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ABSTRACT Lithium ion batteries have revolutionized the portable electronics
market, and they are being intensively pursued now for transportation and
stationary storage of renewable energies like solar and wind. The success of
lithium ion technology for the latter applications will depend largely on the cost,
safety, cycle life, energy, and power, which are in turn controlled by the component
materials used. Accordingly, this Perspective focuses on the challenges and
prospects associated with the electrode materials. Specifically, the issues asso-
ciated with high-voltage and high-capacity cathodes as well as high-capacity
anodes and the approaches to overcome them are presented.

L ithium ion batteries have aided the portable electronics
revolution during the past 2 decades because they store
much higher energy per unit weight or volume com-

pared to other rechargeable battery systems. The higher
energy density is due to our ability to achieve high voltages
(3-5 V per cell) due to the use of nonaqueous electrolytes
along with high capacity values compared to <2 V normally
realized with aqueous electrolyte-based battery systems. Due
to the higher energy densities, lithium ion batteries are now
being intensively pursued for transportation applications, in-
cluding hybrid electric vehicles (HEV), plug-in hybrid electric
vehicles (PHEV), and electric vehicles (EV). They are also being
seriously considered for the efficient storage and utilization of
intermittent renewable energies like solar and wind. Renew-
able energies will not have the anticipated impact unless we
find an efficient way to store and use the electricity produced
by them; batteries are an attractive option for this. Cost, safety,
cycle life, energy, and power are some of the major issues in
successfully adopting the lithium ion technology for transpor-
tation and stationary electrical energy storage, and these
parameters are in turn linked to the electrode (anode and
cathode) and electrolyte materials used.1 This Perspective
focuses on the challenges and prospects associated with
electrode materials for next-generation lithium ion batteries.

Electrode Materials. Figure 1 illustrates the operating
principles involved in a lithium ion cell. Basically, the lithium
ions are shuttledbetween two insertionhost electrodes (anode
and cathode) during the charge-discharge process. Table 1
provides an overview of the major class of lithium insertion
electrode materials that are currently in play. Each system in
Table1has its ownadvantages anddisadvantages,whichoften
dictate their application areas. For example, the layered
LiCoO2 cathode has revolutionized portable electronics like
cell phones and laptop computers, but the high cost, toxicity,
chemical instability at deep charge, and safety concerns
associated with LiCoO2 prevent its use for transportation and
stationary storage applications. The chemical instability and
the consequential safety concerns of LiCoO2 arise from an
overlap of the Co3þ/4þ:3d band with the top of the O2-:2p
band, which also limits the practical capacity of Li1-xCoO2

Renewable energies will not have
the anticipated impact unless we
find an efficient way to store and
use the electricity produced by
them; batteries are an attractive

option for this.

Figure 1. Illustration of the charge/discharge process involved in
a lithium ion cell consisting of graphite as the anode and layered
LiCoO2 as the cathode.
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to 0e xe 0.5.2,3 In contrast, both theNi3þ/4þ and theMn3þ/4þ

couples offer better safetyandhigher capacity than theCo3þ/4þ

couple as the Ni3þ/4þ:3d band barely touches the top of the
O2-:2p band while the Mn3þ/4þ:3d band lies well above the
top of the O2-:2p band. As a consequence, layered solid
solutions like the LiNi1/3Mn1/3Co1/3O2 cathode

4,5 are replacing
LiCoO2 in portable electronics due to batter safety and lower
cost.

Because of the safety concerns and high cost, spinel
LiMn2O4 and olivine LiFePO4 have become appealing for
transportation applications due to the low cost and environ-
mental friendliness ofMnandFe, good structural and chemical
stabilities, and high charge-discharge rate capability. How-
ever, their limited energy is a drawback. Mn dissolution due to
the disproportionation of Mn3þ into Mn4þ and Mn2þ is the
major issue that has plagued spinel LiMn2O4 over the years,

6,7

but it could be suppressed significantly by cationic and anionic
substitutions.8,9 The substitution of lower-valent cations like
Liþ and Ni2þ for Mn3þ in LiMn2O4 increases the average
oxidation state of Mn from 3.5þ to∼3.6þ, which suppresses
both Mn dissolution and dynamic Jahn-Teller distortion,
resulting in significantly improved performance. The progress
made with spinel LiMn2O4 by industry around the world has
made it a leading candidate for vehicle applications such as the
ChevyVolt.Often, the stabilized spinel cathode is blendedwith
∼30wt%of a layered oxide like LiNi1/3Mn1/3Co1/3O2 for these
applications to increase the capacity and further reduce the
total dissolved Mn content in the cell. On the other hand, the
major issuewith LiFePO4 is the poor lithium ion and electronic
conduction. These difficulties have been overcome bymaking
LiFePO4 as nanoparticles and coating the particles with con-
ductive carbon.10,11 As a result, LiFePO4 has emerged as
another leading candidate for vehicle applications. However,
the LiMn2O4-based spinel cathodes offer significant cost ad-
vantages compared to the LiFePO4 olivine cathodes due to the
high processing cost associated with the manufacturing of
carbon-coated nano-LiFePO4.

While the operating voltage of graphite close to that of Li/Liþ

is attractive to maximize the cell energy, the lying of its
electrochemical potential above the lowest unoccupied

molecular orbital (LUMO) of the electrolyte, such as the LiPF6
in 1:1 ethylene carbonate (EC)/diethyl carbonate (DEC) elec-
trolyte, results in a reduction of the electrolyte on the graphite
surface due to the transfer of electrons from the graphite
anode to the LUMOof the organic solvents (ECandDEC) in the
electrolyte1 (Figure 2). This reaction leads to the formation of a
solid-electrolyte interfacial (SEI) layer on the graphite surface.
Although the SEI layer formed by this initial reaction acts as a
barrier to further electron transfer from the anode to the
electrolyte LUMO, the difficulty of lithium iondiffusion through
the SEI layer results in a plating ofmetallic lithium on graphite,
particularly at cold temperatures under the conditions of fast
charge; the lithiumplating followed bydendrite formation and
internal short-circuiting through the separator can become a
safety hazard. Although this is not a serious issue with small
batteries used in portable devices, it can becomedeadly in the
large cells necessary for transportation and stationary storage
applications. Moreover, although the lithium ion diffusivity is
high parallel to the graphene planes, the sluggish lithium ion
diffusion perpendicular to the graphene plane and along grain
boundaries degrades the rate capability of graphite.12

The drawbacks associated with the cathodes and anodes
that are currently in play have prompted the development of

Table 1. Advantages and Disadvantages of the Electrode Materials That Are Currently in Play

electrode material
cell voltage

(V)
capacity
(mAh/g)

specific energy
(mWh/g) advantages disadvantages

layered LiCoO2
cathode (2-d
structure)

∼4 140 560 high electronic and
Liþ ion conductivity;
revolutionized the portable
electronics market

expensive and toxic Co; safety
concerns; only 50% of the
theoretical capacity can be utilized

spinel LiMn2O4
cathode (3-d
structure)

∼4 120 480 inexpensive and environmentally
benign Mn; high electronic and
Liþ ion conductivity; excellent
rate capability; good safety

severe capacity fade at
elevated temperatures (55 �C)

olivine LiFePO4
cathode (1-d
structure)

∼3.5 160 560 inexpensive and environmentally
benign Fe; covalently bonded PO4
groups lead to excellent safety

low electronic and Liþ ion
conductivity; needs small
particle size and carbon
coating to realize high
rate capability; high processing
cost

graphite anode ∼0.1 370 ; inexpensive and environmentally
benign C; low operating
potential maximizes cell voltage

SEI layer formation and lithium
plating lead to safety concerns;
high processing cost

Figure 2. Schematic energy diagram of a lithium cell at open
circuit. μa(Li) and μc(Li) refer, respectively, to the lithium chemical
potential in the anode and cathode. Eg refers to the band gap in the
electrolyte.
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alternate cathode and anode materials. There are several
alternative cathode and anode materials possible, as seen in
Figure 3, in terms of increasing the energy and power or
lowering the cost or improving the safety. However, these
alternatives also face several technological challenges, and the
following sections focus on addressing these challenges and
exploiting them for future-generation lithium ion cells.

High-Voltage, High-Capacity Cathode Materials. With a
desire to increase the energy density, there is growing interest
in cathodes that operate at higher voltages (>4.2 V) and/or
exhibit higher capacities. Figure3 compares thevoltage ranges
and capacity values of several known cathode materials.
Among them, spinel LiMn1.5Ni0.5O4, olivine LiCoPO4, and
olivine LiNiPO4, with operating voltages of, respectively, 4.7,
4.8, and5.2V, belong to the high-voltage cathode category.On
the other hand, lithium-rich layered Li[Li,Mn,Ni,Co]O2 and

Li2MSiO4 (M=Mn, Fe, Co, andNi) belong to the high-capacity
category, although some of them also involve charging to a
higher voltage of >4.5 V to fully utilize their capacity.

Themajor difficulty in utilizing the high-voltage cathodes is
the instability of the organic electrolytes, such as the LiPF6 in
1:1 ethylene carbonate (EC)/diethyl carbonate (DEC) electro-
lyte, in contact with the cathode surface at the high operating
voltages of >4.5 V. The lying of the cathode electrochemical
potential below the highest occupied molecular orbital
(HOMO) of such organic solvents leads to oxidation of the
electrolyte on the cathode surface due to the transfer of
electrons from the electrolyte HOMO to the cathode1

(Figure 2), resulting in the formation of a SEI layer on the
cathode surface, which becomes severe and aggressive parti-
cularly at elevated temperatures (∼55 �C). These reactions
degrade the electrolyte and cathode and result in capacity loss
and lower Coulombic efficiency during cycling. Although such
reactions could be suppressed to some extent by introducing a
few percent of additives into the electrolyte solution, such a
strategy may not be able to fully solve the problem. Alterna-
tively, development of new electrolytes in which the HOMO
lies well below the electrochemical potential of the cathode is
being intensivelypursued.However, the reactivityof thehighly
oxidizing cathode surface could still pose problems for long-
term stability and cycle life with any of the electrolytes. One
way to overcome this difficulty is to develop robust cathode
surfaces that can provide good compatibility with the electro-
lytes and suppress SEI layer formation. Accordingly, the
following sections focus on surface-modified high-voltage
cathodes.

High-Voltage Spinel Cathodes. The LiMn1.5Ni0.5O4 spinel
with the Ni2þ/3þ and Ni3þ/4þ redox couples offers a capacity

Figure 3. Voltage and capacity ranges of some cathode and anode materials.

The major difficulty in utilizing the
high-voltage cathodes is the in-

stability of the organic electrolytes,
such as the LiPF6 in 1:1 ethylene
carbonate (EC)/diethyl carbonate

(DEC) electrolyte, in contact with the
cathode surface at the high operating

voltages of >4.5 V.
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of ∼130 mAh/g at a nearly flat voltage of ∼4.7 V. With three-
dimensional lithium ion diffusion, hopping electronic conduc-
tion across the shared MnO6 octahedral edges, and a higher
operating voltage of ∼4.7 V, it is becoming an attractive
candidate for high-power applications such as transportation
and stationary storage. The major issues with this system are
the formation of a Ni1-xLixO impurity phase and chemical
instability in contact with the electrolyte at the high operating

voltage. The Ni1-xLixO impurity phase could, however, be
eliminated by a small amount of cationic substitutions for Ni
or for both Ni and Mn as in LiMn1.5Ni0.42Zn0.08O4 and
LiMn1.42Ni0.42Co0.16O4.

13 The cycle life and rate capability
could, on the other hand, be improved significantly by surface
modification of the cation-substituted LiMn1.42Ni0.42Co0.16O4

cathode with inert materials like AlPO4, ZnO, Al2O3, and
Bi2O3, as seen in Figure 4.14 The coating protects the active
cathode material surface from direct contact with the electro-
lyte and thereby suppresses the formation of thick SEI layers,
as indicated by X-ray photoelectron spectroscopic (XPS) anal-
ysis. Moreover, the surface modification and suppression of
SEI layer formation help tomaintain the high rate capability as
the cathodes are cycled compared to the unmodified cathode,
resulting in better rate capability retention (Figure 4) during
long-term cycling.

However, it may be difficult to obtain a uniform, robust
coating of the cathode surface by postchemical processing of
the already synthesized cathodes; it will also involve additional
processing cost. Interestingly, certain cations like Fe3þ, Cr3þ,
andGa3þ self-segregateduring thehigh-temperature synthesis
and cooling process to the surface, which can offer better
chemical stability in contact with the electrolyte.15 For exam-
ple, Figure 5 compares the cyclability and rate capability of
LiMn1.5Ni0.5O4 and the Fe-substituted samples. The LiMn1.5-
Ni0.42Fe0.08O4 sample with a small amount of Fe exhibits
superior cyclability and rate capability compared to LiMn1.5-
Ni0.5O4. Electrochemical impedance spectroscopic (EIS) data
reveal that the Fe-substituted samples exhibit lower surface
resistance and charge-transfer resistance compared to
LiMn1.5Ni0.5O4. An examination of the samples byXPS reveals
that while the relative concentrations of the elements in the
bulk are close to the nominal values, the surface of the Fe-
substituted samples has a higher concentration of Fe and a
lower concentration of Ni compared to those of the bulk. The
enrichment of the surface by the catalytically less active Fe
suppresses the formation of thick SEI layers and thereby
lowers the impedance and enhances the electrochemical
performance. The self-surface segregationwas also confirmed
recently by us with time-of-flight secondary ion mass spec-
troscopy (TOF-SIMS). More importantly, the self-surface

Figure 5. Comparison of the (a) cycling performances and (b) normalized discharge capacity at various C rates in reference to the value at
the C/6 rate of LiMn1.5Ni0.5O4 and the Fe-substituted samples. Reprinted from ref 15.

Figure 4. (a) Cycling performances and (b) rate capability reten-
tions of bare and 2 wt % Al2O3-, ZnO-, Bi2O3-, and AlPO4-coated
LiMn1.42Ni0.42Co0.16O4. The rate capability retention is defined as
the ability to retain the rate capability upon cycling, and the rate
capability retention values are calculated here as the percentage
ratio of the rate capability measured after 50 cycles to that
measured after 3 cycles. Reprinted from ref 14.
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segregated samples like LiMn1.5Ni0.42Ga0.08O4 exhibit super-
ior capacity retention at elevated temperatures even with a
conventional electrolyte like LiPF6 in EC/DEC without any
additives. Thus, this type of self-surface segregation of robust
cations during synthesis may be a cost-effective way to over-
come the chemical instability of the cathode surface in contact
with the electrolyte.

High-Capacity, High-Voltage Layered Oxide Cathodes.
Lithium-excess layered oxides Li[Li,Mn,Ni,Co]O2, which are
solid solutions between layered Li[Li1/3Mn2/3]O2 (commonly
designated as Li2MnO3) and LiMO2 (M = Ni, Co, Mn), have
been found in recent years to offer much higher capacity
values of ∼250 mAh/g compared to those of the layered
LiCoO2.

16-20 The high capacities of these oxides have been
attributed to the irreversible loss of oxygen from the lattice
during the first charge and the consequential lowering of the
oxidation state of the transition-metal ions at the end of first
discharge.16,19 However, these high-capacity layered cathodes
suffer from a huge irreversible capacity loss of 40-100mAh/g
in the first charge-discharge cycle and poor rate capability.
The huge irreversible capacity loss has been attributed to the
elimination of oxide ion and lithium ion vacancies from the
layered lattice at the end of the first charge.19 The poor rate
capability could be related to the low electronic conductivity
associatedwith theMn4þ ions21 and the thick SEI layer formed
by a reaction of the cathode surface with the electrolyte.22

Interestingly, surface modification of the lithium-excess
layered composition Li[Li0.2Mn0.54Ni0.13Co0.13]O2 with nano-
structured Al2O3, AlPO4, or RuO2 or their mixtures has been
found to decrease the irreversible capacity loss and increase
the discharge capacity (Figure 6).22-27 The decrease in irre-
versible capacity loss upon surface modification compared to
that for the unmodified sample has been attributed to the
retention of a higher number of oxide ion and lithium ion
vacancies in the layered lattice at the end of the first charge.
More importantly, despite the coatingwith insulatingmaterials
like Al2O3 and AlPO4, the surface-modified samples exhibit

much higher rate capability than the unmodified sample.26,27

EIS data reveal that the surface-modified samples exhibit
lower charge-transfer resistance compared to the unmodified
sample similar to that observed with the 5 V spinel.14 An XPS
analysis of the samples reveals that thehigher rate capabilityof
the surface-modified samples is due to the suppression of SEI
layer formation.27 Thus, development of robust cathode sur-
faces is an attractive strategy to overcome the instability of the
high-voltage cathodes in contact with the liquid electrolytes
and thereby improve the energy, power, and cycle life.

High-Voltage or High-Capacity Polyanion Cathodes. Intrigued
by the success with nanostructured olivine LiFePO4,

10,11 other
olivines like LiMnPO4, LiCoPO4, and LiNiPO4 have been
pursued as they exhibit amuch higher voltage of, respectively,
4.1, 4.8, and 5.2 V compared to 3.45 V for LiFePO4.

28-30

However, it is hard to realize electrochemical performances
comparable to that of LiFePO4 with LiMnPO4 and LiCoPO4,
while LiNiPO4 is difficult to evaluate due to the electrolyte
instability at the high operating voltage of 5.2 V.31-33 Interest-
ingly, the substitution of small amounts of Fe for Mn or Co in
LiMn1-xFexPO4 and LiCo1-xFexPO4 has been found to im-
prove the capacity and cycle life significantly.34-36 The better
performance of the Fe-substituted solid solutions could be
related to the suppression of Jahn-Teller distortion and Mn
dissolution in LiMn1-xFexPO4 as well as the self-surface seg-
regation of Fe in both LiMn1-xFexPO4 and LiCo1-xFexPO4,
similar to that found with the 4.8 V spinel LiMn1.5Ni0.42-
Fe0.08O4.

15 Thus, with the high-voltage olivines, only the solid
solutions appear to be viable candidates, but they have the
drawback of steps in the voltage profiles.

While the LiMPO4 cathodes offer capacity corresponding to
the reversible extraction of one lithium ion per formula unit,
Li2MSiO4 (M=Mn, Fe, Co, andNi) cathodes offer thepossibility
of reversibly extracting/inserting two lithium ions per formula
unitwith a theoretical capacity of∼330mAh/g. However, only
limited literature is available on this class of materials due to
the difficulty in synthesizing phase-pure Li2MSiO4 samples,

Figure 6. (a) First charge-discharge and (b) cycle life of pristine and Al2O3-coated (1-x)Li[Li1/3Mn2/3O2]-xLi[Mn1/3Co1/3Ni1/3O2].
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and they suffer from poor electronic conductivity like the
olivine phosphates. Interestingly, Li2FeSiO4 and Li2MnSiO4

could recently be synthesized by a microwave-
solvothermal process at 300 �C for20min, followedbyheating
at 650 �C for 6 h in an Ar atmosphere to obtainwell-crystalline
samples with carbon coating.37 The Li2FeSiO4 thus obtained
delivered a discharge capacity of 148 and 204mAh/g, respec-
tively, at room temperature and 55 �C, while Li2MnSiO4

delivered 210 and 250mAh/g, respectively, at room tempera-
ture and 55 �C, indicating the extraction of more than one
lithium ion.However,while Li2FeSiO4 exhibited excellent cycle
life, Li2MnSiO4 exhibited poor cycle life.

High-Capacity Sulfur and Oxygen Cathodes. Sulfur and oxy-
gen offer enormous theoretical capacities of, respectively,
1675 mAh/g at an average operating voltage of 2.1 V and
3350 mAh/g at an operating voltage of ∼3 V, which are an
order ofmagnitude higher than that realizedwith the insertion
compoundcathodesdiscussedabove (Figure3). Thedischarge-
charge process of the sulfur cathode with the metallic lithium
anode involves the formation of a series of products, Li2S8,
Li2S4, Li2S2, and Li2S. Among them, only Li2S2 and Li2S are
insoluble in the electrolyte, and both of the polysulfide ions
Li2S8 and Li2S4 formed at the beginning of the discharge
process are soluble in the electrolyte. The major issues with
the sulfur cathode are the migration of the dissolved poly-
sulfide ions S8

2- and S4
2- toward the lithium anode and the

high resistivity (2 � 1015 Ωm) of S. The dissolution and
redeposition of the various reaction species result in the
deposition of highly resistive layers on both of the electrodes
and loss of active material during the charge-discharge
process, resulting in severe capacity fade during cycling.38

Several approaches, such as adding nanostructured carbon,
replacing binders, mixing electrolytes, and employing sulfur
composites (e.g., mesoporous carbon nanofibers filled with
amorphous sulfur), have been pursued to overcome this
problem, and they have led to some success.39 Further work
is necessary to realize acceptablecycle life and toemploy them
in commercial cells. Development of electrolytes in which the
polysulfide ions are insoluble can greatly help.

The huge capacity of O2 and the abundance of oxygen in
air make the lithium-O2 battery appealing. Although the
concept of a rechargeable lithium-O2 battery has been
known for some time,40,41 it has received an explosion
of interest since 2009.42 The discharge-charge process of
the oxygen cathode with a metallic lithium anode involves the
formation of a series of products, superoxide (LiO2), peroxide
(Li2O2), and oxide (Li2O). The major issues with the
lithium-O2 batteries are the lack of efficient electrocatalysts
and air cathodes both for the oxygen reduction reaction
(ORR) andoxygen evolution reaction (OER), the challenge to
keep the electrolyte and lithiummetal from the attack ofH2O
and CO2 from the ambient air, and the safety concerns and
poor cycle life of the metallic lithium anode. In addition, the
high reactivity of the superoxide ions formed during dis-
charge causes a severe degradation of the electrolyte. These
challenges are formidable, and a fundamental understand-
ing of the electrochemical reactions occurring in aprotic
solvents could help to develop new electrolytes and electro-
catalysts that avoid the formation of superoxide ions and

offer fast ORR and OER kinetics. For more details, the
readers can refer to another Perspective article.42

High-Capacity Anode Materials. The limited capacity
(372 mAh/g) of the currently used graphite anode and the
possibility of lithium plating and safety hazards arising from
an operating voltage close to that of Li/Liþ have prompted
interest in alternative anodes. Li4Ti5O12 with the spinel
structure has emerged as an attractive alternative as its higher
operating voltage of 1.5 V versus Li/Liþ prevents SEI layer
formationwith the electrolyte and offers excellent safety.43,44

However, its limited capacity of 175 mAh/g along with the
higher operating voltage sacrifices the cell voltage and energy
significantly.

In this regard, several lithium alloy anode materials LixMy

have attracted much attention due to their high capacity
values, Li3.75Si (3578 mAh/g),45 Li3.75Ge (1385 mAh/g),46

Li4.4Sn (993 mAh/g),47 and Li3Sb (660 mAh/g).48 Also, an
operating voltage well above that of Li/Liþ with some of them
can avoid lithium plating, significantly enhancing the safety.
The major issue with the alloy anodes is the severe capacity
fade, arising from a huge volume change occurring during the
charge-discharge (lithium alloying/dealloying) process. The
volume change leads to lattice stress and consequential
cracking and crumbling of the alloy particles during cycling,
resulting in abrupt loss in capacity within a few charge-
discharge cycles.

To overcome the above problem, an active-inactive com-
posite strategy involving a mixture of two materials, one
reacting with lithium and the other acting as an electrochemi-
cally inactive matrix to buffer the volume change during the
charge-discharge cycling, has been pursued. For example,
Sn-M-C systems with M = Ti, V, Cr, Mn, Fe, and Co have
been pursued with this strategy,49 and Sony Corporation has
introduced a new lithium ion battery called Nexelion with an
amorphous Sn-Co-C composite as the anode.50 However,
this strategy was not successful with any other Sn-M-C
systems, and the high cost of Co prohibits the adoption of
Sn-Co-C in large cells for vehicle and stationary storage
applications. Clearly, design of safe, low-cost alternatives is
critical for these emerging applications.

We recently showed that Sb-MOx-C (M = Al, Ti, or Mo)
nanocomposites synthesized by a mechanochemical reduc-
tion of Sb2O3 with Al, Ti, or Mo in the presence of acetylene
black exhibit excellent cycle life with a capacity of 500mAh/g
at an average operating voltage of 1.0 V (Figure 7).51 A
homogeneous dispersion of 15-20 nm Sb particles in the
conductive, amorphous MOx-C matrix and the buffering of
the volume expansion by the MOx-C ceramic matrix lead to
good cycle life (Figure 8). These nanocomposites have a tap
density of 1.5 g/cm3 at this early stage compared to∼1 g/cm3

for commercial graphite, offering a significant advantage in
volumetric capacity. Moreover, these nanocomposites are
produced with inexpensive raw materials and ambient-tem-
perature mechanical milling, offering significant cost advan-
tages. Although the operating voltage sacrifices some cell
energy compared to graphite, it offers much better safety.
Sn-TiC-Cnanocomposites obtained by a similar approach in
which the TiC-C matrix buffers the volume expansion have
also been found to exhibit good cycle life.52
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Considerable effort is being paid to manipulating the
nanostructure of Si to overcome the difficulties associated
with its huge volume change of ∼400% as it exhibits a huge
capacity of ∼4000 mAh/g. For example, Si nanowire archi-
tectures as well as nanocomposites such as Si/C and Si/TiB2
have been found to show good cyclability.53,54

Nanostructured oxides MOx undergoing displacement re-
actionswith lithium to formmetalM nanoparticles in the Li2O
matrix have also been found to exhibit high capacities of
∼1000 mAh/g.55-57 Although high capacities with good
cyclability could be achieved with carbon-coated oxide nano-
structures, these displacement reactions tend to exhibit sig-
nificant differences in the charge and discharge voltages,
which is a drawback.

Overall, lithium ion batteries are promising for transporta-
tion and stationary electrical energy storage. Reaction of the
cathode surface with the electrolyte is a major challenge with
the high-voltage layered, spinel, olivine, and silicate cathodes,
but they could be minimized in some cases by postchemical
surface modification or self-segregation of certain robust cat-
ions to the surface during the synthesis process. Such surface
decoration improves the cycle life and charge-discharge rate
capability due to the suppression of the formation of thick SEI
layers. The use of lithium-free S and O2 as cathodes has the
challenge of overcoming the safety problems of the metallic
lithium anode in addition to the dissolution of polysulfide ions
and the poor oxygen reduction and oxygen evolution reaction
kinetics. While the confinement of the polysulfide ions within
the electrode structure or the development of new electrolytes
in which the polysulfide ions are insoluble can benefit the

lithium-sulfur cells, development of efficient ORR and OER
electrocatalysts is critical for the lithium-air cells. Huge vol-
ume expansion is the major challenge with the high-capacity
alloy anodes, and nanoengineered active-inactive compo-
sites couldalleviate thevolumeexpansion andoffer good cycle
life. Development of new high-voltage electrolytes with a
wide electrochemical window (0-5.3 V versus Li/Liþ) to be

Figure 8. (a) Scanning transmission electron microscopy (STEM)
images, (b) high-resolution transmission electron microscopy
(HR-TEM) images, and (c) schematic description of the Sb-
MOx-C (M = Al, Ti, and Mo) nanocomposites. Reprinted from
ref 51.

Development of advanced materi-
als and electrode characterization
tools and methodologies coupled
with computational modeling and
simulation can help to enhance the
fundamental understanding of the
chemical and physical processes

occurring.12,60

Figure 7. Comparison of the (a) charge-discharge profiles and
(b) cycling performances of Sb-MOx-C (M = Al, Ti, and Mo)
nanocomposites. Reprinted from ref 51.
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compatible with both the cathode and anode will have a
significant impact in the field. In addition, development of
new low-cost, safe, high energy density cathodes and anodes
(lithium-free and lithium-containing) including inorganic,
organic,58 and metal-organic framework59 materials, as well
as novel synthesis and processing approaches can help meet
the challenges of the requirements for transportation and
stationarystorageapplications.Finally,developmentofadvanced
materials and electrode characterization tools and meth-
odologies coupled with computational modeling and simu-
lation can help to enhance the fundamental understanding
of the chemical and physical processes occurring.12,60
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