. Ji, L.W., Lin, Z., Alcoutlabi, M., et al.: Recent developments 
in nanostructured anode materials for rechargeable lithium-ion 
batteries. Energy Environ. Sci. 4, 2682–2699 (2011)

 64. Rowsell, J.L.C., Pralong, V., Nazar, L.F.: Layered lithium iron 
nitride: a promising anode material for Li-ion batteries. J. Am. 
Chem. Soc. 123, 8598–8599 (2001)

 65. Sun, Y., Zhao, L., Pan, H.L., et al.: Direct atomic-scale confirma-
tion of three-phase storage mechanism in  Li4Ti5O12 anodes for 
room-temperature sodium-ion batteries. Nat. Commun. 4, 1870 
(2013)

 66. Wagemaker, M., Simon, D.R., Kelder, E.M., et al.: A kinetic 
two-phase and equilibrium solid solution in spinel  Li4+xTi5O12. 
Adv. Mater. 18, 3169–3173 (2006)

 67. Lu, X., Gu, L., Hu, Y.S., et al.: New insight into the atomic-scale 
bulk and surface structure evolution of  Li4Ti5O12anode. J. Am. 
Chem. Soc. 137, 1581–1586 (2015)

 68. Wang, Y.Q., Gu, L., Guo, Y.G., et al.: Rutile-TiO2 nanocoating 
for a high-rate  Li4Ti5O12 anode of a lithium-ion battery. J. Am. 
Chem. Soc. 134, 7874–7879 (2012)

 69. Dahl, M., Liu, Y., Yin, Y.: Composite titanium dioxide nanoma-
terials. Chem. Rev. 114, 9853–9889 (2014)

 70. De Angelis, F., Di Valentin, C., Fantacci, S., et al.: Theoretical 
studies on anatase and less common  TiO2 phases: bulk, surfaces, 
and nanomaterials. Chem. Rev. 114, 9708–9753 (2014)

 71. Liu, L., Chen, X.: Titanium dioxide nanomaterials: self-structural 
modifications. Chem. Rev. 114, 9890–9918 (2014)

 72. Dreyer, D.R., Park, S., Bielawski, C.W., et al.: The chemistry of 
graphene oxide. Chem. Soc. Rev. 39, 228–240 (2010)

 73. Park, S., Ruoff, R.S.: Chemical methods for the production of 
graphenes. Nat. Nanotechnol. 4, 217–224 (2009)

 74. Marcano, D.C., Kosynkin, D.V., Berlin, J.M., et al.: Improved 
synthesis of graphene oxide. ACS Nano 4, 4806–4814 (2010)

 75. Yoo, E., Kim, J., Hosono, E., et al.: Large reversible Li storage 
of graphene nanosheet families for use in rechargeable lithium 
ion batteries. Nano Lett. 8, 2277–2282 (2008)

 76. Dahn, J.R., Zheng, T., Liu, Y.H., et al.: Mechanisms for lithium 
insertion in carbonaceous materials. Science 270, 590–593 
(1995)

 77. Van der Ven, A., Bhattacharya, J., Belak, A.A.: Understanding 
Li diffusion in Li-intercalation compounds. Acc. Chem. Res. 46, 
1216–1225 (2013)

 78. Kaskhedikar, N.A., Maier, J.: Lithium storage in carbon nano-
structures. Adv. Mater. 21, 2664–2680 (2009)

 79. Wang, G.X., Shen, X.P., Yao, J., et al.: Graphene nanosheets for 
enhanced lithium storage in lithium ion batteries. Carbon 47, 
2049–2053 (2009)

 80. Raccichini, R., Varzi, A., Passerini, S., et al.: The role of gra-
phene for electrochemical energy storage. Nat. Mater. 14, 271–
279 (2015)

 81. Xu, Y.X., Lin, Z., Zhong, X., et al.: Solvated graphene frame-
works as high-performance anodes for lithium-ion batteries. 
Angew. Chem. Int. Ed. 54, 5345–5350 (2015)

 82. David, L., Singh, G.: Reduced graphene oxide paper electrode: 
opposing effect of thermal annealing on Li and Na cyclability. J. 
Phys. Chem. C 118, 28401–28408 (2014)

 83. Pan, D.Y., Wang, S., Zhao, B., et al.: Li storage properties of 
disordered graphene nanosheets. Chem. Mater. 21, 3136–3142 
(2009)

 84. Zhou, L.J., Hou, Z.F., Wu, L.M.: First-principles study of lithium 
adsorption and diffusion on graphene with point defects. J. Phys. 
Chem. C 116, 21780–21787 (2012)

 85. Zheng, T., Xing, W., Dahn, J.R.: Carbons prepared from coals 
for anodes of lithium-ion cells. Carbon 34, 1501–1507 (1996)

 86. Xue, J.S., Dahn, J.R.: Dramatic effect of oxidation on lithium 
insertion in carbons made from epoxy-resins. J. Electrochem. 
Soc. 142, 3668–3677 (1995)

 87. Mapasha, R.E., Chetty, N.: Ab initio studies of staggered Li 
adatoms on graphene. Comput. Mater. Sci. 49, 787–791 (2010)

 88. Yang, C.K.: A metallic graphene layer adsorbed with lithium. 
Appl. Phys. Lett. 94, 163115 (2009)

 89. Medeiros, P.V.C., Mota, F.D., Mascarenhas, A.J.S., et  al.: 
Adsorption of monovalent metal atoms on graphene: a theo-
retical approach. Nanotechnology 21, 11 (2010)

 90. Fan, X.F., Zheng, W., Kuo, J.L., et al.: Adsorption of single 
Li and the formation of small Li clusters on graphene for the 
anode of lithium-ion batteries. ACS Appl. Mater. Interfaces 5, 
7793–7797 (2013)

 91. Zhou, J., Sun, Q., Wang, Q., et al.: Tailoring Li adsorption on 
graphene. Phys. Rev. B 90, 205427 (2014)

 92. Takamura, T., Endo, K., Fu, L., et al.: Identification of nano-
sized holes by TEM in the graphene layer of graphite and the 
high rate discharge capability of Li-ion battery anodes. Elec-
trochim. Acta 53, 1055–1061 (2007)

 93. Wang, C.Y., Li, D., Too, C.O., et al.: Electrochemical proper-
ties of graphene paper electrodes used in lithium batteries. 
Chem. Mater. 21, 2604–2606 (2009)

 94. Abouimrane, A., Compton, O.C., Amine, K., et  al.: Non-
annealed graphene paper as a binder-free anode for lithium-ion 
batteries. J. Phys. Chem. C 114, 12800–12804 (2010)

 95. Liu, X., Hu, Y.S., Muller, J.O., et al.: Composites of molecular-
anchored graphene and nanotubes with multitubular structure: 
a new type of carbon electrode. Chemsuschem 3, 261–265 
(2010)

 96. Wu, Z.S., Ren, W.C., Xu, L., et al.: Doped graphene sheets as 
anode materials with superhigh rate and large capacity for lith-
ium ion batteries. ACS Nano 5, 5463–5471 (2011)

 97. Li, X.F., Geng, D.S., Zhang, Y., et al.: Superior cycle stability of 
nitrogen-doped graphene nanosheets as anodes for lithium ion 
batteries. Electrochem. Commun. 13, 822–825 (2011)

 98. Reddy, A.L.M., Srivastava, A., Gowda, S.R., et al.: Synthesis of 
nitrogen-doped graphene films for lithium battery application. 
ACS Nano 4, 6337–6342 (2010)

 99. Wang, H.B., Zhang, C., Liu, Z., et al.: Nitrogen-doped graphene 
nanosheets with excellent lithium storage properties. J. Mater. 
Chem. 21, 5430–5434 (2011)

 100. Wang, Z.L., Xu, D., Wang, H.G., et al.: In situ fabrication of 
porous graphene electrodes for high-performance energy storage. 
ACS Nano 7, 2422–2430 (2013)

 101. Huang, X., Qi, X.Y., Boey, F., et al.: Graphene-based composites. 
Chem. Soc. Rev. 41, 666–686 (2012)

 102. Guo, S.J., Dong, S.J.: Graphene nanosheet: synthesis, molecular 
engineering, thin film, hybrids, and energy and analytical appli-
cations. Chem. Soc. Rev. 40, 2644–2672 (2011)

 103. Xu, C.H., Xu, B.H., Gu, Y., et al.: Graphene-based electrodes for 
electrochemical energy storage. Energy Environ. Sci. 6, 1388–
1414 (2013)

 104. Jiang, Y., Jiang, Z.J., Cheng, S., et al.: Fabrication of 3-dimen-
sional porous graphene materials for lithium ion batteries. Elec-
trochim. Acta 146, 437–446 (2014)

 105. Fan, Z.J., Yan, J., Ning, G., et al.: Porous graphene networks 
as high performance anode materials for lithium ion batteries. 
Carbon 60, 558–561 (2013)

 106. Zhang, L.L., Zhao, X., Stoller, M.D., et al.: Highly conductive 
and porous activated reduced graphene oxide films for high-
power supercapacitors. Nano Lett. 12, 1806–1812 (2012)

 107. Lv, W., Tang, D.M., He, Y.B., et al.: Low-Temperature exfoliated 
graphenes: vacuum-promoted exfoliation and electrochemical 
energy storage. ACS Nano 3, 3730–3736 (2009)

Author's personal copy



Electrochemical Energy Reviews 

1 3

 108. Vargas, O., Caballero, A., Morales, J., et al.: Contribution to the 
understanding of capacity fading in graphene nanosheets acting 
as an anode in full Li-ion batteries. ACS Appl. Mater. Interfaces 
6, 3290–3298 (2014)

 109. Vargas, O.A., Caballero, A., Morales, J.: Can the performance 
of graphene nanosheets for lithium storage in Li-ion batteries 
be predicted? Nanoscale 4, 2083–2092 (2012)

 110. Winter, M., Besenhard, J.O., Spahr, M.E., et al.: Insertion elec-
trode materials for rechargeable lithium batteries. Adv. Mater. 
10, 725–763 (1998)

 111. Wang, H., Cui, L.F., Yang, Y., et al.:  Mn3O4-graphene hybrid 
as a high-capacity anode material for lithium ion batteries. J. 
Am. Chem. Soc. 132, 13978–13980 (2010)

 112. Wu, Z.S., Ren, W., Wen, L., et al.: Graphene anchored with 
 Co3O4 nanoparticles as anode of lithium ion batteries with 
enhanced reversible capacity and cyclic performance. ACS 
Nano 4, 3187–3194 (2010)

 113. Yang, S.B., Cui, G., Pang, S., et al.: Fabrication of cobalt and 
cobalt oxide/graphene composites: towards high-performance 
anode materials for lithium ion batteries. Chemsuschem 3, 
236–239 (2010)

 114. Wang, D.H., Choi, D., Li, J., et  al.: Self-assembled 
 TiO2-graphene hybrid nanostructures for enhanced Li-ion 
insertion. ACS Nano 3, 907–914 (2009)

 115. Wang, G.X., Wang, B., Wang, X., et al.: Sn/graphene nano-
composite with 3D architecture for enhanced reversible lithium 
storage in lithium ion batteries. J. Mater. Chem. 19, 8378–8384 
(2009)

 116. Chou, S.L., Wang, J.Z., Choucair, M., et al.: Enhanced revers-
ible lithium storage in a nanosize silicon/graphene composite. 
Electrochem. Commun. 12, 303–306 (2010)

 117. Lee, J.K., Smith, K.B., Hayner, C.M., et al.: Silicon nanopar-
ticles-graphene paper composites for Li ion battery anodes. 
Chem. Commun. 46, 2025–2027 (2010)

 118. Bandhauer, T.M., Garimella, S., Fuller, T.F.: A critical review 
of thermal issues in lithium-ion batteries. J. Electrochem. Soc. 
158, R1–R25 (2011)

 119. Yi, T.F., Yang, S.Y., Xie, Y.: Recent advances of  Li4Ti5O12 
as a promising next generation anode material for high power 
lithium-ion batteries. J. Mater. Chem. A 3, 5750–5777 (2015)

 120. Kitta, M., Akita, T., Maeda, Y., et al.: Study of surface reaction 
of spinel  Li4Ti5O12 during the first lithium insertion and extrac-
tion processes using atomic force microscopy and analytical 
transmission electron microscopy. Langmuir 28, 12384–12392 
(2012)

 121. Borghols, W.J.H., Wagemaker, M., Lafont, U., et  al.: Size 
effects in the  Li4+xTi5O12 spinel. J. Am. Chem. Soc. 131, 
17786–17792 (2009)

 122. Du Pasquier, A., Laforgue, A., Simon, P., et al.: A nonaque-
ous asymmetric hybrid  Li4Ti5O12/poly(fluorophenylthiophene) 
energy storage device. J. Electrochem. Soc. 149, A302–A306 
(2002)

 123. Abouimrane, A., Abu-Lebdeb, Y., Alarco, P.J., et al.: Plastic 
crystal-lithium batteries: an effective ambient temperature all-
solid-state power source. J. Electrochem. Soc. 151, A1028–
A1031 (2004)

 124. Du Pasquier, A., Laforgue, A., Simon, P.:  Li4Ti5O12/
poly(methyl)thiophene asymmetric hybrid electrochemical 
device. J. Power Sources 125, 95–102 (2004)

 125. Sha, Y.J., Zhao, B.T., Ran, R., et al.: Synthesis of well-crystal-
lized  Li4Ti5O12 nanoplates for lithium-ion batteries with out-
standing rate capability and cycling stability. J. Mater. Chem. 
A 1, 13233–13243 (2013)

 126. Xiao, L.L., Chen, G., Sun, J., et  al.: Facile synthesis of 
 Li4Ti5O12 nanosheets stacked by ultrathin nanoflakes for 

high performance lithium ion batteries. J. Mater. Chem. A 1, 
14618–14626 (2013)

 127. Chen, Z., Belharouak, I., Sun, Y.K., et al.: Titanium-based anode 
materials for safe lithium-ion batteries. Adv. Funct. Mater. 23, 
959–969 (2013)

 128. Shen, L.F., Yan, C., Luo, H., et al.: Facile synthesis of hierarchi-
cally porous  Li4Ti5O12 microspheres for high rate lithium ion 
batteries. J. Mater. Chem. 20, 6998–7004 (2010)

 129. Sorensen, E.M., Barry, S.J., Jung, H.K., et al.: Three-dimension-
ally ordered macroporous  Li4Ti5O12: effect of wall structure on 
electrochemical properties. Chem. Mater. 18, 482–489 (2006)

 130. Xu, W., Chen, X., Wang, W., et  al.: Simply  AlF3-treated 
 Li4Ti5O12 composite anode materials for stable and ultrahigh 
power lithium-ion batteries. J. Power Sources 236, 169–174 
(2013)

 131. Li, W., Li, X., Chen, M., et al.:  AlF3 modification to suppress 
the gas generation of  Li4Ti5O12 anode battery. Electrochim. Acta 
139, 104–110 (2014)

 132. Dambournet, D., Belharouak, I., Amine, K.: Tailored prepara-
tion methods of  TiO2anatase, rutile, brookite: mechanism of 
formation and electrochemical properties. Chem. Mater. 22, 
1173–1179 (2010)

 133. Dambournet, D., Chapman, K.W., Koudriachova, M.V., et al.: 
Combining the pair distribution function and computational 
methods to understand lithium insertion in brookite  (TiO2). 
Inorg. Chem. 50, 5855–5857 (2011)

 134. Amine, K., Belharouak, I., Chen, Z., et al.: Nanostructured anode 
material for high-power battery system in electric vehicles. Adv. 
Mater. 22, 3052–3057 (2010)

 135. Armstrong, A.R., Armstrong, G., Canales, J., et al.: Lithium-ion 
intercalation into  TiO2-B nanowires. Adv. Mater. 17, 862–865 
(2005)

 136. Obrovac, M.N., Chevrier, V.L.: Alloy negative electrodes for li-
ion batteries. Chem. Rev. 114, 11444–11502 (2014)

 137. Zhang, W.J.: A review of the electrochemical performance of 
alloy anodes for lithium-ion batteries. J. Power Sources 196, 
13–24 (2011)

 138. Simon, G.K., Goswami, T.: Improving anodes for lithium ion 
batteries. Metall. Mater. Trans. A 42a, 231–238 (2011)

 139. Huggins, R.A.: Lithium alloy negative electrodes. J. Power 
Sources 81, 13–19 (1999)

 140. Beaulieu, L.Y., Eberman, K.W., Turner, R.L., et al.: Colossal 
reversible volume changes in lithium alloys. Electrochem. Solid-
State Lett. 4, A137–A140 (2001)

 141. Ruffo, R., Hong, S.S., Chan, C.K., et al.: Impedance analysis of 
silicon nanowire lithium ion battery anodes. J. Phys. Chem. C 
113, 11390–11398 (2009)

 142. Chan, C.K., Ruffo, R., Hong, S.S., et al.: Surface chemistry and 
morphology of the solid electrolyte interphase on silicon nanow-
ire lithium-ion battery anodes. J. Power Sources 189, 1132–1140 
(2009)

 143. Chan, C.K., Peng, H., Liu, G., et al.: High-performance lithium 
battery anodes using silicon nanowires. Nat. Nanotechnol. 3, 
31–35 (2008)

 144. Ryu, I., Choi, J.W., Cui, Y., et al.: Size-dependent fracture of Si 
nanowire battery anodes. J. Mech. Phys. Solids 59, 1717–1730 
(2011)

 145. Hatchard, T.D., Dahn, J.R.: In situ XRD and electrochemical 
study of the reaction of lithium with amorphous silicon. J. Elec-
trochem. Soc. 151, A838–A842 (2004)

 146. Bang, B.M., Kim, H., Lee, J.P., et al.: Mass production of uni-
form-sized nanoporous silicon nanowire anodes via block copol-
ymer lithography. Energy Environ. Sci. 4, 3395–3399 (2011)

 147. Chen, X.L., Gerasopoulos, K., Guo, J., et al.: A patterned 3d sili-
con anode fabricated by electrodeposition on a virus-structured 
current collector. Adv. Funct. Mater. 21, 380–387 (2011)

Author's personal copy



 Electrochemical Energy Reviews

1 3

 148. Foll, H., Hartz, H., Ossei-Wusu, E., et al.: Si nanowire arrays as 
anodes in Li ion batteries. Phys. Status Solidi 4, 4–6 (2010)

 149. Peng, K.Q., Wang, X., Li, L., et  al.: Silicon nanowires for 
advanced energy conversion and storage. Nano Today 8, 75–97 
(2013)

 150. Chakrapani, V., Rusli, F., Filler, M.A., et al.: Silicon nanowire 
anode: improved battery life with capacity-limited cycling. J. 
Power Sources 205, 433–438 (2012)

 151. Du, N., Zhang, H., Fan, X., et al.: Large-scale synthesis of silicon 
arrays of nanowire on titanium substrate as high-performance 
anode of Li-ion batteries. J. Alloys Compd. 526, 53–58 (2012)

 152. Chockla, A.M., Harris, J.T., Akhavan, V.A., et  al.: Silicon 
nanowire fabric as a lithium ion battery electrode material. J. 
Am. Chem. Soc. 133, 20914–20921 (2011)

 153. Nguyen, H.T., Yao, H., Zamfir, M.R., et al.: Highly intercon-
nected Si nanowires for improved stability Li-ion battery anodes. 
Adv. Energy Mater. 1, 1154–1161 (2011)

 154. Cui, L.F., Ruffo, R., Chan, C.K., et al.: Crystalline-amorphous 
core–shell silicon nanowires for high capacity and high current 
battery electrodes. Nano Lett. 9, 491–495 (2009)

 155. Liao, H.W., Karki, K., Zhang, Y., et al.: Interfacial mechanics of 
carbon nanotube@ amorphous-si coaxial nanostructures. Adv. 
Mater. 23, 4318–4322 (2011)

 156. Wang, W., Kumta, P.N.: Nanostructured hybrid silicon/carbon 
nanotube heterostructures: reversible high-capacity lithium-ion 
anodes. ACS Nano 4, 2233–2241 (2010)

 157. Liu, W.R., Wu, N.L., Shieh, D.T., et al.: Synthesis and characteri-
zation of nanoporous NiSi–Si composite anode for lithium-ion 
batteries. J. Electrochem. Soc. 154, A97–A102 (2007)

 158. Yao, Y., Huo, K., Hu, L., et al.: Highly conductive, mechanically 
robust, and electrochemically inactive TiC/C nanofiber scaffold 
for high-performance silicon anode batteries. ACS Nano 5, 
8346–8351 (2011)

 159. Ma, H., Cheng, F., Chen, J.Y., et al.: Nest-like silicon nano-
spheres for high-capacity lithium storage. Adv. Mater. 19, 4067–
4070 (2007)

 160. Li, X., Gu, M., Hu, S., et al.: Mesoporous silicon sponge as an 
anti-pulverization structure for high-performance lithium-ion 
battery anodes. Nat. Commun. 5, 4105 (2014)

 161. Yao, Y., McDowell, M.T., Ryu, I., et al.: Interconnected silicon 
hollow nanospheres for lithium-ion battery anodes with long 
cycle life. Nano Lett. 11, 2949–2954 (2011)

 162. Wu, H., Chan, G., Choi, J.W., et al.: Stable cycling of double-
walled silicon nanotube battery anodes through solid-electrolyte 
interphase control. Nat. Nanotechnol. 7, 309–314 (2012)

 163. Luo, L.L., Zhao, P., Yang, H., et al.: Surface coating constraint 
induced self-discharging of silicon nanoparticles as anodes for 
lithium ion batteries. Nano Lett. 15, 7016–7022 (2015)

 164. Liu, N., Wu, H., McDowell, M.T., et al.: A yolk-shell design for 
stabilized and scalable li-ion battery alloy anodes. Nano Lett. 12, 
3315–3321 (2012)

 165. Liu, N., Lu, Z., Zhao, J.: A pomegranate-inspired nanoscale 
design for large-volume-change lithium battery anodes. Nat. 
Nanotechnol. 9, 187–192 (2014)

 166. Wu, H., Yu, G.H., Liu, N., et al.: Stable Li-ion battery anodes 
by in situ polymerization of conducting hydrogel to conformally 
coat silicon nanoparticles. Nat. Commun. 4, 1943 (2013)

 167. Wang, C., Wu, H., Chen, Z., et al.: Self-healing chemistry ena-
bles the stable operation of silicon microparticle anodes for high-
energy lithium-ion batteries. Nat. Chem. 5, 1042–1048 (2013)

 168. Yu, S.H., Lee, S.H., Lee, D.J., et al.: Conversion reaction-based 
oxide nanomaterials for lithium ion battery anodes. Small 16, 
2146–2172 (2015)

 169. Yuan, C.Z., Wu, H.B., Xie, Y., et al.: Mixed transition-metal 
oxides: design, synthesis, and energy-related applications. 
Angew. Chem. Int. Ed. 53, 1488–1504 (2014)

 170. Wang, F., Rober, R., Chernova, N.A., et al.: Conversion reaction 
mechanisms in lithium ion batteries: study of the binary metal 
fluoride electrodes. J. Am. Chem. Soc. 133, 18828–18836 (2011)

 171. Li, L.S., Meng, F., Jin, S.: High-capacity lithium-ion battery con-
version cathodes based on iron fluoride nanowires and insights 
into the conversion mechanism. Nano Lett. 12, 6030–6037 
(2012)

 172. Yu, D.Y.W., Hoster, H.E., Batabyal, S.K.: Bulk antimony sulfide 
with excellent cycle stability as next-generation anode for lith-
ium-ion batteries. Sci. Rep. 4, 4562 (2014)

 173. Reddy, M.V., Subba Rao, G.V., Chowdari, B.V.R.: Metal oxides 
and oxysalts as anode materials for Li ion batteries. Chem. Rev. 
113, 5364–5457 (2013)

 174. Mukherjee, R., Krishnan, R., Lu, T.M., et al.: Nanostructured 
electrodes for high-power lithium ion batteries. Nano Energy 1, 
518–533 (2012)

 175. Taberna, L., Mitra, S., Poizot, P., et al.: High rate capabilities 
 Fe3O4-based Cu nano-architectured electrodes for lithium-ion 
battery applications. Nat. Mater. 5, 567–573 (2006)

 176. Zhang, H., Zhou, L., Noonan, O., et al.: Tailoring the void size 
of iron oxide@carbon yolk–shell structure for optimized lithium 
storage. Adv. Funct. Mater. 24, 4337–4342 (2014)

 177. Xu, W., Wang, J., Ding, F., et al.: Lithium metal anodes for 
rechargeable batteries. Energy Environ. Sci. 7, 513–537 (2014)

 178. Aurbach, D., Zinigrad, E., Cohen, Y., et al.: A short review of 
failure mechanisms of lithium metal and lithiated graphite anodes 
in liquid electrolyte solutions. Solid State Ion 148, 405–416 
(2002)

 179. Huang, J.Y., Zhong, L., Wang, C.M., et al.: In situ observation 
of the electrochemical lithiation of a single  SnO2 nanowire elec-
trode. Science 330, 1515–1520 (2010)

 180. Harry, K.J., Hallinan, D.T., Parkinson, D.Y., et al.: Detection 
of subsurface structures underneath dendrites formed on cycled 
lithium metal electrodes. Nat. Mater. 13, 69–73 (2014)

 181. Bhattacharyya, R., Key, B., Chen, H., et al.: In situ NMR obser-
vation of the formation of metallic lithium microstructures in 
lithium batteries. Nat. Mater. 9, 504–510 (2010)

 182. Qian, J., Henderson, W.A., Xu, W., et al.: High rate and stable 
cycling of lithium metal anode. Nat. Commun. 6, 6362 (2015)

 183. Ding, F., Xu, W., Graff, G.L., et al.: Dendrite-free lithium depo-
sition via self-healing electrostatic shield mechanism. J. Am. 
Chem. Soc. 135, 4450–4456 (2013)

 184. Li, W.Y., Yao, H.B., Yan, K., et al.: The synergetic effect of 
lithium polysulfide and lithium nitrate to prevent lithium dendrite 
growth. Nat. Commun. 6, 7436 (2015)

 185. Kamaya, N., Homma, K., Yamakawa, Y., et al.: A lithium supe-
rionic conductor. Nat. Mater. 10, 682–686 (2011)

 186. Murugan, R., Thangadurai, V., Weppner, W.: Fast lithium ion 
conduction in garnet-type  Li7La3Zr2O12. Angew. Chem. Int. Ed. 
46, 7778–7781 (2007)

 187. Zheng, G., Lee, S.W., Liang, Z., et al.: Interconnected hollow 
carbon nanospheres for stable lithium metal anodes. Nat. Nano-
technol. 9, 618–623 (2014)

Author's personal copy



Electrochemical Energy Reviews 

1 3

 188. Yan, K., Lee, H.W., Gao, T., et al.: Ultrathin two-dimensional 
atomic crystals as stable interfacial layer for improvement of 
lithium metal anode. Nano Lett. 14, 6016–6022 (2014)

 189. Kozen, A.C., Lin, C.F., Pearse, A.J., et al.: Next-generation lith-
ium metal anode engineering via atomic layer deposition. ACS 
Nano 9, 5884–5892 (2015)

Dr. Jun Lu is a chemist at Argonne 
National  Laboratory.  His 
research interests focus on elec-
trochemical energy storage and 
conversion technology, with 
main focus on beyond Li-ion bat-
tery technology. Dr. Lu earned 
his bachelor degree in Chemistry 
Physics from University of Sci-
ence and Technology of China 
(USTC) in 2000. He completed 
his Ph.D. from the Department 
of Metallurgical Engineering at 
University of Utah in 2009. He 
was awarded the first DOE-
EERE postdoctoral fellow under 

Vehicles Technology Program from 2011 to 2013. Dr. Lu has authored/
co-authored more than 230 peer-reviewed research articles and has filed 
over dozen patents and patent applications.

Zhongwei Chen is Canada 
Research Chair Professor in 
Advanced Materials for Clean 
Energy at University of Water-
loo, Waterloo, Canada. He is 
also the Director of Collabora-
tive Graduate Program in Nano-
technology at University of 
Waterloo. He received his Ph.D. 
(2008) in Chemical and Environ-
mental Engineering from Uni-
versity of California Riverside. 
His expertise is advanced energy 
materials for zinc–air/lithium-
ion/lithium–sulfur batteries and 
fuel cells.

Prof. Feng Pan, National 1000-
plan Professor, Founding Dean 
of School of Advanced Materi-
als, Peking University Shenzhen 
Graduate School, Director of 
National Center of Electric Vehi-
cle Power Battery and Materials 
for International Research, got 
B.S. from Dept. Chemistry, 
Peking University in1985 and 
PhD from Dept. of P&A Chem-
istry, University of Strathclyde, 
Glasgow, UK, with “Patrick D. 
Ritchie Prize” for the best Ph.D. 
in 1994. With more than a dec-

ade experience in large international incorporations, Prof. Pan has been 
engaged in fundamental research and product development of novel 
optoelectronic and energy storage materials and devices. As Chief Sci-
entist, Prof. Pan led 8 entities in Shenzhen to win the 150 million RMB 
grant for the national new energy vehicles (power battery) innovation 
project from 2013 to end of 2015. As Chief Scientist, Prof. Pan led 12 

entities to win National Key project of Material Genomic Engineering 
for Solid State Li-ion Battery in China in 2016. 

Yi Cui is a Professor in the 
Department of Materials Science 
and Engineering at Stanford Uni-
versity. He received B.S. in 
Chemistry in 1998 at the Univer-
sity of Science and Technology 
of China (USTC), Ph.D in 2002 
at Harvard University. After that, 
he went on to work as a Miller 
Postdoctoral Fellow at Univer-
sity of California, Berkeley. In 
2005 he became an Assistant 
Professor in the Department of 
Materials Science and Engineer-
ing at Stanford University. He 

was promoted as a tenured Associate Professor in 2010 and Full Profes-
sor in 2016. His current research is on nanomaterials for energy stor-
age, photovotalics, topological insulators, biology and environment. 
He is a fellow of Materials Research Society and a fellow of Royal 
Society of Chemistry. He is an Associate Editor of Nano Letters. He is 
a Co-Director of the Bay Area Photovoltaics Consortium and a Co-
Director of Battery 500 Consortium. He is a highly proliferate materials 
scientist and has published ~ 390 research papers, filed more than 40 
patent applications and give ~ 330 plenary/keynote/invited talks. In 
2014, he was ranked NO.1 in Materials Science by Thomson Reuters. 
He has won numerous awards including Blavatnik National Laureate 
(2017), the Sloan Research Fellowship (2010) and KAUST Investigator 
Award (2008). He founded Amprius Inc. in 2008, a company to com-
mercialize the high-energy battery technology. In 2015, he and Profes-
sor Steve Chu co-founded 4C Air Inc., to commercialize their invented 
breakthrough technology to remove particle pollutants from the air.

Dr. Khalil Amine is a Distin-
guished Fellow and the Manager 
of the Advanced Battery Tech-
nology programs at Argonne 
National Laboratory, where he is 
responsible for directing the 
research and development of 
advanced materials and battery 
systems for HEV, PHEV, EV, 
satellite, military and medical 
applications. Dr. Amine cur-
rently serves a member of the 
U.S. National Research Consul 
on battery-related technologies. 
Among his many awards, Dr. 
Khalil is a 2003 recipient of Sci-

entific America’s Top Worldwide Research 50 Research Award, a 2009 
recipient of the US Federal Laboratory Award for Excellence in Tech-
nology Transfer and the five-time recipient of the R&D 100 Award, 
which is considered as the Oscar of technology and innovation. In 
addition, he was recently awarded the ECS Battery Technology Award 
and the International Battery Association Award. Dr. Amine holds or 
has filed over 130 patents and patent applications and has over 280 
publications. From 1998 to 2008, Dr. Amine was the most cited scien-
tist in the world in the field of battery technology.

Author's personal copy


	High-Performance Anode Materials for Rechargeable Lithium-Ion Batteries
	Abstract
	1 Introduction
	2 Overview of Anode Materials
	3 Intercalation Anode: Graphene
	4 Intercalation Anode: Li4Ti5O12 (LTO) and TiO2
	5 Alloying Anode: High-Capacity Si, Sn, P
	6 Conversion Anode: Transition Metal Oxide
	7 Lithium Metal Anode
	8 Concluding Remarks
	Acknowledgements 
	References




