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Introduction

Li- ion batteries, as one of the most advanced rechargeable 

batteries, are attracting much attention in the past few 

decades. They are currently the dominant mobile power 

sources for portable electronic devices, exclusively used 

in cell phones and laptop computers [1]. Li- ion batteries 

are considered the powerhouse for the personal digital 

electronic revolution starting from about two decades ago, 

roughly at the same time when Li- ion batteries were com-

mercialized. As one may has already noticed from his/

her daily life, the increasing functionality of mobile elec-

tronics always demand for better Li- ion batteries. For 

example, to charge the cell phone with increasing func-

tionalities less frequently as the current phone will improve 

quality of one’s life. Another important expanding market 

for Li- ion batteries is electric and hybrid vehicles, which 

require next- generation Li- ion batteries with not only high 

power, high capacity, high charging rate, long life, but 

also dramatically improved safety performance and low 

cost. In the USA, Obama administration has set a very 

ambitious goal to have one million plug- in hybrid vehicles 

on the road by 2015. There are similar plans around the 

word in promotion of electric and hybrid vehicles as well. 

The Foreign Policy magazine even published an article 

entitled “The great battery race” to highlight the worldwide 

interest in Li- ion batteries [2].

The demand for Li- ion batteries increases rapidly, 

 especially with the demand from electric- powered vehicles 

(Fig. 1). It is expected that nearly 100 GW hours of 

 Li- ion batteries are required to meet the needs from con-

sumer use and electric- powered vehicles with the later 

takes about 50% of Li- ion battery sale by 2018 [3]. 

Furthermore, Li- ion batteries will also be employed to 

buffer the intermittent and fluctuating green energy supply 

from renewable resources, such as solar and wind, to 

smooth the difference between energy supply and demand. 

For example, extra solar energy generated during the day 

time can be stored in Li- ion batteries that will supply 

energy at night when sun light is not available. Large- 

scale Li- ion batteries for grid application will require 

next- generation batteries to be produced at low cost. 
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Abstract

Li- ion batteries are the powerhouse for the digital electronic revolution in this 

modern mobile society, exclusively used in mobile phones and laptop comput-

ers. The success of commercial Li- ion batteries in the 1990s was not an overnight 

achievement, but a result of intensive research and contribution by many great 

scientists and engineers. Then much efforts have been put to further improve 

the performance of Li- ion batteries, achieved certain significant progress. To 

meet the increasing demand for energy storage, particularly from increasingly 

popular electric vehicles, intensified research is required to develop next- 

generation Li- ion batteries with dramatically improved performances, including 

improved specific energy and volumetric energy density, cyclability, charging 

rate, stability, and safety. There are still notable challenges in the development 

of next- generation Li- ion batteries. New battery concepts have to be further 

developed to go beyond Li- ion batteries in the future. In this tutorial review, 

the focus is to introduce the basic concepts, highlight the recent progress, and 

discuss the challenges regarding Li- ion batteries. Brief discussion on popularly 

studied “beyond Li- ion” batteries is also provided.

mailto:da.deng@wayne.edu


386 © 2015 The Author. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.

D. DengElectrochemical Energy Storage

Another important aspect of Li- ion batteries is related to 

battery safety. The recent fire on two Boeing 787 Dreamliner 

associated with Li- ion batteries once again highlights the 

critical importance of battery safety [4, 5]. This will trig-

ger another wave of extensive research and development 

to enhance safety of Li- ion batteries, beyond pursuing 

high- energy density. In this tutorial review, I will try not 

to have a comprehensive coverage due to the limited 

scope, but instead I will highlight the basics, progress, 

and challenges regarding Li- ion batteries.

Li- ion batteries are highly advanced as compared to 

other commercial rechargeable batteries, in terms of gravi-

metric and volumetric energy. Figure 2 compares the 

energy densities of different commercial rechargeable bat-

teries, which clearly shows the superiority of the Li- ion 

batteries as compared to other batteries [6]. Although 

lithium metal batteries have even higher theoretical energy 

densities than that of Li- ion batteries, their poor recharge-

ability and susceptibility to misuses leading to fire even 

explosion are known disadvantages. I anticipate that lithium 

metal batteries based on solid- state electrolytes with 

 enhanced safety will be commercialized in the next decade. 

Recently, lithium- air and lithium- sulfur batteries regain 

wide interest, although the concepts have been proposed 

for a while. Promising progress has been achieved regard-

ing Li- air and Li- sulfur batteries, but it may take another 

two decades to fully develop those technologies to achieve 

reliable performances that will be comparable to Li- ion 

batteries. It is expected that Li- ion batteries will still be 

dominant in rechargeable battery market, at least for the 

next decade, for advantages they offer. Li- ion batteries 

are design flexible. They can be formed into a wide variety 

of shapes and sizes, so as to efficiently fit the available 

space in the devices they power. Li- ion batteries do not 

suffer from the problem of memory effect, in contrast 

to Ni- Cd batteries. Li- ion batteries have voltages nearly 

three times the values of typical Ni- based batteries. The 

high single- cell voltage would reduce the number of cells 

required in a battery module or pack with a set output 

voltage and reduce the need for associated hardware, which 

can enhance reliability and weight savings of the battery 

module or pack due to parts reduction. The self- discharge 

rate is very low in Li- ion batteries – a typical figure is 

<5% per month which compares very favorably to 20–30% 

of Ni- based batteries.

Figure 1. Demand for Li- ion batteries in two decades. Reproduced with permission [3].

Figure 2. Comparison of energy densities and specific energy of 

different rechargeable batteries. Reproduced with permission [6].
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It would be interesting to briefly review the history on 

the development of Li- ion batteries. The first rechargeable 

Li- ion batteries with cathode of layered TiS2 and anode 

of metallic Li was reported by Whittingham while work-

ing at Exxon in 1976 [7]. Exxon subsequently tried to 

commercialize the Li- ion batteries, but was not successful 

due to the problems of Li dendrite formation and short 

circuit upon extensive cycling and safety concern [2]. Also 

in 1976, Besenhard proposed to reversibly intercalate Li+ 

ions into graphite and oxides as anodes and cathodes, 

respectively [8, 9]. In 1981, Goodenough first proposed 

to use layered LiCoO2 as high energy and high voltage 

cathode materials. Interestingly, layered LiCoO2 did not 

attract much attention initially [10]. In 1983, Goodenough 

also identified manganese spinel as a low- cost cathode 

materials [11]. However, the lack of safe anode materials 

limited the application of layered oxide cathode of LiMO2 

(M = Ni, Co) in Li- ion batteries. It was discovered by 

Besenhard [8], Yazami [12], and Basu [13] that graphite, 

also with layered structure, could be a good candidate 

to reversibly store Li by intercalation/deintercalation in 

late 1970s and early 1980s. In 1987, Yohsino et al. [14]. 

filed a patent and built a prototype cell using carbona-

ceous anode and discharged LiCoO2 as cathode (Fig. 3). 

Both carbon anode and LiCoO2 cathode are stable in air 

which is highly beneficial from the engineering and manu-

facturing perspectives. This battery design enabled the 

large- scale manufacturing of Li- ion batteries in the early 

1990s.

It should be highlighted that Yohsion also carried out 

first safety test on Li- ion batteries to demonstrate their 

enhanced safety features without ignition by dropping iron 

lump on the battery cells, in contrast to that of metallic 

lithium batteries which caused fire [3]. Yohsino’s success 

is widely considered the beginning of modern commercial 

Li- ion batteries. Eventually Sony, dominant maker of per-

sonal electronic devices such as Walkman at that time, 

commercialized Li- ion batteries in 1991. It was a tremen-

dous success and supported the revolution of personal 

mobile electronics. To acknowledge their pioneering con-

tribution to the development of Li- ion battery, 

Goodenough, Yazami, and Yoshino were awarded the 2012 

IEEE Medal for Environmental and Safety Technologies. 

Japan is still leading the share of global Li- ion battery 

market dominating 57% global market in 2010. In the 

past two decades, there is some notable progress in de-

velopment of Li- ion batteries, particularly the introduction 

of low- cost cathode of LiFePO4 by Goodenough in 1996 

and high capacity anode of C–Sn–Co by Sony in 2005. 

The recent development of high capacity anode based on 

nanostructured silicon (theoretical- specific capacity of 

4200 mAh/g) is also worthy to be highlighted [15–17]. 

In 1990s, Dahn and colleagues pioneered the exploration 

of composites of C/Si obtained from pyrolysis of silicon- 

containing polymers as promising candidate as anode 

materials for Li- ion batteries [18–21]. In 2008, Cui and 

colleagues [15] reported potential application of Si 

 nanowires for Li- ion batteries. Deng et al. [22–25] studied 

a number of tin- based negative electrode materials with 

different compositions and structures to achieve improved 

electrochemical performances. Deng et al. recently also 

studied iron and copper oxides based nanostructures that 

could be used as potential carbon alternatives with much 

higher capacity than that of graphite [26, 27]. There are 

a large number of excellent scientific papers published in 

the past few years, achieving impressive good progress. 

Future research should focus on full- cell evaluation and 

standardization of battery testing procedures.

Basics of Li- Ion Batteries

A Li- ion battery is constructed by connected basic Li- ion 

cells in parallel (to increase current), in series (to increase 

voltage) or combined configurations. Multiple battery cells 

can be integrated into a module. Multiple modules can 

be intergrade into a battery pack. For example, the 85 kWh 

battery pack in a typical Tesla car contains 7104 cells. 

Typically, a basic Li- ion cell consists of a cathode (positive 

electrode) and an anode (negative electrode) which are 

contacted by an electrolyte containing lithium ions. The 

Figure 3. Illustration of first full cell of Carbon/LiCoO2 coupled Li- ion 

battery patterned by Yohsino et al., with 1- positive electrode, 2- negative 

electrode, 3- current collecting rods, 4- SUS nets, 5- external electrode 

terminals, 6- case, 7- separator, 8- electrolyte. Reproduced with 

permission [14].
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electrodes are isolated from each other by a separator, 

typically microporous polymer membrane, which allows 

the exchange of lithium ions between the two electrodes 

but not electrons. In addition to liquid electrolyte, polymer, 

gel, and ceramic electrolyte have also been explored for 

applications in Li- ion batteries. Figure 4 illustrates the basic 

operating principle of a typical Li- ion battery cell. The 

basic design of Li- ion cells today is still the same as those 

cells Sony commercialized two decades age, although various 

kinds of electrode materials, electrolyte, and separators have 

been explored.

The commercial cells are typically assembled in dis-

charged state. The discharged cathode materials (e.g., 

LiCoO2, LiFePO4) and anode materials (e.g., carbon) are 

stable in atmosphere and can be easily handled in indus-

trial practices. Yohsino made a significant contribution 

to the commercial production of Li- ion batteries by using 

discharged electrode materials in full cells for the first 

time. During charging process, the two electrodes are 

connected externally to an external electrical supply. The 

electrons are forced to be released at the cathode and 

move externally to the anode. Simultaneously the lithium 

ions move in the same direction, but internally, from 

cathode to anode via the electrolyte. In this way the 

 external energy are electrochemically stored in the battery 

in the form of chemical energy in the anode and cathode 

materials with different chemical potentials. The opposite 

occurs during discharging process: electrons move from 

anode to the cathode through the external load to do 

the work and Li ions move from anode to the cathode 

in the electrolyte. This is also known as “shuttle chair” 

mechanism, where the Li ions shuttle between the anode 

and cathodes during charge and discharge cycles.

Electrochemical reactions at the two electrodes released 

the stored chemical energy [1]. The total Gibbs free energy 

change due to the electrochemical reactions on the two 

electrodes is determined by the electrode materials selected. 

Given the overall electrochemical reaction and charges 

transferred, one can estimate the theoretical cell voltage 

(∆E = −∆G/nF). The performance of Li- ion batteries can 

be evaluated by a number of parameters, such as specific 

energy, volumetric energy, specific capacity, cyclability, safety, 

abuse tolerance, and the dis/charging rate. Specific energy 

(Wh/kg) measures the amount of energy that can be stored 

and released per unit mass of the battery. It can be  obtained 

by multiplying the specific capacity (Ah/kg) with operating 

battery voltage (V). Specific capacity measures the amount 

of charge that can be reversibly stored per unit mass. It 

is closely related to number of electrons released from 

electrochemical reactions and the atomic weight of the host. 

Cyclability measures the reversibility of the Li- ion insertion 

and extraction processes, in terms of the number of charge 

and discharge cycles before the battery loses energy sig-

nificantly or can no longer sustain function of the device 

it powers. Practically, the cycle life of Li- ion batteries is 

affected by depth of discharge (DOD) and state of charge 

(SOC), as well as operating temperature, in addition to 

the battery chemistry. Cycle life is enhanced with shallow 

DOD cycles and less SOC swing, and avoiding elevated 

temperature. Li dendrite formation on graphite anode can 

occur at low- temperature charge which should be avoided. 

Safety requirement is very high for Li- ion batteries with 

multiple cells. Battery management systems (BMS) are typi-

cally employed in battery cells/packs/modules to prevent 

any possible thermal runaway. For example, in the case 

of battery cell failure inside a battery pack, the BMS could 

detect and isolate the particular cell.

Abuse tolerance is a critical requirement for practical 

 application of Li- ion batteries, especially in electric vehicles. 

Typically, mechanical, thermal, and electrical abuse evalu-

ations are carried out on prototypes to evaluate abuse 

tolerance of the batteries. The mechanical abuse evaluation 

includes mechanical shock and drop, roll- over, nail pen-

etration, and immersion in water tests. The thermal abuse 

evaluation includes radiant heat, thermal stability, overheat, 

and extreme cold tests. The electrical abuse evaluation 

includes short circuit, overcharge, over- discharge, and 

alternative current exposure tests. Those abuse tolerance 
Figure 4. Illustration to show the basic components and operation 

principle of a Li- ion cell. Reproduced with permission [1].
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tests are extremely important for their applications in 

electric vehicles, as electric vehicles are expected to com-

pete with existing internal combustion engineer- powered 

vehicles that run well in rough conditions. The rate of 

charge or discharge measures how fast the battery can 

be charged and discharged, typically called C- rate. At 1 

C, the battery is fully discharged releasing maximum 

 capacity in 1 h. Common Li- ion batteries with carbona-

ceous anodes used in personal mobile devices take 1–4 h 

to return to the fully charged state. Li- ion batteries used 

in electric vehicles may take even longer, for example, 

overnight, to get fully charged, although it could be quickly 

charged to certain low SOC at high current with special 

charging devices. One of the active research directions in 

Li- ion battery community is to increase the rate perfor-

mance so that the time consumed for charging a battery 

can be dramatically reduced, which is particularly crucial 

to the market acceptance of electric vehicles [28].

Theoretical capacity of active electrode materials can 

be estimated based on electrochemical reactions involved. 

For example, electrochemical reaction for the anode of 

graphite that can intercalate reversibly with lithium to 

form LiC6, the reaction is

(1)

The theoretical specific capacity (mAh/g) of anode 

graphite can be estimated as the following: 

where x is number of electrons transferred in reaction 

(1), F = 96485 C/mol is Faraday’s constant, n is number 

of moles of a chosen electroactive component that take 

place in the reaction, and M is the molecular weight of 

the same electroactive component.

The cathode reaction for LiCoO2, with 0.5 as the prac-

tical number of electrons transferred, is 

(2)

The theoretical specific capacity can be estimated 

similarly 

In practice, to evaluate specific capacity of a Li- ion 

battery cell, one not only has to take into consideration 

of the integration of cathode and anode materials but 

also other essential components, such as binders, conduc-

tive enhancers, separators, electrolyte, current collectors, 

case, tabs, as well as battery management systems (BMS). 

Therefore, the practical energy density is always less than 

that estimated based the battery chemistry.

Progress in Li- Ion Batteries

Since the commercialization of Li- ion batteries by Sony, 

Li- ion batteries have been attracting much attention world 

widely [6, 29–32]. The global production of Li- ion bat-

teries continuously increase in the past two decades, 

 especially with popularity of personal mobile electronics 

devices, such as mobile phones and personal computers, 

and electric vehicles. Although Li- ion batteries are highly 

successful commercially, there are still noticeable disad-

vantages. (1) The cost of Li- ion batteries based on per 

unit of energy stored ($/kWh) is still very high, although 

the price was decreasing over the past two decades. The 

Li- ion battery packs for electric vehicles could cost about 

$600/kWh, and it is anticipated that the cost could be 

reduced to about $200/kWh by 2020. In contrast, the 

average retail price of electricity to customers is about 

0.1 $/kWh in 2014 according to the U.S. Energy Information 

Administration. (2) The performances of Li- ion batteries 

degrade at high temperature. (3) At the same time, it 

may not be safe if rapidly charged at low temperature. 

Therefore, protective circuits are typically used avoid over-

charge and thermal runaway. However, the protective 

circuits could add weight burdens and decrease energy 

density of the whole batteries. (4) Another disadvantage 

is the possible venting and fire when crushed, which 

 requires critical safety enhancement. The recent accidents 

of fires in Li- ion battery packs upon crushed by metal 

objects in the promising Tesla Model S cars highlights 

the importance of battery safety. Therefore, active research 

is continuing in all aspects of batteries, from anode, cath-

ode, separator, electrolyte, safety, thermal control, packag-

ing, to cell construction and battery management. The 

electrode materials selected are critical to the performances 

of Li- ion batteries, as they generally determine cell volt-

age, capacity, and cyclability. There are a number of 

 potential alternative electrode materials to replace carbon- 

based anodes and LiCoO2- based cathodes (Fig. 5). 

Composite alloys, Si, Sn- based materials and 3d- metal 

oxides materials have relatively higher specific capacities 

than graphite. However, they suffer from severe volume 

expansion during the process of lithiation, which causes 

the fracture of original structure upon lithium extraction, 

leading to bad electrical contact between particles and 

current collectors and poor cycling performance. Li metal 

has the issue of dendrite formation and is not safe as 

anode, which explained the failed commercialization of 

the Exxon’s lithium ion batteries in the 70s. Given the 

high capacity of Li metal as anode, it should still be 

worthy for further exploration and research should focus 

on depressing the dendrite formation issues. In terms of 

cathode materials, a number of Co, Mn, Ni- based layered 

and spinel materials have been explored (mainly 

Li
+
+ e

−
+ C

6
↔ LiC

6

C
specific

= xF∕nM = 1×(96485 C/mol)∕6 ×(12 g/mol)

= 372 mAh/g

LiCoO
2
↔ 0.5Li

+
+ 0.5e

−
+ Li

0.5
CoO

2

C
specific

= xF∕nM = 0.5×(96485 C/mol)∕1 ×(98 g/mol)

= 137 mAh/g
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concentrated in the left upper corner of Fig. 5). Recently, 

much effort is shifted to polyanionic components, such 

as LiFePO4 and LiMnPO4. The main requirements for 

cathode materials are high free energy of reaction with 

lithium, incorporating large quantities of lithium and 

 insoluble in electrolytes. Although various promising elec-

trode materials have been proposed, the slow lithium ion 

diffusivity, poor electronic conductivity and high cost are 

limiting their practical applications.

To address those issues associated with alternative elec-

trode materials, recent efforts are to employ nanostructured 

materials for Li- ion batteries. It is generally believed that 

size and shape tunable properties of those lithium- active 

materials at nanoscale can offer additional parameters for 

further optimization of their electrochemical performances 

[29–31, 33]. The fascinating size- shape- related properties 

of nanomaterials bring new opportunities for a potential 

breakthrough in the development of next- generation  Li- ion 

materials. Nanostructured electrode materials can offer 

various advantages not available in conventional bulk 

materials, and are believed to be the material- of- choice 

for the next- generation Li- ion batteries [1, 34–46]. 

However, nanomaterials bring along with new problems 

as will be discussed. In this tutorial review, I will try to 

provide an introduction on four aspects of Li- ion bat-

teries, including cathode materials, anode materials, elec-

trolyte, and separators, with emphasized on the progress 

achieved and challenges faced in those areas. Battery 

management and monitoring and optimization and cell 

integration are out of the scope of this review.

Cathode materials

There are a number of candidates that have been explored 

as cathode materials for Li- ion batteries. The cathode 

materials can be categorized based on voltage versus lithium. 

Typically: 2- Volt cathode materials are TiS2 and MoS2 with 

2- D layered structure; 3- Volt cathode materials are MnO2 

and V2O5; 4- Volt cathode materials are LiCoO2, LiNiO2 with 

2- D layered structure and 3- D spinel LiMn2O4 and olivine 

LiFePO4; 5- Volt cathode materials are olivine LiMnPO4, 

LiCoPO4, and Li2MxMn4−xO8 (M = Fe, Co) spinel 3- D 

structure. Generally, high cathode voltage is  desirable as 

energy stored is proportional to the cell operating voltage. 

However, electrolyte stability has to be taken into considera-

tion in selecting high voltage cathode materials.

Currently LiCoO2 and LiFePO4 are most widely used 

in commercial Li- ion batteries because of their good cycle 

life (>500 cycles). LiCoO2 can be easily manufactured in 

large scale and is stable in air. Its practical capacity is 

~140 mAh/g and the theoretical capacity is 274 mAh/g 

upon full charge. In addition to its low practical capacity, 

other noticeable disadvantages of the LiCoO2 are their high 

material cost and the toxicity of cobalt. On the other hand, 

LiFePO4- based cathode materials are attracting much 

 attention in the past decade due to its low cost and low 

environmental impact. Compared to LiCoO2, LiFePO4 also 

offers a number of advantages, such as stability, excellent 

cycle life, and temperature tolerance (−20 to 70°C). However, 

LiFePO4 has a problem of poor electronic and ionic con-

ductivity at 10−10 S/cm and 10−8 cm2/sec, respectively, as 

well as relatively low capacity [47]. The other issue is one- 

dimensional channels for lithium ion diffusion which can 

easily be blocked by defects and impurities. Modeling and 

calculation reveal that the lowest Lithium ion migration 

energy is in the channels along [010] direction (Fig. 6) 

[48]. It also suggests that diffusion constant depends on 

particle size with diffusion in bulk being much slower than 

in nanoscale. Therefore, LiFePO4 in nanoscale have been 

explored for and employed in Li- ion batteries.

Figure 5. Voltage versus capacity for positive-  and negative electrode materials presently used or under considerations for the next- generation of 

Li- ion batteries. Reproduced with permission [6].
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To enhance electronic and ionic conductivity of LiFePO4, 

two common strategies are developed, namely doping by 

ions and coating by carbon [47, 49]. Chiang et al. reported 

that electronic conductivity of LiFePO4 can be increased 

by a factor of 108 by cation doping (Fig. 7). The doped 

LiFePO4 of stoichiometry Li1−xMxFePO4 (M = Mg, Ti, Zr, 

Nb) could provide significant capacity with little polariza-

tion at rates as high as 6 A/g [47]. It was revealed by 

Figure 6. (A) Crystal structure of LiFePO4 illustrating 1D Li+ diffusion channels along the [010] direction; (B) Illustration of Li+ diffusion impeded by 

immobile points defects in the channels. Reproduced with permission [48].

Figure 7. Electrical conductivity compared at different temperature with different cation doping for olivines of stoichiometry Li1-xMxFePO4. versus 

undoped LiFePO4. Reproduced with permission [47].
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structural and electrochemical analysis that doping could 

reduce the lithium miscibility gap, increase phase transfor-

mation kinetics during cycling, and expand Li diffusion 

channels in the structure [49]. Combined doping and na-

noscale size, it was possible to produce high power Li- ion 

batteries based on LiFePO4. In fact, the start- up company 

A123 adopted the doping strategy to employ LiFePO4 as 

cathode materials for making advanced Li- ion batteries with 

high power and was very successful initially and quickly 

established multiple manufacturing plants globally.

Recently, Kang and colleagues [50] reported that 

 nanocrystalline LiFe1−xSnxPO4 (0 ≤ x ≤ 0.07) could be 

synthesized using Sn as dopant via an inorganic- based 

sol–gel method (Fig. 8). They noticed that under the 

synergetic effects between the charge compensation and 

the crystal distortion, the electrical conductivity first 

 increases and then decreases with the increasing amount 

of Sn doping when tested at various rates. Their study 

suggested that a doping amount of about 3 mol% deliv-

ered the highest capacities at all rates attributed to the 

high electrical conductivity and the fast lithium ion dif-

fusion velocity. It would be interesting to further under-

stand the mechanism of change in specific capacity as a 

function of amount of Sn doped in LiFePO4, and why 

the 3 mol% is the optimized value.

Improved rate performance of LiFePO4 by Fe- site dop-

ing was observed [51]. When evaluated at 10 C rate, the 

capacity of LiFe0.9M0.1PO4 for (M = Ni, Co, Mg) could 

be maintained at 80–90 mAh/g with 95% capacity reten-

tion after 100 cycles. Without doping, only 70% capacity 

can be retained. The improved rate performance and 

cyclability were attributed to the enhanced conductivity 

and good mobility of Li+ ions in the doped electrode. 

In addition to Fe- site doping, Ceder reported an interest-

ing strategy by designing LiFePO4 off- stoichiometry (e.g., 

LiFe1−2yP1−yO4−δ) as cathode materials to achieve high 

lithium bulk mobility [28]. The procedure for materials 

preparation was impressively simple, suggesting the process 

could be easily carried out in manufacturing process. 

Precursors of Li2CO3, FeC2O4.2H2O and NH4H2PO4 in 

calculated amounts were ball- milled and heated to 350°C 

for 10 h and then heated at 600°C for 10 h under argon. 

The as- prepared nanoparticles are about 50 nm in size 

with poorly crystallized layer <5 nm thick (Fig. 9C). This 

two- stage heating was believed to provide the right condi-

tions for construction of a fast ion- conducting surface 

phase of glassy lithium phosphate containing Fe3+. The 

exceptionally high- rate performance (Fig. 9A and B) was 

attributed to the combination of nanoparticles with small 

size and the optimal coating with good lithium ion con-

ductivity. It was estimated that a full battery discharge 

in 10–20 sec could be achieved. The very high- rate tests 

were carried out with 65 wt% carbon as conductive 

 enhancer [28]. On the other hand, the ultrafast charging 

rate could require extremely high current up to 900 A 

for practically application, which is not recommended for 

safety consideration [52]. Similar to other fast charging 

batteries, more work is still needed to be done on  addressing 

the issues of safety and heat generation.

In addition to doping, the other strategy of coating 

LiFePO4 with carbon has also been demonstrated to 

 improve electrochemical performance of LiFePO4 as cath-

ode for Li- ion batteries [53]. In fact, by a very simple 

procedure of dispersion of LiFePO4 nanoparticles in a 

nanoporous carbon matrix, Guo and colleagues [54] dem-

onstrated that LiFePO4- based cathode could achieve both 

high power and high energy. The improved electrochemical 

performance could be attributed to the presence of con-

ducting 3D nanonetwork in carbon matrix which enhances 

both Li ions and electrons to migrate and reach each 

LiFePO4 particle achieving full utilization of the active 

materials. The nanoporous carbon matrix could serve as 

an electrolyte container for high- rate operation and be 

employed to support other active materials as well (Fig. 10) 

Figure 8. (A) The TEM image for the LiFe1−xSnxPO4 (0 < x ≤ 0.07) nanoparticles and the inset shows the high- resolution TEM image. (B) The capability 

of the LiFe1−xSnxPO4 (0 ≤ x ≤ 0.07) samples as a function of the doping amount of tin and current rate (C- rate). Reproduced with permission [50].

(A) (B)
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[54]. It also interesting to note that the preparation pro-

cedure using sol–gel method followed by a solid- state 

reaction is very simple and can be used for industrial 

scale production in the future.

Amine et al. explored the coating of LiFePO4 with carbon 

by vapor deposition process to improve the rate perfor-

mance in Li- ion batteries. The carbon coating was achieved 

by decomposition of propylene balanced with N2 in a 

preheated furnace at 700°C containing the olivine material 

[55]. The coating process is considered a low- cost coating 

technique, which could be suitable for mass production. 

Interestingly, few monolayers of carbon film formed on 

the surface of olivine particles and the carbon also was 

deposited inside the pores of the particles. With just 3.4 

wt% carbon, impressive cycling performance over 70 cycles 

could be achieved with no capacity fade at either room 

temperature or at 37°C (Fig. 11). It is particularly interest-

ing to note that, without addition of carbon black as the 

conductivity enhancer typically for LiFePO4, they could 

achieve specific capacity of 140 and 150 mAh/g when tested 

at room temperature and at 37°C, respectively. The  improved 

performance was attributed to the network of carbon film 

on the surface of the olivine as well as the in the pores 

of the particles. The presence of carbon film dramatically 

Figure 9. (A) Discharge rate capability and (B) capacity retention for LiFe0.9P0.95O4−δ prepared by heating at 600°C under argon; (C) SEM (upper) and 

TEM (lower) images showing a particle size of ~50 nm and a poorly crystallized layer less than 5 nm thick on the edge of a particle, respectively. 

Reproduced with permission [28].

(A)

(B)

(C)

Figure 10. (A) First 15 cycles of galvanostatic charge/discharge profiles tested at a rate of C/9 of the composite of LiFePO4 nanoparticles in a 

nanoporous carbon matrix; (B) Schematic illustration of the LiFePO4@nanoporous carbon matrix for Li storage. Reproduced with permission [54].

(A) (B)
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improved the overall conductivity of the electrodes. It is 

believed the C- LiFePO4 could be very promising to replace 

those toxic transition metal oxide- based cathodes.

In addition to carbon coating, other conductivity en-

hancers have been explored to improve the conductivity 

of LiFePO4 as well. Chung and colleagues [56] explored 

the preparation of LiFePO4 thin films with uniformly dis-

persed highly conductive silver to improve the conductivity 

of LiFePO4 (Fig. 12). With a small fraction of dispersed 

silver at only 1.37 wt%, a superior electrochemical per-

formance in terms of specific capacity, cyclability, and high 

charge–discharge rate has been achieved. The preparation 

procedure for making this uniformly dispersed silver in 

LiFePO4 thin films was remarkably simple. Pulsed laser 

deposition was employed to deposit LiFePO4- Ag on a Si/

SiO2/Ti/Pt substrate using 248 nm laser beam with the 

substrate kept at 600°C. The conductivity of the  as- prepared 

LiFePO4- Ag thin film is 1.29 × 10−3 S/cm, which is dra-

matically higher than that of bare LiFePO4 film at 

0.25 × 10−9 S/cm. The improved conductivity helped to 

achieve impressive electrochemical performances in terms 

of specific capacity, cyclability, and charging rate [56]. The 

thin film- based active materials deposited on Si substrate 

suggest that the Li- ion batteries eventually developed will 

Figure 11. (A) The charge/discharge profiles of the carbon- coated olivine LiFePO4; (B) Cycling performance of the carbon- coated olivine tested at 

room temperature and 37°C over 80 cycles of charge and discharge. Reproduced with permission [55].

(A) (B)

Figure 12. Planar view SEM images of the as- deposited LiFePO4–Ag thin film at (A) low and (B) high magnifications. (C) Cross- sectional SEM image 

of the typical LiFePO4- Ag film deposited on coated substrate. (D) Cross- sectional SEM image of the thick LiFePO4–Ag thin film (1.4 µm) with a PLD 

deposition time of 4 h showing the film delaminated from substrate due to large stress of the thick film on the substrate. Reproduced with 

permission [56].

(A) (B)

(C) (D)
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be for certain niche applications, such as microscale bat-

teries, but not for mobile electronics or electric vehicles. 

On the other hand, thin film analysis is always helpful to 

reveal certain fundamental electrochemical mechanisms. 

The understanding and results obtained can be used to 

design better cathode materials beyond thin films.

Although LiFePO4 has been demonstrated to show huge 

potential to replace traditional LiCoO2 as safe cathode 

materials in Li- ion batteries, there are still challenges. The 

relatively moderate specific capacity or energy (by mass) 

of LiFePO4 associated with its chemistry does not provide 

much space for further improvement. On the other hand, 

its rate performance or power can be further increased by 

the introduction of nanoscale structures. However, the in-

troduction of nanoscale LiFePO4 has two issues, namely 

the low volumetric density of the nanomaterials and the 

difficulty in preparation of nanoscale LiFePO4 at low cost. 

The low packing density issue of nanoscale LiFePO4 makes 

it difficult to produce batteries with high- energy density 

(by volume). Given that the interfacial behavior between 

LiFePO4 with electrolyte plays critical roles in electrochemi-

cal performance, which is even more critical at nanoscale, 

it is crucial to gain better in- depth understanding of the 

 interfacial phenomena involved. In situ investigation to 

monitor the interface during charge–discharge process may 

reveal the fundamental mechanisms involved in the inter-

facial electrochemical reactions. This kind of understanding 

will help to design better coating for LiFePO4, and achieve 

better rate and cycling performance. Further study to  address 

those challenges will enhance their electrochemical perfor-

mance and generate big impact on energy storage.

Additional to layered compounds LiMO2 (e.g., LiCoO2) 

and olivine compounds LiMPO4 (M = Fe, Mn, Ni, Co 

or combinations, e.g., LiMn1-xFexPO4) discussed above, 

5- Volt cathode materials of olivine LiMnPO4, LiCoPO4, 

and spinel Li2MxMn4−xO8 (M = Fe, Co, Ni) are also 

being actively pursued. High voltage cathode materials 

could help to increase the energy density but demand 

for alternative stable electrolyte instead of conventional 

electrolyte. Another family of emerging polyanionic cathode 

is Li2MSiO4, (M = Mn, Fe, Co, Ni, e.g., Li2MnSiO4), 

which could offer much high capacity of 330 mAh/g. The 

 obstacles to adopt those high- capacity Li2MSiO4 (Fig. 13) 

are their poor electronic conductivity, poor rate capability 

and fast capacity fading upon cycling [58].

Another notable progress was made recently by a team 

from the Argonne National Laboratory based on innova-

tively designed layered lithium nickel cobalt  manganese 

oxide (with average composition of Li[Ni0.68Co0.18Mn0.18]

O2) microparticles [59]. The cathode materials is unique 

in the way that the microparticles have concentration gra-

dient, where the core is rich in Ni, and the outer layer 

is rich in Mn with decreasing Ni concentration and 

increasing Mn and Co concentrations at the surface 

(Fig. 14). The bulk core of Ni- rich cathode provides high 

capacity. The concentration- gradient outer layer and the 

surface improve the thermal stability. The cathode materials 

demonstrated impressive high reversible capacity of 209 

mAh/g and good safety characteristics. It should be noted 

that the materials preparation procedure based on copre-

cipitation in aqueous solution followed by calcination at 

780°C is very simple and scalable, which is suitable for 

industrial scale production. This high- capacity 

concentration- gradient cathode material is promising to 

be produced on a large scale and used in next- generation 

commercialized Li- ion batteries. NCM cathodes are expected 

to play increasing roles in commercial Li- ion batteries.

Anode materials

Anode materials are extensively investigated and there is 

a bigger pool of candidates and materials. The electrochemi-

cal performances, including cyclability, charging rate, and 

energy density, of Li- ion batteries are significantly affected 

by anode materials selected. Since the first commercializa-

tion of carbonaceous anodes, carbon is still dominant in 

commercial Li- ion batteries today. Graphitic carbon with 

Figure 13. The crystal structure of (A) a typical form of Li2MnSiO4 

(Pmnb) and (B) the hypothetical structure of the fully delithiated MnSiO4 

with SiO4 shown in blue, LiO4 in green, and MnO4 in purple. Reproduced 

with permission [57].

(A)
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layered structure can facilitate the movement of lithium 

ions in and out of its lattice space with minimum irrevers-

ibly, resulting in an excellent cyclability [60]. However, the 

carbon anodes are soon approaching their theoretical maxi-

mum capacity of 372 mAh/g over the past two decades 

of development. Carbon alternatives with high- energy density 

and enhanced safety are required to meet the demands 

for increases in energy and power densities, especially to 

meet the demands from electric vehicles [61]. Fuji Film 

introduced tin composite oxide (TCO) as a carbon alterna-

tive in 1997 but was not very successful due to the poor 

cycling performance [62]. Sony Cooperation announced 

new- generation Li- ion batteries with the trade name of 

Nexelion in 2005. The anode of Nexelion is based on a 

carbon–tin–transition- metal composite (e.g., Sn–Co–C), and 

the compound is mainly amorphous or microcrystalline 

aggregates. Those efforts have rekindled another wave of 

interest in anode materials for Li- ion batteries [63].

Besides Sn, many other elements that are known to 

alloy with lithium, including silicon, are good candidates 

to  replace carbon for lithium storage. These elements 

could alloy and de- alloy with lithium electrochemically 

at room temperature. However, the alloying/dealloying 

process during charging/discharging is accompanied by 

substantial variations in the specific volume of the mate-

rial. The induced huge mechanical stress could lead to 

the destruction of the crystal structures and disintegrate 

the active materials and current collectors within a few 

cycles, or the so- called “pulverization” issue. The resulting 

poor cyclability has significantly limited their usability in 

practical situations. The engineering approach to solve 

the poor cyclability problem is to introduce composites. 

In such a composite material, one component (usually 

carbon) functions as a stress absorber whereas the other 

(such as silicon or tin) provides the boost in capacity. 

Through this approach a composite with capacity higher 

than carbon and cyclability better than Sn or Si can be 

achieved. A number of combinations involving carbon 

have been explored, among them Si/C [64] and SnO2/C 

[65] have attracted much interest.

Carbons that are capable of reversible lithium ion stor-

age can be classified as graphitic and nongraphitic (dis-

ordered) carbon. Graphitic carbons have a layered 

structure. Natural graphite, synthetic graphite, and 

Figure 14. SEM images of (A) the precursor hydroxide obtained by coprecipitation, and (B) the final concentration- gradient lithiated NCM oxide; 

(C) and (D) are the corresponding electro- probe X- ray microanalysis line scans for (A) and (B), respectively. Reproduced with permission [59].
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pyrolytic graphite which consist of aggregates of graphite 

crystallites are commonly named graphite as well. The 

lithium insertion into graphite follows a stepwise occupa-

tion of the graphene interlayers at low concentrations of 

the lithium ions, known as stage formation [30]. Disordered 

carbons consist of carbon atoms that are arranged in a 

planar hexagonal network without an extended long- range 

order. There are amorphous domains cross- linking the 

crystalline graphitic flakes. Disordered carbon normally 

demonstrate high- specific capacity (x > 1 in LixC6), but 

with issues of huge first- cycle irreversible capacity loss 

and capacity fading [66].

The excess charge consumed in the first cycle is gener-

ally attributed to the formation of a passivating solid- 

electrolyte interphase (SEI) on the carbon surface [30]. 

The SEI is caused by electrolyte decomposition at low 

potentials on fresh carbon surfaces. A poorly formed SEI 

would continue to grow with time, leading to the increase 

in cell internal resistance and preventing full reversibility 

of lithium ion insertion into carbon. Subsequently the 

energy density of the cell decreases with the number of 

charging cycles. It is also known that some organic sol-

vents would promote the insertion of lithium ions together 

with the solvent molecules. The solvated intercalation is 

accompanied by extreme expansion of the graphite matrix 

(~150%), which gradually deconstructs the graphite struc-

ture resulting in reduced charge storage capability [30]. 

The disordered carbons are normally synthesized by heat 

treatment of various carbon precursors under inert 

 atmosphere. Recently, much effort is focused on disordered 

carbon, although the exact mechanism by which the high- 

specific capacity is achieved has not been fully understood 

[67–69]. Other carbon- based materials that have been 

extensively studied are buckminsterfullerene, carbon 

Figure 15. A family of carbon- based materials with different structure: (A) graphite with a stack of graphene layers, (B) diamond with carbon atoms 

arranged in a FCC structure, (C) buckminsterfullerene (C60) with consisting of graphene balled into a sphere, (D) carbon nanotube with rolled- up 

cylinder of graphene, and (E) graphene of a single layer carbon, (F) the schematic of lithium intercalation and deintercalation between graphene layers 

in graphite. (A–E) were reproduced with permission [74].
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 nanotubes, and graphane (Fig. 15). Carbon nanotubes, 

in particular, can be a good lithium host on grounds of 

their excellent electronic conductivity and other properties 

associated with their linear dimensionality [70, 71]. 

However, current interest is focused on CNT-  and graphene- 

based composites instead of pristine CNTs or graphene 

to achieve much higher capacity than that of pristine 

carbon [72, 73].

Another family of anode materials with high capacity 

is metal oxides, which have been widely studied since the 

first report by Tarascon’s group [31]. Although metal oxides 

are generally poor in conductivity, properly tailored metal 

oxides at nanoscale have demonstrated promising charac-

teristics. The reaction mechanism of lithiation and delithi-

ation in metal oxides can be generally classified into three 

main types (Fig. 16): (1) the insertion/extraction, (2) the 

alloying/dealloying, and (3) the conversion mechanisms. 

The first mechanism is observed in different kinds of anode 

materials, including anatase TiO2 [75]. In fact, most of 

cathode materials with layered or spinel structures also 

follow the insertion- extraction mechanism as discussed 

previously. Alloy reaction exists in some main- group ele-

ments, including Si, Sb, Ge, Bi and Sn, which can alloy 

with lithium forming LixM providing high- specific capacity. 

However, the lithium alloying and dealloying processes 

are typically associated with huge volumetric expansion 

(as high as 300%) and shrinkage, or pulverization, leading 

to capacity fading upon cycling. The third mechanism of 

conversion is typically observed in transition metal oxides 

(MxOy, M = Mn, Fe, Co, Ni, Cu, etc.). Those conversion- 

type materials have relatively high theoretical capacities 

for they can incorporate more than one Li per metal. 

Metal grains and Li2O will form during the process of 

lithiation. In many cases, the metals can reversibly alloy 

with lithium. Metal oxides also have the issue of pulveri-

zation, huge first- cycle irreversible capacity loss, as well 

as poor conductivity. To overcome those problems, much 

effort is focused on the preparation of nanoscale metal 

oxides and MxOy/carbon composites.

The electrochemical reactions of three types of reaction 

are listed.

1. Insertion/extraction mechanism: 

2. Li-alloy reaction mechanism: 

3. Conversion reaction mechanism: 

TiO2- based anode materials have been extensively explored, 

although its practical capacity is not comparable to that 

of carbon anodes. In contrast to carbon where the 

MOx + yLi+ + ye− ↔ LiyMOx
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Figure 16. Schematic of different mechanisms of reversible lithium ion storage in metal oxides. The illustrate was drawn based on literature [76].
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insertion of lithium into carbon takes place at a low volt-

age close to 0 V versus Li/Li+ couple, the Li- ion insertion 

into TiO2 is at about ~1.5 to 1.8 V versus Li/Li+ couple. 

The electrochemical characteristics suggest that the 

 potential risk of metal lithium deposition and dendrite 

formation, battery short circuit and thermal runaway in 

carbon- based batteries can be avoided if TiO2 is used. 

Additionally, no surface electrolyte interphase (SEI) could 

form on TiO2 in the potential window. In contrast, SEI 

formation on carbon causes the first- cycle irreversible 

capacity loss issue which would demand for additional 

supply of expensive cathode materials. Therefore, TiO2- 

based anodes can find some niche applications where 

safety is the number one priority, for example, in aviation 

and aerospace applications. Among the four different phases 

of TiO2, namely anatase, rutile, brookite and TiO2(B), 

anatase TiO2 is the most attracting one with theoretical 

specific capacity of 168 mAh/g based on the following 

electrochemical Li insertion- extraction reactions: 

TiO2 + x(Li+ + e−) → LixTiO2 where x = 0.5 for anatase 

TiO2.

A facile gram- scale preparation of anatase TiO2 high- 

order structures with subunits of tunable nanoparticle 

aggregates from one precursor for Li- ion batteries has 

been reported [75]. The nanoparticles were formed by 

basic building units aggregated controlled by calcination 

temperature (Fig. 17). Interestingly, the size of the basic 

building units of TiO2 nanoparticles can significantly af-

fect their electrochemical characteristics. When the crystal-

lite size was at 17 nm, the anatase TiO2 aggregates achieved 

an impressive high capacity 170 mAh/g, which is close 

to the theoretical value of 168 mAh/g. When charged at 

higher currents, good capacity retention was achieved 

indicating good rate performance. After 120 cycles, a 

 reversible capacity of 160 mAh/g was still achieved at 

rate of ~C/3. However, when the crystallite size was at 

33 nm, the amount of lithium insertion and extraction 

is very small. Electrochemical analysis revealed that the 

storage capacity was mainly in the form of pseudocapac-

ity. Therefore, in the preparation of nanoparticles for 

Li- ion batteries, one has to control basic crystallite size 

to optimize their electrochemical performances.

Recently, much research focus of anode materials has 

been shifted to silicon- based anode. Silicon has the high 

theoretical capacity of 4200 mAh/g (lithiated to Li4.4Si) or 

3572 mAh/g (based on Li3.75Si) which is about 10 times 

Figure 17. Anatase TiO2 nanoparticle formed by nanoparticle aggregates with different unit size obtained from the same precursor by calcination at 

(A) 400, (B) 550, (C) 700 and (D) 900 °C characterized by TEM. Reproduced with permission [75].
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of that graphite and almost four times of many metal 

oxides. However, silicon suffers two main drawbacks, namely 

poor conductivity and huge volume variation (400%) upon 

cycling, which makes it practically difficulty to use bulk 

silicon anode. The silicon nanostructured anode materials 

are very attractive. However, unlike  metallic anodes, Si is 

a semiconductor and is more difficult to produce Si par-

ticles at nanoscale by simple cost- effective approaches on 

a large scale. Recently silicon nanowires have been reported 

to demonstrate promising reversible lithium storage proper-

ties [15]. Cui and colleagues [15] proposed and demon-

strated that silicon nanowires were superior in lithium ion 

storage as compared to silicon thin film and particles 

(Fig. 18). The silicon nanowires could avoid the issue of 

pulverization and contact loss due to facile strain relaxation 

and efficient electron transport along each nanowire.

Bogart et al. [77] also demonstrated that silicon  nanowires 

with carbon skin could enhance the cycling and rate per-

formances of silicon nanowires in lithium storage. Recently, 

in another attempt, Ti@Si core–shell coaxial nanorods were 

proposed to further improve the electrochemical perfor-

mances of Si nanorods (Fig. 19). As compared to pristine 

Si nanorods, the benefit of metallic core is that the axial 

resistance observed in solid Si nanorods could be dramati-

cally reduced. The electrons released/acquired on electro-

chemical reactions of dealloying/alloying for LixSi could 

be transferred to the Ti foil current collectors easily via 

the metallic Ti core, in contrast to the solid semiconductor 

Si nanorod. The incorporation of metallic Ti core could 

dramatically reduce the Li diffusion distances from the 

radius of the solid Si nanorod to just the thickness of the 

shell of the core–shell Ti@Si nanorod. Additionally, the 

longitudinal direction charge transfer of the semiconductor 

solid Si nanorod with length of a few micrometers is re-

duced to thickness of the shell in the case of Ti@Si core–

shell coaxial nanorods. Besides, the contact surface of Si 

with Ti increases, which could improve the connection 

between active materials and the collector. However, the 

capacity fading was still observed, suggesting further efforts 

should be put to optimize the core- shell materials. The 

concept should be extended to the preparation of other 

core–shell materials as well.

The author believes that silicon nanomaterials could 

potentially replace carbon anodes in the next 10 years, 

Figure 18. Schematic comparing the stability of (B) silicon nanowires with (A) thin film and particles upon repeated lithiation and delithiation. 

Reproduced with permission [15].

(A)

(B)



401© 2015 The Author. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.

Electrochemical Energy StorageD. Deng

provided that if the cost of production could be reduced 

significantly. Their application could be limited to devices 

that have no space restriction, for example, in smart  energy 

grids, where high tap density is not the top priority. The 

production of nanostructured Si anodes must be scaled 

up to industrial level, which is also challenging. On the 

other hand, the volumetric density (mAh/cc) may be 

sacrificed in the adoption of silicon nanomaterials which 

have very low tap densities, typically in the order of 0.1 g/

cc. Volumetric density (based on volume) has relatively 

less explored as compared to that of specific density (based 

on mass). Dahn and colleagues [79] has argued that al-

though Si has the highest theoretical specific capacity 

(mAh/g), its energy density based on unit volume (Wh/

cc) is just about the same as other materials (Fig. 20). 

If one takes into consideration of low tap density of Si 

nanomaterials as compared to bulk Si, the future Si 

 nanomaterials based Li- ion batteries will have even lower 

energy density. Therefore, a tradeoff between specific 

 capacity and energy density should be considered, which 

is true for many other kinds of nanomaterials based elec-

trodes. Similar to the problem faced in the preparation 

of silicon nanostructures, the fabrication of Si/C nano-

composites requires extensive studies as well. Mostly likely, 

the commercial Si- based electrode will be a composite 

containing a significantly high percentage of carbon and 

a small percentage of Si.

As one of the intensively studied anode candidates, SnO2- 

based anodes are promising to replace carbon  anodes. In 

its first cycle of lithiation, SnO2 is converted to Sn, and 

Figure 19. Illustration to compare (left) Ti@Si core–shell coaxial nanorod to that of (right) solid Si nanorod from the perspective of ion and electron 

transfer. Reproduced with permission [78].

Figure 20. (A) Specific capacity (mAh/g) of a number of materials; (B) the volumetric energy density of the materials at a 100% volume expansion. 

Reproduced with permission [79].
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subsequently, the Sn phase could store and release Li ions 

according to the Li- Sn alloying and dealloying reactions. 

SnO2 has a theoretical capacity of 781 mAh/g, which is 

about two times higher than graphite. However, its poor 

cyclability is not acceptable from the perspective of cycling 

performance. Nanostructured SnO2 has been proposed as 

a possible solution [25, 72, 80–84]. One  dimensional (1- D) 

SnO2 nanotubes could be prepared by template- assisted 

method using an anodic alumina oxide membranes with 

1- D tunnels as the template [83]. In another study, poly-

crystalline hollow SnO2 spheres could be prepared by de-

posited the precursor on hollow carbon nanospheres as the 

template and subsequent calcination in air at 800°C could 

remove the hollow carbon spheres and compacted the SnO2 

nanoparticles into hollow spheres. However, capacity fading 

was generally observed in SnO2- based anodes [81].

Another interesting SnO2- based anode material is electro- 

spray deposited thin films of particles with unique porous 

spherical multideck- cage morphology (Fig. 21). The reversible 

capacity was reported to be as high as 1158 mAh/g, which 

is even higher than theoretical value. The improved elec-

trochemical performance was attributed to the unique struc-

ture and the presence of Li2O and CuO phases in the 

composite film [85]. Interestingly, even higher capacity of 

2050 mAh/g with excellent capacity retention (97% upon 

60 cycles) has also been reported for Sn- Si/C anode materi-

als [86]. Additional effort should put to reveal the unusually 

high capacity observed. Besides metallic Sn-  or SnO2- based 

anodes, other Sn- based compounds, including tin phosphate 

[87, 88], SnO2 filled mesoporous tin phosphate [87], teardrop- 

shaped SnP, [89] AlPO4- coated SnO2 [90], and Zn2SnO4 

[91] have been reported, achieving certain degree of success 

in terms electrochemical characteristics.

Iron oxides have been considered as promising carbon 

alternative anode materials for high- capacity Li- ion bat-

teries. It has advantages of low cost, nontoxicity, and 

environmental benignity. Iron is the fourth abundant ele-

ment in the earth crust. It is abundant and has much 

lower cost than other 3d metal oxides, such as Co and 

Ni. However, similar to other metal oxides, iron oxides 

also suffer from poor conductivity and large volume change 

during the charge/discharge processes, which limits their 

practical use in commercial Li- ion batteries. Again, one 

popular strategy is to prepare iron oxide materials in 

nanoscale with tailored morphologies and synthesize iron 

oxide/carbon composites to accommodate the volume 

changes as well as improve conductivity. Various iron 

oxides with different nanostructures have been synthesized, 

including nanoparticles [92], nanowires [93–95], nanobelts 

[94, 96], nanorods [97–99], nanotubes [100, 101], nano-

flakes [102], nanodisks [103] and nanorings [104], 

 nanocubes [105–107], nanospheres [108–111], nanospin-

dles [108, 112], nanourchins [113], and nanoflowers [103, 

108, 114–119]. Hollow structured iron oxides are of great 

interest as the space could, ideally, accommodate the vol-

ume expansion during Li insertion [108, 115–119].

Popular routes to prepare iron metal oxides are template- 

assisted, hydrothermal, sol–gel and thermal oxidizing 

methods. Wen et al. [94] reported the preparation of 

vertically aligned iron oxide nanobelt and nanowire arrays 

by direct thermal oxidation of iron substrates under the 

flow of O2. Nanobelts were produced in the low- 

temperature region (~700°C) and cylindrical nanowires 

tens of nanometers thick were formed at relatively higher 

temperatures (~800°C). Both nanobelts and nanowires are 

mostly bicrystallites with a length of tens of micrometers 

which grow uniquely along the [110] direction [94]. In 

another study, nanoflakes of α- Fe2O3 on Cu foil were 

achieved by thermal treatment method. The as- prepared 

α- Fe2O3 nanoflakes exhibited a stable capacity of 

680 mAh/g, with no noticeable capacity fading up to 80 

cycles when cycled in the voltage range 0.005–3.0 V at 

a rate of 65 mA/g [102]. Xu et al. reported the prepara-

tion of spindle- like porous α- Fe2O3 from an iron- based 

organic framework template, MIL- 88- Fe. MIL- 88- Fe was 

prepared by a modified solvothermal method using 

FeCl3·6H2O and 1,4- benzenedicarboxylate (BDC) as start-

ing materials. The as- prepared spindle- like porous α- Fe2O3 

exhibited very high charge capacity of 911 mAh/g after 

50 cycles at current rate of 0.2C (1C = 1000 mA/g). 

Meanwhile, the capacity of commercially available bulk 

Fe2O3 (<5 µm; Sigma- Aldrich, Missouri, USA) quickly 

faded to <630 mAh/g. The spindle- like porous α- Fe2O3 

also show a superior rate performance as compared to 

bulk Fe2O3 (Fig. 22) [112].

Chen et al. [103] reported a top- down approach to 

fabricate uniform single- crystal α- Fe2O3 nanodicks and 

melon- like α- Fe2O3 microparticles through selective oxalic 

acid etching, using phosphate ions as capping agent to 
Figure 21. SEM images of the as- deposited film of nanostructured 

SnO2 on copper current collector. Reproduced with permission [85].
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control the etching along [001] direction. The capacities 

of 662 and 341 mAh/g were retained after 100 cycles, 

for porous and solid melon- like α- Fe2O3 microparticles, 

respectively. Wang et al. reported the preparation of hol-

low α- Fe2O3 sphere with sheet- like subunits with 

quasiemulsion- templated methods (Fig. 23). The capacity 

of as- prepared hollow spheres around 1 µm faded very 

slowly from ~900 to 710 mAh/g after being charge/dis-

charged from 2nd to 100th cycle, at testing rate of 

200 mA/g. In contrast, the capacity of α- Fe2O3 micro-

particles faded from ~900 to 340 mAh/g, which was less 

than one half of the capacity retained of hollow spheres 

[111]. Other hollow α- Fe2O3 has also been reported dem-

onstrating advantages of hollow structures [120]. Beside 

spherical hollow materials, other structured Fe2O3 anode 

materials have been reported. For example, cocoon- like 

Fe2O3 mesoparticles of nanoparticle aggregates have also 

been reported [120]. Microscale single crystals of hematite 

with nearly 100% exposed {104} facets have been syn-

thesized with a fast hydrothermal method [121].

Addition to nanostructures, carbon coating was used 

to improve the electrochemical performances of iron 

Figure 22. Schematic of the formation and TEM image of spindle- like porous α- Fe2O3 and it electrochemical performances compared to bulk Fe2O3. 

Reproduced with permission [112].

Figure 23. (A) XRD, (B) SEM, and (C, D) TEM images of Fe2O3 hollow spheres for Li- ion batteries. Reproduced with permission [111].

(A) (B)

(C) (D)
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oxides. It is generally believed that the carbon coating 

layer can enhance the conductivity of each single units 

as well as improve the better electrical contact between 

each single units. The carbon layer can also act as a 

buffer layer to alleviate the stress caused by huge volume 

expansion and prevent the structure from collapsing or 

improved cyclability. Additionally, given that nanomaterials 

are more active than bulk materials, the high contact 

area between electrode and electrolyte may lead to more 

significant side reactions. The carbon- coated layer can act 

as a protective layer to prevent the direct contact between 

the active nanomaterials and the electrolyte. Wang et al. 

[122] reported a novel hierarchical nanostructure composed 

of carbon- coated α- Fe2O3 hollow nanohorns grafted on 

CNT backbones by bottom- up assembly of β- FeOOH 

nanospindles on CNTs and subsequent in-situ transforma-

tion and further modification with carbon nanocoating 

(Fig. 24). The specific capacity of carbon- coated CNT@ 

Figure 24. CNT@Fe2O3 hierarchical structures characterized by (A and B) FESEM and (C and D) TEM at different magnification; (E and F) TEM images 

revealing the formation of hollow nanohorns on CNT; (G) FESEM image and (H) TEM image of carbon- coated CNT@ Fe2O3 hierarchical structures; 

(I) HRTEM image of uniform carbon coating on α-  Fe2O3 hollow nanohorns. Reproduced with permission [122].

(A) (B) (C)

(D) (E) (F)

(G) (H) (I)
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Fe2O3 hollow nanohorns gradually rose from 660 to 

820 mAh/g from 2nd to 100th cycle at current density 

of 500 mA/g, while the capacity of uncoated CNT@ Fe2O3 

slowly faded from 1200 to around 500 mAh/g, from 1st 

to 100th cycle. Both materials show superior performance 

compared to α- Fe2O3 nanoparticles, which had a capacity 

of 300 mAh/g after 100 cycles. The results evidenced that 

properly tailored structure with designed coating could 

further improve their electrochemical performances.

Another family of iron oxide, magnetite Fe3O4, which 

has a theoretical capacity of 927 mAh/g, has been  attracting 

much attention due to its low cost, abundance, environ-

mental friendliness, and especially the high electrical con-

ductivity at room temperature of about 2.5 × 102 S/cm 

[123]. High electrical conductivity is rarely observed in 

other metal oxides explored for application in LIBs (e.g., 

α- Fe2O3 has an electrical conductivity of ~10−4 S/cm which 

is six order of magnitude or ×10−6 lower than electrical 

conductivity of magnetite). High conductivity is highly 

desirable for electrodes in LIBs to facilitate charge transfer 

[124, 125]. Carbon- coated magnetite nanospindles pre-

pared by in situ partial reduction in hematite nanospindles 

with carbon shells was reported [126]. The specific capacity 

of Fe3O4 spindle/carbon composites remained 530 mAh/g 

after 80 cycles, while the specific capacities of bare α- 

Fe2O3 spindles and the commercial Fe3O4 particles faded 

to 105 and around 152 mAh/g, respectively. In another 

study, Yang et al. reported a facile, scalable emulsion 

polymerization technique for synthesizing Fe3O4 

nanoparticles around 20 nm embedded in a porous carbon 

matrix [127]. The as- prepared materials had specific 

 capacities around 600 and 450 mAh/g with little fading 

after being discharged/charged at current rates of 1C and 

0.2C, respectively. In another interesting study, Wang et al. 

[128] successfully synthesized Fe3O4@C core–shell nanor-

ings by a synchronous reduction and carbon deposition 

process from the reduction in the Fe2O3 nanoring precur-

sor with the assistance of acetylene (Fig. 25). The specific 

capacity of Fe3O4@C core–shell nanorings was about 

900 mAh/g after 160 cycles at charge rate of 200 mA/g. 

It was proposed that the shorter pathways for diffusion, 

nanospace in the structures and conductive carbon shells 

all contributed to the superior electrochemical 

performances.

Carbon- decorated Fe3O4 also demonstrated interesting 

electrochemical performance, even in the absence of carbon 

black additives, PVDF binders [129]. It is particularly 

interesting to highlight that a new procedure in making 

electrode using centrifugation- assisted deposition (CAD) 

was demonstrated, where the active materials of Fe3O4/C 

were directly fabricated on Cu disk which can be used 

as an electrode without any further process. In contrast, 

traditional electrode preparation involves multiple steps 

of slurry preparation, coating, drying in a vacuum oven 

and additives (e.g., PVDF binder, carbon black conductiv-

ity enhancer and NMP solvent) are used. The as- prepared 

additive- free porous Fe3O4/C- based electrode exhibited 

superior electrochemical performance. Excellent cycling 

Figure 25. Characterization of Fe3O4@C core–shell nanorings: (A and B) SEM and TEM images, (C) high magnification TEM image and (D) HRTEM 

image and (inset) SAED patterns; (E) TEM image of the carbon shell; (F) SEM and (inset) TEM images of erythrocyte- like Fe3O4@C nanoparticle. 

Reproduced with permission [128].
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performance was achieved with a specific capacity at 

~800 mAh/g for more than 200 cycles. Impressive rate 

performance was accomplished when tested under differ-

ent currents: a specific capacity of 730 mAh/g could be 

maintained at current of 1500 mA/g (Fig. 26). It is 

 interesting to highlight that new techniques or procedures 

in the preparation of electrodes and their effects on 

 materials performance are relatively less studied as com-

pared to the large number of publications on materials 

designs. Future studies should try to define the optimized 

electrode preparation procedure for individual electrode 

materials.

Electrolyte

Electrolyte must be carefully chosen to withstand the redox 

environment at both cathode and anode sides and the 

voltage range involved without decomposition or 

degradation. Additionally, electrolyte should be inert and 

stable in an acceptable temperature range. In commercial 

Li- ion batteries, typically a liquid electrolyte is a solution 

of lithium salts in organic solvents. However, the existing 

organic liquid electrolyte can potentially catch fires under 

conditions of thermal runaway or short circuit due to 

volatile and flammable nature of the solvents which are 

highly toxic. Ideally, the electrolyte should also be envi-

ronmentally benign and can be produced at low cost in 

the future. Polar aprotic organic solvents, such as carbonate 

solvents with high dialectic constant, are selected to solvate 

lithium salts at a high concentration (1 M typically). On 

the other hand, solvents with low viscosity and low melt-

ing point are required to meet the requirement for high 

ionic mobility in the operating temperature range. Various 

organic solvents have been explored, including dimethyl 

carbonate, diethyl carbonate, ethyl methyl carbonate, pro-

pylene carbonate, ethylene carbonate, diethoxyethane, 

Figure 26. Electrochemical measurement of additive- free carbon decorated Fe3O4 fabricated directly on a copper current collector by centrifugation 

assisted electrode preparation: (A) first two cycle charge–discharge profiles; the inset of (A) shows the optical image of black additive- free Fe3O4 on a 

copper disk as a ready electrode; (B) differential capacity profiles for first two cycles; (C) charge–discharge voltage profiles and (D) rate performances 

and Coulombic efficiency at different currents from 100 to 1500 mA/g; (E) cycling performance at rate of 100 mA/g. Reproduced with permission [129].

(A)
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dioxolane, γ- butyrolactone, and tetrahydrofuran. 

Heteroatom- containing organic solvents have also been 

explored. Various lithium salts have been explored, 

 including LiPF6, LiBF4, LiAsF6, LiClO4, and LiCF3SO3. It 

should be noticed that anions are selected to avoid being 

oxidized on the charged surface of cathodes, which rules 

out those simple anions of Cl−, Br−, and I−. LiPF6 is a 

particular outstanding lithium salt from the perspective 

of safety, conductivity and the balance between ionic 

mobility and dissociation constant. However, LiPF6 can 

react with water to form highly corrosive HF. Therefore, 

moisture must be minimized in handling of LiPF6 elec-

trolyte. In fact, the success of first commercial Li- ion 

batteries could be ascribed to the industrial scale availability 

of high- purity LiPF6 with minimal amount of water.

The solvents are typically formulated and mixed to 

 address the requirements on viscosity, conductivity and 

stability and to match with the lithium salts selected. For 

example, high dielectric solvents with high viscosity are 

typically mixed and balanced with solvents with low vis-

cosity to achieve a liquid state electrolyte within a required 

temperature window. The commonly used electrolyte is 

1M LiPF6 in a 50:50 w/w mixture of ethylene carbonate 

(EC, melting point of 34°C and boiling point of 260.7°C) 

and diethyl carbonate (DEC, melting point of 2–4°C and 

boiling point of 90°C) or dimethyl carbonate (DMC, melt-

ing point of 2°C and boiling point of 90°C) (Fig. 27). 

Generally, the EC can bind Li+ ions more strongly than 

DEC or DMC [130]. The formulated electrolyte offer 

reasonably good stability over a wide potential range. 

Additives to further enhance the electrolyte stability and 

improve the formation of good solid- electrolyte interphase 

(SEI) are also added in many cases. The various formu-

lated additives in terms of chemical compositions and 

percentages used by different companies in making Li- ion 

batteries could be considered business secrets. Generally, 

SEI formed in the first cycle is essential to isolate the 

electrode and electrolyte to avoid further electrolyte 

 decomposition upon cycling. It is generally believed that 

the SEI is electrically insulating but ionically conductive. 

Although the chemical composition of SEI is relatively 

well characterized, the formation mechanism of SEI is 

still poorly understood and various SEI formation models 

have been proposed. SEI formation is a hot topic in bat-

tery community and the knowledge obtain could help to 

design better Li- ion batteries with improve abuse tolerance 

capability. A very informative review by Xu is an excel-

lent source of information regarding liquid electrolyte in 

Li- ion batteries [131].

Other types of electrolyte have also been developed and 

proposed for Li- ion batteries, such as polymer, gel and 

ceramic electrolyte. Polymer electrolytes are solvent- free 

using high molecular weight- based polymers with dissolved 

lithium salts [132]. One should be aware that polymer 

electrolyte is not considered polyelectrolyte. The obvious 

advantages of polymer electrolyte over liquid electrolyte 

are (1) improved safety properties due to low volatility, 

(2) design flexibility, and (3) potential to eliminate separa-

tors. Arguably, polymer electrolyte could be more conveni-

ently processed as compared to that of liquid electrolyte. 

Simplified processes could reduce the cost significantly. 

Similar to other electrolyte, polymer electrolyte must be 

stable under the operating conditions of Li- ion batteries 

from electrochemical, thermal and mechanical perspectives. 

One of the widely studied polymer is poly(ethylene oxide) 

which has been coupled with various lithium salts, such 

as LiCF3SO3 and LiClO4. The ion conduction in 

poly(ethylene oxide) mainly occurs at amorphous phases. 

The ions can be transported by the semirandom motion 

of short polymer segments. In order to maintain a good 

mechanical stability, ionic conductivity will be sacrificed. 

The conductivity is typically about 10-8 S/cm, which is 

significantly less than that of liquid electrolyte. Li- ion bat-

teries based on polymer electrolyte are design flexible and 

can be fabricated as cylindrical, coin, prismatic, flat cells 

and other configurations. There are good reviews on poly-

mer electrolyte in literature [133, 134].

Another type of electrolyte is based gels in which both 

lithium salts and polar solvents are dissolved and added 

into inactive networks of high- molecular- weight polymers. 

LiPF6 and carbonate solvents are typically used similar 

to those in liquid electrolyte discussed above. The liquid 

phases are fully absorbed within the polymers which can 

avoid the leakage issue in contrast to that of pristine 

liquid electrolyte. Meanwhile, the ionic conductivity of 

gel electrolyte could be dramatically increased as compared 

to that of polymer electrolyte. There are a number of 

polymers explored as the hosts, including polyacrylonitrile, 

Figure 27. Chemcial structures of common components in commercial 

electrolyte: LiPF6 as the lithium salt and ethylene carbonate as the 

solvent are present in almost all commercial electrolyte; whereas diethyl 

carbonate or dimethyl carbonate are also present to reduce viscosity to 

promote ion transfer.
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polyvinyl chloride, polyvinylidene fluoride and Poly(methyl 

methacrylate). In the preparation of gel electrolyte, one 

can simply increase the viscosity of liquid electrolyte by 

adding soluble polymers. Alternatively, one can soak the 

microporous polymer matrix into the electrolyte.

Recently, ceramic electrolyte is also re- attracting much 

attention. Ceramic electrolyte has long being explored for 

fuel cells, and their application in Li- ion batteries is 

 attracting increasing interest. The obvious advantage to 

use ceramic electrolyte is safety, for example, no more 

flammable organic solvents needed. Those batteries with 

ceramic electrolyte can find applications in high- 

temperature environment, including handheld orthopedic 

tools and other batteries powered medical devices that 

need to be sterilized in autoclaves under high temperature 

and high pressure conditions. The batteries autoclaved 

should be able to withstand for at least 130°C and are 

impermeable up to 30 psi in heated water, and impor-

tantly, deterioration in performance should be minimum 

after sterilization. Another interesting advantage to use 

ceramic electrolyte for high- temperature applications is 

that the ionic conductivity of ceramic electrolyte increases 

with increasing temperature. This is because the creation 

and movement of ionic point defects, which determines 

the ionic conductivity, requires energy. One area of in-

tensive research is to achieve ceramic electrolyte with 

reasonably high conductivity at room temperature. Various 

sulfides, oxides and phosphates have been explored. The 

author would anticipate that ceramic electrolyte will even-

tually be used in next- generation Li- ion batteries in electric 

vehicles, mainly for its excellent safety performance which 

can enhance the customer confidence and acceptance. 

Fergus provided a good review on various ceramic elec-

trolyte explored for Li- ion batteries [135].

Separators

Separators are essential components of Li- ion batteries. 

In fact, separators are commonly used in most electro-

chemical systems with liquid electrolyte, including fuel 

cells, capacitors and various kinds of batteries based on 

different chemistry. The separator in a Li- ion battery plays 

the critical roles to avoid direct physical contact between 

the cathode and anode, and prevents short circuit to  occur. 

At the same time, the separator allows lithium ions in 

the electrolyte to pass through it. The separators must 

be chemically stable and inert in contact with both elec-

trolyte and electrodes. At the same time, it is required 

to be mechanically robust to withstand the tension and 

puncture by electrode materials and the pore size should 

be less than 1 µm. Although various separators, including 

microporous polymer membranes, nonwoven fabric mats 

and inorganic membranes have been explored, the 

microporous polyolefin materials based polymer mem-

branes are dominantly used in commercial Li- ion batteries 

with liquid electrolyte.

The microporous polymer membranes could be made 

very thin (typically about ~25 µm) and highly porous 

(typically 40%) to reduce the resistance and enhance ionic 

conductivity. At the same time, the polymer membranes 

could still be mechanically robust. Other parameters that 

have to be considered in the selection of microporous 

polymer membranes are low yield or shrinkage, perme-

ability, wettability and cost. Another interesting advantage 

to use microporous polymer membrane as the separator 

is that, with properly designed multilayer composites, the 

separator can shut the battery in the case of short circuit 

or thermal runaway, functioning similar to a thermal fuse. 

It is required to have at least two functional parts in the 

separator: one part that will melt to close the pores and 

the other part provides mechanical strength to keep iso-

lating the anode and cathode. One typical example is the 

Celgard® (North Carolina, USA) microporous separator 

made of both polyethylene (PE) and polypropylene (PP), 

in the form of trilayer of PP- PE- PP. The melting points 

of PE and PP are 135 and 165°C, respectively. In the 

case of over- temperature  approaching that of melting point 

of PE, the porosity of the membrane could be closed by 

PE, preventing further reactions. So for commercial Li- ion 

batteries, the shutdown temperature is about 130°C.

For the development of future Li- ion batteries for high- 

temperature applications, inorganic membranes as separa-

tors are highly attractive. The all- solid Li- ion batteries 

should also be further investigated to meet those niche 

markets of high- temperature applications. Another param-

eter that determines the commercial success of a separator 

is cost. The cost of the existing polymer separator in a 

Li- ion battery could be as high as one- fifth of the total 

cost of the battery. Therefore, intensified research on the 

development of highly improved separators at reasonably 

low price for Li- ion batteries is required. Zhang wrote a 

good review article on the separators of liquid electrolyte 

Li- ion batteries [136].

Challenges in Li- Ion Batteries

Li- ion batteries have been commercialized for about two 

decades. The technology is considered relatively mature 

based on the current battery chemistry. Li- ion batteries 

have been dominantly used in mobile electronic devices, 

including cell phones and laptop computers, and are start-

ing to play increasing role in electric vehicles. Li- ion bat-

teries will also be considered in sustainable energy grids 

to store sustainable energy generated from renewable 

sources. The increasing demand for energy storage requires 

further improvements in the existing Li- ion batteries and 
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the development of next- generation Li- ion batteries, in 

particularly, to reduce the cost of Li- ion batteries. It is 

still colossally challenging to develop new battery chemistry 

to replace the existing Li- ion battery technology.

In order to increase energy density Li- ion batteries, it 

is desirable to find electrode couples with both high- specific 

capacities and high operating cell voltage. As discussed 

previous, there are a large number of anode candidates 

that could dramatically increase the specific capacities, in 

particularly, with highly attractive Si-  and Sn- based anodes. 

It is still challenging to prepare Si nanomaterials on a 

large scale with low cost. Sn- based anodes suffer from 

the issue of poor cycling performance due to pulveriza-

tion. Therefore, one of the possible future anodes could 

be Si- Sn- based composites [137]. In contrast to that of 

anode candidates, the cell capacity is mainly limited by 

the low capacity of cathode candidates. The existing cath-

ode material of LiCoO2 is expensive and highly toxic. 

The increasingly popular LiFePO4 has a low capacity. The 

facilely prepared Ni- Co- Mn- based cathodes developed by 

Argonne National Laboratory are highly attractive, espe-

cially from industrial prospective. However, the specific 

capacity is still considered moderate, and both Co and 

Ni are expensive and toxic. Future cathode materials should 

try to avoid the use of either Co or Ni, or other toxic 

elements, from environmental perspectives. Additionally, 

the ideal cathode should be able to reversibly insert/extract 

multiple electrons per 3d metal. The future low- cost cath-

ode materials could be Mn-  and/or Fe- based. The issue 

of intrinsically low conductivity should be creatively 

 addressed, most likely by nanotechnology and nanocom-

posites. There is relatively no much room to increase the 

operating cell voltages with the current known cathode 

candidates under exploration. Composite cathodes with 

two or three 3d metals and polyanions are highly promis-

ing. New cathode chemistry may be developed in the 

next 10 years. The new cathode chemistry may require 

for new electrolytes as well.

The safety concern is another challenge that needs to 

be properly addressed. The recent news on fires of Li- ion 

batteries, involving the Boeing 787 passenger aircrafts, Tesla 

Model S cars, highlights the importance of battery safety. 

To ensure the wide acceptance of electric vehicles and 

expanded the market of Li- ion battery powered v ehicles, 

automakers should invest significantly on the battery man-

agement systems to enhance safety of the huge battery 

packs in vehicles. Alternatively, nonflammable Li- ion bat-

teries should be developed, including those Li- ion batteries 

based on aqueous electrolyte or ceramic electrolyte, and 

all- solid- state batteries. Next- generation Li- ion batteries, 

most likely, will be using high voltage (5 V) cathodes and 

high capacity anodes (such as Si-  or Sn- based). Therefore, 

intensive research is required to gain better understanding 

about those electrode materials in terms of stability and 

interaction with electrolyte. Instead of intensively pursuing 

of high- energy density, there should be increasing emphasis 

on battery safety as well. Standardized battery safety testing 

procedures should be widely employed.

It is still challenging to develop electrode materials 

with low carbon footprint, or the so- called “green bat-

teries”. Ideally, future Li- ion batteries should use bio-

logically  derived organic or inorganic electrodes, using 

aqueous electrolyte. Carbon and silicon can be derived 

from biomasses. The recent attempts to explore virus- 

assisted synthesis of electrode materials for Li- ion bat-

teries attracted much enthusiasm [138]. It will be 

interesting to explore large- scale synthesis at room tem-

perature using biological templates, including genetically 

modified virus. Organic electrodes that will not be easily 

dissolved by electrolyte can be further developed for 

sustainable Li- ion batteries [139]. Therefore, one area 

of future research could be focusing on “sustainable” 

and “green” Li- ion batteries.

Additionally, future batteries research should keep in 

mind the life cycle assessment (LCA) of the technologies 

to evaluate whether the batteries are truly green or not. 

The existing materials involved in commercial Li- ion bat-

teries (typically, LiCoO2, LiMn2O4, LiNiO2, LiFePO4 as 

cathodes; Graphite, Li4Ti5O12 as anodes; Ethylene carbon-

ate, diethyl carbonate, LiPF6, LiBF4, LiClO4 as electrolytes/

salts; Polypropylene, polyethylene as separator) still require 

further studies from the perspectives of LCA. Little is 

known about the environmental impacts of the produc-

tion, use and disposal of next- generation Li- ion batteries 

[140]. Mass production of Li- ion batteries for electric 

vehicles will result in large volumes of contaminated waste 

and places. It could reduce agricultural productivity near 

mine sites, decrease air quality near processing facilities, 

and increase energy cost near factories. Furthermore, 

 additional fossil fuel use may be required to meet factory 

demand in production of Li- ion batteries. LCA may pro-

vide the full scenarios of their environmental aspects and 

 potential environmental impacts of throughout their life 

cycle from raw minerals acquisition through production, 

use, end- of- life treatment, recycling, and final disposal. 

Therefore, LCA is an important tool for the development 

of truly “green” Li- ion batteries in the future, which can 

contribute to future sustainability. Another important area 

that should attract deserved attention is techno- economic 

analysis (TEA) of Li- ion batteries. TEA will help to 

 determine whether a new Li- ion battery system developed 

is technically and economically feasible for large- scale 

production. The combination of LCA and TEA studies 

will help to develop next- generation Li- ion batteries achiev-

ing optimized social, environmental and economic 

impacts.
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There are increasing worldwide interests in preparation 

of “nano” materials to increase the storage capacity for 

next- generation Li- ion batteries. The development of 

 nanomaterials could offer tremendous opportunities, as 

it is known that electrochemical properties of nanomateri-

als are size and shape dependent. “Nano” has been at-

tracting much attention in the battery community in the 

past two decades. However, the challenging issue rarely 

mentioned is that the energy density (by volume) of 

“nano” materials is very low due to the low volumetric 

density of nanomaterials. This critical issue of low tap 

density is most vividly illustrated by the following example: 

the tap density of intensely pursued graphene is 0.03 g/

cc, as compared to that of MCMB graphite power at 

1.3 g/cc, or about 40 time difference by volume for a 

given weight. Other issues associated with electrode ma-

terials at nanoscale are poor electrical properties of the 

electrode due to interparticle resistance and low Coulombic 

efficiency attributed to large surface area induced side 

reactions between the electrode and electrolyte. The author 

would like to suggest the use of microstructures of na-

noparticles as the building units, instead of random “nano” 

particles, to simultaneously overcome the issues discussed 

above, in particular, achieving electrode materials with 

high packing density, while preserving certain beneficial 

features of nanomaterials. We have been working on the 

preparation of micromaterials of nanoparticle aggregates 

to increase volumetric density for a while [27, 91, 120, 

121, 129, 141]. For example, the microscale cubes of 

Zn2SnO4& Sn@C of nanoparticle aggregates have a tap 

density of 0.98 g/cc which is nearly eight times higher 

than that of commercial P25 TiO2 nanoparticles [91]. 

Additionally, it seems that the electrochemical performances 

of micromaterials are comparable to that of nanomaterials. 

In many cases, the devices powered by Li- ion batteries 

have restricted space to hold the batteries, such as in cell 

phone and electric vehicles. In other words, electrode 

materials with high tap density are required in the future. 

Therefore, the author would dare to anticipate that further 

Li- ion batteries will be based on micromaterials with fea-

tures of nanomaterials, from the perspective of volumetric 

density. Future battery research should enable the prepa-

ration of next- generation batteries with smaller size but 

better performances as compared to the existing ones 

(Fig. 28).

In addition to specific technical challenges discussed 

above, the other less disclosed challenge is the limitation 

of lithium reserves to meet future 100 million 40 kWh 

Li- based batteries for electric vehicles annually. The limited 

or inaccessible lithium resources could make it very chal-

lenging to reduce the cost of Li- ion batteries in the future. 

Of course, Li- ion batteries should be recycled as much 

as we can. We still have to intensify the research on 

alternative Li- ion batteries or beyond Li- ion batteries, 

including Na- ion, Mg- ion, Ca- ion, Al- ion, and F- ion bat-

teries. Learning for the experience on the development 

of Li- ion batteries, with access to increasing powerful 

computational tools, future development of batteries 

 beyond Li- ion batteries must leverage the simulation and 

modeling power of modern computers to guide and 

 accelerate electrode discovery and synthesis. Therefore, the 

time required for the development of those advanced 

batteries beyond Li- ion batteries will be significantly shorter 

than that used in the development of Li- ion batteries.

Beyond Li- Ion Batteries

In line with the aim to develop batteries with even higher 

energy, Li- air (Li- O2) and Li- sulfur (Li- S), achieving 

 impressively high- energy density theoretically, have again 

attracted much attention recently. Although Zn- air and 

high- temperature Na- sulfur have been commercialized for 

a while, the development of rechargeable Li- O2 and Li- S 

batteries still have technical barriers. On the anode side, 

the critical understanding of and control over Li- electrolyte 

interface must be thoroughly studied. In fact, Exxon had 

tried to commercialize the Li metal- based batteries more 

than 40 years ago without a success, which was partially 

attributed to the poor Li- electrolyte interface and dendrites. 

Then Li- ion batteries were developed later to avoid the 

Li- electrolyte interface by completely taking out the lithium 

metal. We have to revisit the issue of Li- electrolyte in-

terface in the development of Li- O2 or - S batteries now. 

On the cathode side, the designing oxygen electrodes, 

which has been “a nightmare for fuel cells” [142], for 

Li- air batteries is colossally difficult. The good news is 

that the knowledge accumulated over the past few decades 

Figure 28. The illustration to demonstration that future Li- ion batteries 

should be light and small without any compromise on energy and 

power.
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on electrodes for fuel cells can be used as a good source 

of references for development of Li- O2 batteries. Another 

notable issue is the high overpotential and low electrical 

efficiency observed, which make Li- O2 or –S less attractive 

from the perspective of energy efficiency and sustainability. 

Currently, many efforts are focused on the development 

of efficient catalysts for the cathodes, but mainly based 

on trial and error. Computer assisted modeling and simu-

lation must be  employed to predict and design the catalysts 

with exposed highly active facets, similar to those have 

been done in the field of fuel cells, for those catalysts- 

based cathodes. However, the solid phases formed in the 

Li- O2/- S batteries are different from that of fuel cells at 

either gas or liquid phases. In other words, the challenges 

faced in the development of Li- O2 batteries are even more 

difficult to overcome than that in fuel cells. Another issue 

is associated with the volatile electrolyte, which can be 

evaporated into gas phases leading to death of the battery. 

For Li- S batteries, the formation of soluble polysulfide 

(LiSx) species is  another critical problem, in addition to 

its poor conductivity. Confining sulfur into voids of 

mesoporous nanostructures is a popular strategy to over-

come the solubility of LiSx. It is believed that rechargeable 

Li- O2 or Li- S batteries will eventually be commercialized 

in the future, which will require intensified studies. The 

good news is that increasing number of research groups 

and battery companies are starting to investigate Li- O2 

or Li- S batteries, which should help to accelerate their 

development. However, due to the problems with Li- O2 

or Li- S batteries, Li- ion batteries will not be replaced by 

them in the next decade.

Sodium- ion batteries (SIBs) are outstanding candidates 

that could potentially replace Li- ion batteries. With respect 

to large- scale stationary energy storage systems for energy 

grids in sustainable energy networks of wind and solar 

energy, low- cost SIBs are expected to be produced at 

lower cost than that of Li- ion batteries in the future 

[143–146]. Mass produced SIBs with comparable perfor-

mances with those existing rechargeable batteries can 

significantly impact our environment and society [147]. 

Additionally, due to the lower standard half- reaction 

potential of sodium (2.714 V for Na/Na+) as compared 

to that of lithium (3.045 V for Li/Li+), electrolyte deg-

radation will be reduced and safe electrolyte with low 

decomposition potential can be used in SIBs to enhance 

safety [148]. In other words, not only low cost, SIBs 

will be good candidates as safe rechargeable batteries. 

The performances of the highly attractive reemerging SIBs 

will be strongly dependent on electrode materials devel-

oped [149–152]. A number of positive electrode materials 

have been explored [147]. For example, cathode materials: 

carbon- coated NaVPO4F could deliver a reversible capacity 

of 98 mAh/g; [153] Na0.44MnO2 particles delivered 

65 mAh/g; [154] NaxCo[F\e(CN)6]0.902.9H2O delivered 

135 mAh/g; [155] layered Na0.71CoO2 delivered 80 mAh/g; 

[156] KFe(II)Fe(III)(CN)6 delivered 100 mAh/g; [157] and 

Na2FePO4F exhibited high voltage of 3.5 V [144]. In 

terms of anode materials, the widely used graphite in 

Li- ion batteries, however, cannot reversibly store significant 

amount of Na, typically <5 mAh/g due to lack of Na 

intercalation [147, 151, 158, 159]. On the other hand, 

disordered nongraphitic carbons can reversibly store more 

Na as compared to graphite [147, 151]. Carbon nanowires 

prepared by pyrolyzation of polyaniline demonstrated 

impressive performance in Na storage [160]. Nanocellular 

carbon foams delivered 152 mAh/g [161]. Furthermore, 

metals, metal oxides, and phosphorus have been inves-

tigated as anode as well [162–171]. Interestingly, for both 

Na-  and Li- active materials of Sn@C nanospheres, it 

would be broken in SIBs but well preserved in Li- ion 

batteries tests [172]. Therefore, in the selection of  materials 

for SIBs, the knowledge learned from Li- ion batteries 

may not always be applicable.

There are many other promising battery technologies 

under development. The new battery technologies may 

not be necessary to directly compete with Li- ion batteries 

in market share due to their unique characteristics in 

terms of performance, cost and size. Redox flow batteries 

using solutions of redox complexes or ions, or so- called 

catholyte and anolyte, are good options for stationary 

applications, such as in energy grids based on sustainable 

sources. Mg- ion batteries have the advantages of no den-

drite formation and therefore enhanced safety, and high- 

energy density comparable to Li- ion batteries but at 

significantly lower cost. Therefore, Mg- ion batteries are 

highly attractive for electric vehicles. Toyota is leading 

the industrial efforts to commercialize Mg- ion batteries 

which are expected to power electric vehicles by 2020. 

Al- ion batteries, with three- electron transfer, could achieve 

three times higher energy density than that of Li- ion bat-

teries. However, the use of expensive ionic liquids will 

limit Al- ion batteries to mainly special applications. 

Rechargeable Zn- air batteries may be more promising as 

compared to Li- air batteries. Primary Zn- air batteries were 

invented more than 100 years ago. The recent efforts are 

mainly focusing on the development of rechargeable  Zn- air 

batteries. Rechargeable Zn- air batteries can find  applications 

in electric vehicles.

Summary

In summary, Li- ion batteries have affected almost everyone 

in the world. The success of commercial Li- ion batteries 

was a result of intensive research and contribution by 

many great scientists over few decades. Recently, much 

effort was put into further improvement on the 
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performances of Li- ion batteries, achieving certain level 

of success. There are still notable issues. Intensified re-

search is required to achieve next- generation Li- ion bat-

teries. Private companies are investing significantly into 

the research and development of Li- ion batteries which 

could lead to incrementally advanced products achieving 

significant direct impacts to our society. Academic sections 

could make contributions by generating out- of- the- box 

ideas and concepts, especially those beyond Li- ion bat-

teries that could be commercialized in the next few decades. 

Battery safety and sustainable batteries should receive their 

deserved emphasis and attention in the future. New bat-

tery concepts have to be further developed to go beyond 

Li- ion batteries in the future. LCA and TEA are good 

tools for evaluation next- generation Li- ion batteries and 

beyond Li- ion batteries.

Acknowledgment

The author appreciates Professor Simon Ng for comments 

on the manuscript and Wayne State University for 

support.

Conflict of Interest

None declared.

References

 1.  Deng, D., M. G. Kim, J. Y. Lee, and J. Cho. 2009. 

Green energy storage materials: Nanostructured TiO2 

and Sn-based anodes for lithium-ion batteries.  

Energ. Environ. Sci. 2:818–837.

 2.  Levine, S.. 2010. The Great Battery Race. Foreign 

Policy 182:88–95.

 3.  Yoshino, A. 2012. The Birth of the Lithium-Ion 

Battery. Angew. Chem. Int. Edit. 51:5798–5800.

 4.  New York Times 2013, 162, B5–B5.

 5.  Joan Lowy 2013. NTSB: Boeing 787 battery shows 

short-circuiting. The Associated Press.

 6.  Tarascon, J. M., and M. Armand. 2001. Issues and 

challenges facing rechargeable lithium batteries. Nature 

414:359–367.

 7.  Whittingham, M. S. 1976. Electrical Energy Storage 

and Intercalation Chemistry. Science 192:1126–1127.

 8.  Besenhard, J. O., and G. Eichinger. 1976. High energy 

density lithium cells: Part I. Electrolytes and anodes.  

J. Electroanal. Chem. Interfacial Electrochem. 68:1–18.

 9.  Eichinger, G., and J. O. Besenhard. 1976. High energy 

density lithium cells: Part II. Cathodes and complete 

cells. J. Electroanal. Chem. Interfacial Electrochem. 

72:1–31.

 10.  Mizushima, K., P. C. Jones, P. J. Wiseman, and 

J. B. Goodenough. 1981. LixCoO2 (0<x≤1): A new 

cathode material for batteries of high energy density. 

Solid State Ionics 3–4:171–174.

 11.  Thackeray, M. M., W. I. F. David, P. G. Bruce, and 

J. B. Goodenough. 1983. Lithium insertion into 

manganese spinels. Mater. Res. Bull. 18:461–472.

 12.  Yazami, R., and P. Touzain. 1983. A reversible 

graphite-lithium negative electrode for electrochemical 

generators. J. Power Sources 9:365–371.

 13.  Basu, S., C. Zeller, P. J. Flanders, C. D. Fuerst, 

W. D. Johnson, and J. E. Fischer. 1979. Synthesis and 

properties of lithium-graphite intercalation compounds. 

Mat. Sci. Eng. 38:275–283.

 14.  Yoshino, A., K. Sanechika, and T. Nakajima. 1987. 

USP4,668,595.

 15.  Chan, C. K., H. Peng, G. Liu, K. McIlwrath, 

X. F. Zhang, R. A. Huggins, et al. 2008.  

High-performance lithium battery anodes using silicon 

nanowires. Nat. Nanotechnol. 3:31–35.

 16.  Bates, J. B., N. J. Dudney, B. Neudecker, A. Ueda, and 

C. D. Evans. 2000. Thin-film lithium and lithium-ion 

batteries. Solid State Ionics 135:33–45.

 17.  Li, H., X. J. Huang, L. Q. Chen, Z. G. Wu, and Y. 

Liang. 1999. A high capacity nano-Si composite anode 

material for lithium rechargeable batteries. Electrochem. 

Solid State Lett. 2:547–549.

 18.  Xing, W. B., A. M. Wilson, G. Zank, and J. R. Dahn. 

1997. Pyrolysed pitch-polysilane blends for use as 

anode materials in lithium ion batteries. Solid State 

Ionics 93:239–244.

 19.  Xing, W. B., A. M. Wilson, K. Eguchi, G. Zank, and 

J. R. Dahn. 1997. Pyrolyzed polysiloxanes for use as 

anode materials in lithium-ion batteries.  

J. Electrochem. Soc. 144:2410–2416.

 20.  Wilson, A. M., G. Zank, K. Eguchi, W. Xing, and 

J. R. Dahn. 1997. Pyrolysed silicon-containing polymers 

as high capacity anodes for lithium-ion batteries.  

J. Power Sources 68:195–200.

 21.  Xue, J. S., K. Myrtle, and J. R. Dahn. 1995. An 

epoxy-silane approach to prepare anode materials for 

rechargeable lithium ion batteries. J. Electrochem. Soc. 

142:2927–2935.

 22.  Deng, D., and J. Y. Lee. 2010. Direct fabrication of 

double-rough chestnut-like multifunctional Sn@C 

composites on copper foil: lotus effect and lithium ion 

storage properties. J. Mater. Chem. 20:8045–8049.

 23.  Deng, D., and J. Y. Lee. 2009. Reversible Storage of 

Lithium in a Rambutan-Like Tin-Carbon Electrode. 

Angew. Chem. Int. Ed. 48:1660–1663.

 24.  Lou, X. W., D. Deng, J. Y. Lee, and L. A. Archer. 

2008. Preparation of SnO2/Carbon Composite Hollow 

Spheres and Their Lithium Storage Properties. Chem. 

Mater. 20:6562–6566.

 25.  Deng, D., and J. Y. Lee. 2008. Hollow core-shell 

mesospheres of crystalline SnO2 nanoparticle aggregates 



413© 2015 The Author. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.

Electrochemical Energy StorageD. Deng

for high capacity Li+ ion storage. Chem. Mater. 

20:1841–1846.

 26.  Zhu, J., K. S. Ng, and D. Deng. 2014. Hollow 

Cocoon-Like Hematite Mesoparticles of Nanoparticle 

Aggregates: Structural Evolution and Superior 

Performances in Lithium Ion Batteries. ACS Appl. Mat. 

Interfac. 6:2996–3001.

 27.  Deng, D., and J. Y. Lee. 2014. Meso-oblate Spheroids 

of Thermal-Stabile Linker-Free Aggregates with 

Size-Tunable Subunits for Reversible Lithium Storage. 

ACS Appl. Mat. Interfac. 6:1173–1179.

 28.  Kang, B., and G. Ceder. 2009. Battery materials for 

ultrafast charging and discharging. Nature 458:190–193.

 29.  Arico, A. S., P. Bruce, B. Scrosati, J. M. Tarascon, and 

W. Van Schalkwijk. 2005. Nanostructured materials for 

advanced energy conversion and storage devices.  

Nat. Mater. 4:366–377.

 30.  Winter, M., J. O. Besenhard, M. E. Spahr, and 

P. Novak. 1998. Insertion electrode materials for 

rechargeable lithium batteries. Adv. Mater. 10:725–763.

 31.  Poizot, P., S. Laruelle, S. Grugeon, L. Dupont, and 

J. M. Tarascon. 2000. Nano-sized transition-metaloxides 

as negative-electrode materials for lithium-ion batteries. 

Nature 407:496–499.

 32.  Winter, M., and R. J. Brodd. 2004. What are batteries, 

fuel cells, and supercapacitors? Chem. Rev. 

104:4245–4269.

 33.  Nam, K. T., D. W. Kim, P. J. Yoo, C. Y. Chiang, 

N. Meethong, P. T. Hammond, et al. 2006.  

Virus-enabled synthesis and assembly of nanowires for 

lithium ion battery electrodes. Science 312:885–888.

 34.  Yi, T. F., X. Y. Li, H. P. Liu, J. Shu, Y. R. Zhu, and 

R. S. Zhu. 2012. Recent developments in the doping 

and surface modification of LiFePO4 as cathode 

material for power lithium ion battery. Ionics 

18:529–539.

 35.  Xu, B., D. N. Qian, Z. Y. Wang, and Y. S. L. Meng. 

2012. Recent progress in cathode materials research for 

advanced lithium ion batteries. Mat. Sci. Eng. R 

73:51–65.

 36.  Whittingham, M. S. 2012. History, Evolution, and 

Future Status of Energy Storage. Proc. IEEE 

100:1518–1534.

 37.  Wen, J. W., Y. Yu, and C. H. Chen. 2012. A Review 

on Lithium-Ion Batteries Safety Issues: Existing 

Problems and Possible Solutions. Mater Exp. 

2:197–212.

 38.  Qu, C. Q., Y. J. Wei, and T. Jiang. 2012. Research 

Progress in Li3V2(PO4)(3) as Polyanion-type Cathode 

Materials for Lithium-ion Batteries. J. Inorg. Mater 

27:561–567.

 39.  Oudenhoven, J. F. M., R. J. M. Vullers, and 

R. Schaijk. 2012. A review of the present situation and 

future developments of micro-batteries for wireless 

autonomous sensor systems. Int. J. Energ. Res. 

36:1139–1150.

 40.  Du, N., H. Zhang, and D. R. Yang. 2012.  

One-dimensional hybrid nanostructures: synthesis via 

layer-by-layer assembly and applications. Nanoscale 

4:5517–5526.

 41.  de las Casas, C., and W. Z. Li. 2012. A review of 

application of carbon nanotubes for lithium ion 

battery anode material. J. Power Sources 208:74–85.

 42.  Chu, D. B., J. Li, X. M. Yuan, Z. L. Li, X. Wei, and 

Y. Wan. 2012. Tin-Based Alloy Anode Materials for 

Lithium Ion Batteries. Prog. Chem. 24:1466–1476.

 43.  Zhang, W. J. 2011. Structure and performance of 

LiFePO4 cathode materials: A review. J. Power Sources 

196:2962–2970.

 44.  Marom, R., S. F. Amalraj, N. Leifer, D. Jacob, and 

D. Aurbach. 2011. A review of advanced and practical 

lithium battery materials. J. Mater. Chem. 

21:9938–9954.

 45.  Yi, T. F., Y. R. Zhu, X. D. Zhu, J. Shu, C. B. Yue, 

and A. N. Zhou. 2009. A review of recent 

developments in the surface modification of LiMn2O4 

as cathode material of power lithium-ion battery. 

Ionics 15:779–784.

 46.  Yi, T. F., C. B. Yue, Y. R. Zhu, R. S. Zhu, and X. G. 

Hu. 2009. A Review of Research on Cathode Materials 

for Power Lithium Ion Batteries. Rare Metal. Mat. 

Eng. 38:1687–1692.

 47.  Chung, S. Y., J. T. Bloking, and Y. M. Chiang. 2002. 

Electronically conductive phospho-olivines as lithium 

storage electrodes. Nat. Mater. 1:123–128.

 48.  Malik, R., D. Burch, M. Bazant, and G. Ceder. 2010. 

Particle Size Dependence of the Ionic Diffusivity. Nano 

Lett. 10:4123–4127.

 49.  Meethong, N., Y. H. Kao, S. A. Speakman, and 

Y. M. Chiang. 2009. Aliovalent Substitutions in 

Olivine Lithium Iron Phosphate and Impact on 

Structure and Properties. Adv. Funct. Mater. 

19:1060–1070.

 50.  Ma, J., B. H. Li, H. D. Du, C. J. Xu, and F. Y. Kang. 

2011. Effects of tin doping on physicochemical and 

electrochemical performances of LiFe1-xSnxPO4/C  

(0 <= x <= 0.07) composite cathode materials. 

Electrochim. Acta 56:7385–7391.

 51.  Wang, D. Y., H. Li, S. Q. Shi, X. J. Huang, and 

L. Q. Chen. 2005. Improving the rate performance of 

LiFePO4 by Fe-site doping. Electrochim. Acta 

50:2955–2958.

 52.  Zaghib, K., J. B. Goodenough, A. Mauger, and C. 

Julien. 2009. Unsupported claims of ultrafast charging 

of LiFePO4 Li-ion batteries. J. Power Sources 

194:1021–1023.

 53.  Wang, J. J., and X. L. Sun. 2012. Understanding and 

recent development of carbon coating on LiFePO4 



414 © 2015 The Author. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.

D. DengElectrochemical Energy Storage

cathode materials for lithium-ion batteries. Energ. 

Environ. Sci. 5:5163–5185.

 54.  Wu, X.-L., L.-Y. Jiang, F.-F. Cao, Y.-G. Guo, and L.-J. 

Wan. 2009. LiFePO4 Nanoparticles Embedded in a 

Nanoporous Carbon Matrix: Superior Cathode Material 

for Electrochemical Energy-Storage Devices. Adv. Mater. 

21:2710–2714.

 55.  Belharouak, I., C. Johnson, and K. Amine. 2005. 

Synthesis and electrochemical analysis of vapor-deposited 

carbon-coated LiFePO4. Electrochem. Commun. 

7:983–988.

 56.  Lu, Z. G., H. Cheng, M. F. Lo, and C. Y. Chung. 

2007. Pulsed laser deposition and electrochemical 

characterization of LiFePO4-Ag composite thin films. 

Adv. Funct. Mater. 17:3885–3896.

 57.  Gummow, R. J., N. Sharma, V. K. Peterson, and 

Y. He. 2012. Crystal chemistry of the Pmnb 

polymorph of Li2MnSiO4. J. Solid State Chem. 

188:32–37.

 58.  Gummow, R. J., and Y. He. 2014. Recent progress in 

the development of Li2MnSiO4 cathode materials.  

J. Power Sources 253:315–331.

 59.  Sun, Y.-K., S.-T. Myung, B.-C. Park, J. Prakash, 

I. Belharouak, and K. Amine. 2009. High-energy 

cathode material for long-life and safe lithium 

batteries. Nat. Mater. 8:320–324.

 60.  Megahed, S., and B. Scrosati. 1994. Lithium-ion 

rechargeable batteries. J. Power Sources 51:79–104.

 61.  Deng, D., and J. Y. Lee. 2013. Meso-oblate Spheroids 

of Thermal-Stabile Linker-Free Aggregates with 

Size-Tunable Subunits for Reversible Lithium Storage. 

ACS Appl. Mat. Interfac. 6:1173–1179.

 62.  Idota, Y., T. Kubota, A. Matsufuji, Y. Maekawa, and 

T. Miyasaka. 1997. Tin-based amorphous oxide: A 

high-capacity lithium-ion-storage material. Science 

276:1395–1397.

 63.  Inoue, H. 2006. International Meeting on Lithium 

Batteries abstr #228, Biarritz, France.

 64.  Dimov, N., Y. Xia, and M. Yoshio. 2007. Practical 

silicon-based composite anodes for lithium-ion 

batteries: Fundamental and technological features. 

J. Power Sources 171:886–893.

 65.  Winter, M., and J. O. Besenhard. 1999. Electrochemical 

lithiation of tin and tin-based intermetallics and 

composites. Electrochim. Acta 45:31–50.

 66.  Bonino, F., S. Brutti, P. Reale, B. Scrosati, L. Gherghel, 

J. Wu, et al. 2005. A disordered carbon as a novel 

anode material in lithium-ion cells. Adv. Mater. 

17:743–746.

 67.  Zheng, T., J. S. Xue, and J. R. Dahn. 1996. Lithium 

insertion in hydrogen-containing carbonaceous 

materials. Chem. Mater. 8:389–393.

 68.  Ebert, L. B. 1996. The interrelationship of hydrogen-

containing carbon and lithium. Carbon 34:671–672.

 69.  Dahn, J. R., T. Zheng, Y. H. Liu, and J. S. Xue. 1995. 

Mechanisms for lithium insertion in carbonaceous 

materials. Science 270:590–593.

 70.  Baughman, R. H., A. A. Zakhidov, and W. A. de 

Heer. 2002. Carbon nanotubes-the route toward 

applications. Science 297:787–792.

 71.  Che, G. L., B. B. Lakshmi, E. R. Fisher, and 

C. R. Martin. 1998. Carbon nanotubule membranes for 

electrochemical energy storage and production. Nature 

393:346–349.

 72.  Wang, Y., H. C. Zeng, and J. Y. Lee. 2006. Highly 

reversible lithium storage in porous SnO2 nanotubes 

with coaxially grown carbon nanotube overlayers. Adv. 

Mater. 18:645–649.

 73.  Kumar, T. P., R. Ramesh, Y. Y. Lin, and G. T. K. 

Fey. 2004. Tin-filled carbon nanotubes as insertion 

anode materials for lithium-ion batteries. Electrochem. 

Commun. 6:520–525.

 74.  Scarselli, M., P. Castrucci, and M. D. Crescenzi. 2012. 

Electronic and optoelectronic nano-devices based on 

carbon nanotubes. J. Phys. 24:313202.

 75.  Charette, K., J. Zhu, S. O. Salley, K. Y. S. Ng, and 

D. Deng. 2014. Gram-scale synthesis of high-

temperature (900°C) stable anatase TiO2 nanostructures 

assembled by tunable building subunits for safer 

lithium ion batteries. RSC Adv. 4:2557–2562.

 76.  Liu, F., S. Song, D. Xue, and H. Zhang. 2012. Selective 

crystallization with preferred lithium-ion storage capability 

of inorganic materials. Nanoscale Res. Lett. 7:149.

 77.  Bogart, T. D., D. Oka, X. Lu, M. Gu, C. Wang, and 

B. A. Korgel. 2013. Lithium Ion Battery Peformance of 

Silicon Nanowires with Carbon Skin. ACS Nano 

8:915–922.

 78.  Meng, X., and D. Deng. 2015. Core–Shell Ti@Si 

Coaxial Nanorod Arrays Formed Directly on Current 

Collectors for Lithium-Ion Batteries. ACS Appl. Mat. 

Interfac. 7:6867–6874.

 79.  Obrovac, M. N., L. Christensen, D. B. Le, and J. R. 

Dahn. 2007. Alloy Design for Lithium-Ion Battery 

Anodes. J. Electrochem. Soc. 154:A849–A855.

 80.  Lou, X. W., C. L. Yuan, and L. A. Archer. 2007. 

Double-walled SnO2 nano-cocoons with movable 

magnetic cores. Adv. Mater. 19:3328–3332.

 81.  Wang, Y., F. B. Su, J. Y. Lee, and X. S. Zhao. 2006. 

Crystalline carbon hollow spheres, crystalline  

carbon-SnO2 hollow spheres, and crystalline SnO2 

hollow spheres: Synthesis and performance in reversible 

Li-ion storage. Chem. Mater. 18:1347–1353.

 82.  Lou, X. W., Y. Wang, C. L. Yuan, J. Y. Lee, and 

L. A. Archer. 2006. Template-free synthesis of SnO2 

hollow nanostructures with high lithium storage 

capacity. Adv. Mater. 18:2325–2329.

 83.  Wang, Y., J. Y. Lee, and H. C. Zeng. 2005. 

Polycrystalline SnO2 nanotubes prepared via infiltration 



415© 2015 The Author. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.

Electrochemical Energy StorageD. Deng

casting of nanocrystallites and their electrochemical 

application. Chem. Mater. 17:3899–3903.

 84.  Wang, Y., J. Y. Lee, and T. C. Deivaraj. 2004. 

Controlled synthesis of V-shaped SnO2 nanorods. 

J. Phys. Chem. B 108:13589–13593.

 85.  Yu, Y., C. H. Chen, and Y. Shi. 2007. A tin-based 

amorphous oxide composite with a porous, spherical, 

multideck-cage morphology as a highly reversible 

anode material for lithium-ion batteries. Adv. Mater. 

19:993–997.

 86.  Kwon, Y., and J. Cho. 2008. High capacity carbon-

coated Si70Sn30 nanoalloys for lithium battery anode 

material. Chem. Commun. 9:1109–1111.

 87.  Kim, J. Y., and J. Cho. 2006. SnO2 filled mesoporous 

tin phosphate - High capacity negative electrode for 

lithium secondary battery. Electrochem. Solid- State 

Lett. 9:A373–A375.

 88.  Kim, E., D. Son, T. G. Kim, J. Cho, B. Park, K. S. 

Ryu, et al. 2004. A mesoporous/crystalline composite 

material containing tin phosphate for use as the anode 

in lithium-ion batteries. Angew. Chem. Int. Ed. 

43:5987–5990.

 89.  Kim, Y., H. Hwang, C. S. Yoon, M. G. Kim, and 

J. Cho. 2007. Reversible lithium intercalation in 

teardrop-shaped ultrafine SnP0.94 particles. Adv. Mater. 

19:92–96.

 90.  Kim, T. J., D. Son, J. Cho, B. Park, and H. Yang. 

2004. Enhanced electrochemical properties of SnO2 

anode by AlPO4 coating. Electrochim. Acta 

49:4405–4410.

 91.  Addu, S. K., J. Zhu, K. Y. S. Ng, and D. Deng. 2014. 

A Family of Mesocubes. Chem. Mater. 26:4472–4485.

 92.  Bronstein, L. M., X. Huang, J. Retrum, A. Schmucker, 

M. Pink, B. D. Stein, et al. 2007. Influence of Iron 

Oleate Complex Structure on Iron Oxide Nanoparticle 

Formation. Chem. Mater. 19:3624–3632.

 93.  Xiong, Y., Z. Li, X. Li, B. Hu, and Y. Xie. 2004. 

Thermally stable hematite hollow nanowires. Inorg. 

Chem. 43:6540–6542.

 94.  Wen, X., S. Wang, Y. Ding, Z. L. Wang, and S. Yang. 

2005. Controlled growth of large-area, uniform, 

vertically aligned arrays of α-Fe2O3 nanobelts and 

nanowires. J. Phys. Chem. B 109:215–220.

 95.  Ling, Y., G. Wang, D. A. Wheeler, J. Z. Zhang, and 

Y. Li. 2011. Sn-Doped Hematite Nanostructures for 

Photoelectrochemical Water Splitting. Nano Lett. 

11:2119–2125.

 96.  Yuan, L., Q. Jiang, J. Wang, and G. Zhou. 2012. The 

growth of hematite nanobelts and nanowires—tune the 

shape via oxygen gas pressure. J. Mater. Res. 

27:1014–1021.

 97.  Zhou, W., K. Tang, S. Zeng, and Y. Qi. 2008. Room 

temperature synthesis of rod-like FeC2O4· 2H2O and 

its transition to maghemite, magnetite and hematite 

nanorods through controlled thermal decomposition. 

Nanotechnology 19:065602.

 98.  Ganguli, A. K., and T. Ahmad. 2007. Nanorods of 

Iron Oxalate Synthesized Using Reverse Micelles: Facile 

Route for-Fe2O3 and Fe3O4 Nanoparticles. J. Nanosci. 

Nanotechnol. 7:2029–2035.

 99.  Cho, W., S. Park, and M. Oh. 2011. Coordination 

polymer nanorods of Fe-MIL-88B and their utilization 

for selective preparation of hematite and magnetite 

nanorods. Chem. Commun. 47:4138–4140.

100.  Chen, J., L. Xu, W. Li, and X. Gou. 2005. α-Fe2O3 

Nanotubes in Gas Sensor and Lithium-Ion Battery 

Applications. Adv. Mater. 17:582–586.

101.  Kang, N., J. H. Park, J. Choi, J. Jin, J. Chun, I. G. Jung, 

et al. 2012. Nanoparticulate Iron Oxide Tubes from 

Microporous Organic Nanotubes as Stable Anode 

Materials for Lithium Ion Batteries. Angew. Chem. Int. 

Ed. 51:6626–6630.

102.  Reddy, M., T. Yu, C. H. Sow, Z. X. Shen, C. T. Lim, 

G. Subba Rao, et al. 2007. α-Fe2O3 Nanoflakes as an 

Anode Material for Li-Ion Batteries. Adv. Funct. 

Mater. 17:2792–2799.

103.  Chen, J. S., T. Zhu, X. H. Yang, H. G. Yang, and 

X. W. Lou. 2010. Top-Down Fabrication of α-Fe2O3 

Single-Crystal Nanodiscs and Microparticles with 

Tunable Porosity for Largely Improved Lithium Storage 

Properties. J. Am. Chem. Soc. 132:13162–13164.

104.  Hu, X., J. C. Yu, J. Gong, Q. Li, and G. Li. 2007. 

α-Fe2O3 Nanorings Prepared by a Microwave-Assisted 

Hydrothermal Process and Their Sensing Properties. 

Adv. Mater. 19:2324–2329.

105.  Xiong, S., J. Xu, D. Chen, R. Wang, X. Hu, G. Shen, 

et al. 2011. Controlled synthesis of monodispersed 

hematite microcubes and their properties. 

CrystEngComm 13:7114–7120.

106.  Liang, X., X. Wang, J. Zhuang, Y. Chen, D. Wang, 

and Y. Li. 2006. Synthesis of nearly monodisperse iron 

oxide and oxyhydroxide nanocrystals. Adv. Funct. 

Mater. 16:1805–1813.

107.  Cao, H., G. Wang, J. H. Warner, and A. A. Watt. 

2008. Amino-acid-assisted synthesis and size-dependent 

magnetic behaviors of hematite nanocubes. Appl. Phys. 

Lett. 92:013110–013113.

108.  Zeng, S., K. Tang, T. Li, Z. Liang, D. Wang, Y. Wang, 

et al. 2007. Hematite hollow spindles and 

microspheres: selective synthesis, growth mechanisms, 

and application in lithium ion battery and water 

treatment. J. Phys. Chem. C 111:10217–10225.

109.  Jia, X. H., and H. J. Song. 2012. Facile synthesis of 

monodispersed α-Fe2O3 microspheres through 

template-free hydrothermal route. J. Nanopart. Res. 

14:1–8.

110.  Cao, S.-W., and Y.-J. Zhu. 2008. Hierarchically 

Nanostructured α-Fe2O3 Hollow Spheres: Preparation, 



416 © 2015 The Author. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.

D. DengElectrochemical Energy Storage

Growth Mechanism, Photocatalytic Property, and 

Application in Water Treatment. J. Phys. Chem. C 

112:6253–6257.

111.  Wang, B., J. S. Chen, H. B. Wu, Z. Wang, and X. W. 

Lou. 2011. Quasiemulsion-Templated Formation of 

α-Fe2O3 Hollow Spheres with Enhanced Lithium 

Storage Properties. J. Am. Chem. Soc. 

133:17146–17148.

112.  Xu, X., R. Cao, S. Jeong, and J. Cho. 2012. Spindle-like 

Mesoporous α-Fe2O3 Anode Material Prepared from 

MOF Template for High-Rate Lithium Batteries. Nano 

Lett. 12:4988–4991.

113.  Du, D., and M. Cao. 2008. Ligand-assisted 

hydrothermal synthesis of hollow Fe2O3 urchin-like 

microstructures and their magnetic properties. J. Phys. 

Chem. C 112:10754–10758.

114.  Zeng, S., K. Tang, T. Li, Z. Liang, D. Wang, Y. Wang, 

et al. 2008. Facile route for the fabrication of porous 

hematite nanoflowers: its synthesis, growth mechanism, 

application in the lithium ion battery, and magnetic 

and photocatalytic properties. J. Phys. Chem. C 

112:4836–4843.

115.  Wu, Z., K. Yu, S. Zhang, and Y. Xie. 2008. Hematite 

hollow spheres with a mesoporous shell: controlled 

synthesis and applications in gas sensor and lithium 

ion batteries. J. Phys. Chem. C 112:11307–11313.

116.  Kim, H.-J., K.-I. Choi, A. Pan, I.-D. Kim, H.-R. Kim, 

K.-M. Kim, et al. 2011. Template-free solvothermal 

synthesis of hollow hematite spheres and their 

applications in gas sensors and Li-ion batteries. J. 

Mater. Chem. 21:6549–6555.

117.  Song, H.-J., N. Li, and X.-Q. Shen. 2011. Template-

free synthesis of hollow α-Fe2O3 microspheres. Appl. 

Phys. A Mater. Sci. Process. 102:559–563.

118.  Hu, C.-Y., Y.-J. Xu, S.-W. Duo, W.-K. Li, J.-H. Xiang, 

M.-S. Li, et al. 2010. Preparation of Inorganic Hollow 

Spheres Based on Different Methods. J. Chin. Chem. 

Soc. 57:1091.

119.  Liu, J., Y. Li, H. Fan, Z. Zhu, J. Jiang, R. Ding, et al. 

2009. Iron oxide-based nanotube arrays derived from 

sacrificial template-accelerated hydrolysis: large-area 

design and reversible lithium storage. Chem. Mater. 

22:212–217.

120.  Zhu, J., K. Y. S. Ng, and D. Deng. 2014. Hollow 

Cocoon-Like Hematite Mesoparticles of Nanoparticle 

Aggregates: Structural Evolution and Superior 

Performances in Lithium Ion Batteries. ACS Appl. Mat. 

Interfac. 6:2996–3001.

121.  Zhu, J., K. Y. S. Ng, and D. Deng. 2014. Micro Single 

Crystals of Hematite with Nearly 100% Exposed {104} 

Facets: Preferred Etching and Lithium Storage. Cryst. 

Growth Des. 14:2811–2817.

122.  Wang, Z., D. Luan, S. Madhavi, Y. Hu, and X. W. 

Lou. 2012. Assembling carbon-coated [small 

alpha]-Fe2O3 hollow nanohorns on the CNT backbone 

for superior lithium storage capability. Energ. Environ. 

Sci. 5:5252–5256.

123.  Tsuda, N. 2000. Electronic conduction in oxides, Vol. 

94. Springer, 207.

124.  Yuan, S. M., J. X. Li, L. T. Yang, L. W. Su, L. Liu, 

Z. Zhou, et al. 2011. Preparation and Lithium Storage 

Performances of Mesoporous Fe3O4@C Microcapsules. 

Mater. Interfaces 3:705–709.

125.  Chen, Y., H. Xia, L. Lu, and J. Xue. 2012. Synthesis 

of porous hollow Fe3O4 beads and their applications 

in lithium ion batteries. J. Mater. Chem. 22:5006–5012.

126.  Zhang, W. M., X. L. Wu, J. S. Hu, Y. G. Guo, and L. 

J. Wan. 2008. Carbon Coated Fe3O4 Nanospindles as a 

Superior Anode Material for Lithium-Ion Batteries. 

Adv. Funct. Mater. 18:3941–3946.

127.  Yang, Z., J. Shen, and L. A. Archer. 2011. An in situ 

method of creating metal oxide-carbon composites and 

their application as anode materials for lithium-ion 

batteries. J. Mater. Chem. 21:11092–11097.

128.  Wang, L., J. Liang, Y. Zhu, T. Mei, X. Zhang, Q. Yang, 

et al. 2013. Synthesis of Fe3O4@ C core–shell nanorings 

and their enhanced electrochemical performance for 

lithium-ion batteries. Nanoscale 5:3627–3631.

129.  Zhu, J., K. Y. S. Ng, and D. Deng. 2014. Porous 

olive-like carbon decorated Fe3O4 based additive-free 

electrodes for highly reversible lithium storage. J. 

Mater. Chem. A 2:16008–16014.

130.  Yang, L., A. Xiao, and B. L. Lucht. 2010. Investigation 

of solvation in lithium ion battery electrolytes by NMR 

spectroscopy. J. Mol. Liq. 154:131–133.

131.  Xu, K. 2004. Nonaqueous Liquid Electrolytes for 

Lithium-Based Rechargeable Batteries. Chem. Rev. 

104:4303–4418.

132.  Croce, F., G. B. Appetecchi, L. Persi, and B. Scrosati. 

1998. Nanocomposite polymer electrolytes for lithium 

batteries. Nature 394:456–458.

133.  Dias, F. B., L. Plomp, and J. B. J. Veldhuis. 2000. 

Trends in polymer electrolytes for secondary lithium 

batteries. J. Power Sources 88:169–191.

134.  Meyer, W. H. 1998. Polymer Electrolytes for Lithium-Ion 

Batteries. Adv. Mater. 10:439–448.

135.  Fergus, J. W. 2010. Ceramic and polymeric solid 

electrolytes for lithium-ion batteries. J. Power Sources 

195:4554–4569.

136.  Zhang, S. S. 2007. A review on the separators of 

liquid electrolyte Li-ion batteries. J. Power Sources 

164:351–364.

137.  Wang, X., Z. Wen, Y. Liu, and X. Wu. 2009. A novel 

composite containing nanosized silicon and tin as 

anode material for lithium ion batteries. Electrochim. 

Acta 54:4662–4667.

138.  Lee, Y. J., H. Yi, W.-J. Kim, K. Kang, D. S. Yun,  

M. S. Strano, et al. 2009. Fabricating Genetically 



417© 2015 The Author. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.

Electrochemical Energy StorageD. Deng

Engineered High-Power Lithium-Ion Batteries Using 

Multiple Virus Genes. Science 324:1051–1055.

139.  Chen, H., M. Armand, G. Demailly, F. Dolhem, P. 

Poizot, and J.-M. Tarascon. 2008. From Biomass to a 

Renewable LiXC6O6 Organic Electrode for Sustainable 

Li-Ion Batteries. Chemsuschem 1:348–355.

140.  Zackrisson, M., L. Avellán, and J. Orlenius. 2010. Life 

cycle assessment of lithium-ion batteries for plug-in 

hybrid electric vehicles – Critical issues. J. Clean. Prod. 

18:1519–1529.

141.  Deng, D., and J. Y. Lee. 2011. Linker-free 3D assembly 

of nanocrystals with tunable unit size for reversible 

lithium ion storage. Nanotechnology 22:355401.

142.  Tarascon, J.-M. 2010. Key challenges in future 

Li-battery research, Philos. Trans. A. Math. Phys. Eng. 

Sci. 368:3227–3241.

143.  Yabuuchi, N., M. Kajiyama, J. Iwatate, H. Nishikawa, 

S. Hitomi, R. Okuyama, et al. 2012. P2-type 

Nax[Fe1/2Mn1/2]O2 made from earth-abundant 

elements for rechargeable Na batteries. Nat. Mater. 

11:512–517.

144.  Ellis, B. L., W. R. M. Makahnouk, Y. Makimura, 

K. Toghill, and L. F. Nazar. 2007. A multifunctional 

3.5 V iron-based phosphate cathode for rechargeable 

batteries. Nat. Mater. 6:749–753.

145.  Hayashi, A., K. Noi, A. Sakuda, and M. Tatsumisago. 

2012. Superionic glass-ceramic electrolytes for room-

temperature rechargeable sodium batteries. Nat. 

Commun. 3:856.

146.  Xiong, H., M. D. Slater, M. Balasubramanian, 

C. S. Johnson, and T. Rajh. 2011. Amorphous TiO2 

Nanotube Anode for Rechargeable Sodium Ion 

Batteries. J Phys Chem Lett 2:2560–2565.

147.  Slater, M. D., D. Kim, E. Lee, and C. S. Johnson. 

2012. Sodium-Ion Batteries. Adv. Funct. Mater. 

23:947–958.

148.  Stevens, D. A., and J. R. Dahn. 2000. High Capacity 

Anode Materials for Rechargeable Sodium-Ion Batteries. 

J. Electrochem. Soc. 147:1271–1273.

149.  Lu, X. C., G. G. Xia, J. P. Lemmon, and Z. G. Yang. 

2010. Advanced materials for sodium-beta alumina 

batteries: Status, challenges and perspectives. J. Power 

Sources 195:2431–2442.

150.  Pan, H. L., Y. S. Hu, and L. Q. Chen. 2013.  

Room-temperature stationary sodium-ion batteries for 

large-scale electric energy storage. Energ. Environ. Sci. 

6:2338–2360.

151.  Palomares, V., P. Serras, I. Villaluenga, K. B. Hueso, 

J. Carretero-Gonzalez, and T. Rojo. 2012. Na-ion 

batteries, recent advances and present challenges to 

become low cost energy storage systems. Energ. 

Environ. Sci. 5:5884–5901.

152.  Kim, S. W., D. H. Seo, X. H. Ma, G. Ceder, and 

K. Kang. 2012. Electrode Materials for Rechargeable 

Sodium-Ion Batteries: Potential Alternatives to Current 

Lithium-Ion Batteries. Adv. Energ. Mater. 2:710–721.

153.  Lu, Y., S. Zhang, Y. Li, L. G. Xue, G. J. Xu, and  

X. W. Zhang. 2014. Preparation and characterization 

of carbon-coated NaVPO4F as cathode material for 

rechargeable sodium-ion batteries. J. Power Sources 

247:770–777.

154.  Ruffo, R., R. Fathi, D. J. Kim, Y. H. Jung, 

C. M. Mari, and D. K. Kim. 2013. Impedance analysis 

of Na 0.44 MnO2 positive electrode for reversible 

sodium batteries in organic electrolyte. Electrochim. 

Acta 108:575–582.

155.  Takachi, M., T. Matsuda, and Y. Moritomo. 2013. 

Cobalt Hexacyanoferrate as Cathode Material for Na+ 

Secondary Battery. Appl. Phys. Express 6:2.

156.  D’Arienzo, M., R. Ruffo, R. Scotti, F. Morazzoni, 

C. M. Maria, and S. Polizzi. 2012. Layered 

Na0.71CoO2: a powerful candidate for viable and high 

performance Na-batteries. Phys. Chem. Chem. Phys. 

14:5945–5952.

157.  Lu, Y. H., L. Wang, J. G. Cheng, and 

J. B. Goodenough. 2012. Prussian blue: a new 

framework of electrode materials for sodium batteries. 

Chem. Commun. 48:6544–6546.

158.  Ge, P., and M. Fouletier. 1988. Electrochemical 

intercalation of sodium in graphite. Solid State Ionics 

28–30(Pt 2):1172–1175.

159.  Wenzel, S., T. Hara, J. Janek, and P. Adelhelm. 2011. 

Room-temperature sodium-ion batteries: Improving the 

rate capability of carbon anode materials by templating 

strategies. Energ. Environ. Sci. 4:3342–3345.

160.  Cao, Y. L., L. F. Xiao, M. L. Sushko, W. Wang, B. 

Schwenzer, J. Xiao, et al. 2012. Sodium Ion Insertion 

in Hollow Carbon Nanowires for Battery Applications. 

Nano Lett. 12:3783–3787.

161.  Shao, Y. Y., J. Xiao, W. Wang, M. Engelhard, 

X. L. Chen, Z. M. Nie, et al. 2013. Surface-Driven 

Sodium Ion Energy Storage in Nanocellular Carbon 

Foams. Nano Lett. 13:3909–3914.

162.  Qian, J. F., X. Y. Wu, Y. L. Cao, X. P. Ai, and H. X. 

Yang. 2013. High Capacity and Rate Capability of 

Amorphous Phosphorus for Sodium Ion Batteries. 

Angew. Chem. Int. Edit. 52:4633–4636.

163.  Kim, Y., Y. Park, A. Choi, N. S. Choi, J. Kim, J. Lee, 

et al. 2013. An Amorphous Red Phosphorus/Carbon 

Composite as a Promising Anode Material for Sodium 

Ion Batteries. Adv. Mater. 25:3045–3049.

164.  Hariharan, S., K. Saravanan, V. Ramar, and P. Balaya. 

2013. A rationally designed dual role anode material 

for lithium-ion and sodium-ion batteries: case study of 

eco-friendly Fe3O4. Phys. Chem. Chem. Phys. 

15:2945–2953.

165.  Bi, Z. H., M. P. Paranthaman, P. A. Menchhofer, 

R. R. Dehoff, C. A. Bridges, M. F. Chi, et al. 2013. 



418 © 2015 The Author. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.

D. DengElectrochemical Energy Storage

Self-organized amorphous TiO2 nanotube arrays on 

porous Ti foam for rechargeable lithium and sodium 

ion batteries. J. Power Sources 222:461–466.

166.  Zhu, H. L., Z. Jia, Y. C. Chen, N. Weadock, 

J. Y. Wan, O. Vaaland, et al. 2013. Tin Anode for 

Sodium-Ion Batteries Using Natural Wood Fiber as a 

Mechanical Buffer and Electrolyte Reservoir. Nano Lett. 

13:3093–3100.

167.  Liu, Y. H., Y. H. Xu, Y. J. Zhu, J. N. Culver, 

C. A. Lundgren, K. Xu, et al. 2013. Tin-coated viral 

nanoforests as sodium-ion battery anodes. ACS Nano 

7:3627–3634.

168.  Datta, M. K., R. Epur, P. Saha, K. Kadakia, S. K. 

Park, and P. N. Kuma. 2013. Tin and graphite based 

nanocomposites: Potential anode for sodium ion 

batteries. J. Power Sources 225:316–322.

169.  Su, D. W., H. J. Ahn, and G. X. Wang. 2013. SnO2@

graphene nanocomposites as anode materials for 

Na-ion batteries with superior electrochemical 

performance. Chem. Commun. 49:3131–3133.

170.  Xu, Y. H., Y. J. Zhu, Y. H. Liu, and C. S. Wang. 

2013. Electrochemical Performance of Porous Carbon/

Tin Composite Anodes for Sodium-Ion and Lithium-

Ion Batteries. Adv. Energ. Mater. 3:128–133.

171.  Huang, J. P., D. D. Yuan, H. Z. Zhang, Y. L. Cao, 

G. R. Li, H. X. Yang, et al. 2013. Electrochemical 

sodium storage of TiO2(B) nanotubes for sodium ion 

batteries. RSC Adv. 3:12593–12597.

172.  Chen, W., and D. Deng. 2015. Deflated Carbon 

Nanospheres Encapsulating Tin Decorated on Layered 

3-D Carbon Structures for Low-Cost Sodium Ion 

Batteries. ACS Sustain. Chem. Eng. 3:63–70.


