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Positive electrodes for Li-ion and lithium batteries (also termed “cathodes”) have been under
intense scrutiny since the advent of the Li-ion cell in 1991. This is especially true in the past decade.
Early on, carbonaceous materials dominated the negative electrode and hence most of the possible
improvements in the cell were anticipated at the positive terminal; on the other hand, major
developments in negative electrode materials made in the last portion of the decade with the
introduction of nanocomposite Sn/C/Co alloys and Si-C composites have demanded higher
capacity positive electrodes to match. Much of this was driven by the consumer market for small
portable electronic devices. More recently, there has been a growing interest in developing Li-sulfur
and Li-air batteries that have the potential for vastly increased capacity and energy density, which is
needed to power large-scale systems. These require even more complex assemblies at the positive
electrode in order to achieve good properties. This review provides an overview of the major
developments in the area of positive electrode materials in both Li-ion and Li batteries in the past
decade, and particularly in the past few years. Highlighted are concepts in solid-state chemistry and
nanostructured materials that conceptually have provided new opportunities for materials scientists
for tailored design that can be extended to many different electrode materials.

1. Introduction

The demands for advanced energy storage devices have
increased significantly each year for the past decade. They
are motivated by a variety of different needs, but all have
in common the potential benefits for our technologically
driven, highly mobile, energy challenged society. Efforts
in the recent past have been primarily spurred by portable
and miniaturized electronics, aerospace and military
applications, uninterrupted power supplies for techno-
logical and rural needs, power tools, and other transpor-
table devices. Although these will still remain far into the
future, more pressing needs will be driven by the efficient
use of renewable energies where energy storage provides
critical load leveling, and for electric vehicles to miti-
gate petroleum consumption and urban pollution. The
requirements of the appropriate energy storage device
differ notably in each area. Hence research in the field of
rechargeable batteries has intensified in the past decade to
attempt to meet these demands.
The earliest configuration of rechargeable lithium cells

used metallic lithium or Li-Al alloys as the negative
electrode, with a variety of chalcogenides (TiS2, MoS2,
etc.),1 as the positive electrode in several prototypes and
commercial products. Later, manganese and vanadium
oxides were utilized. Lithium metal as an anode material
in rechargeable batteries was ultimately rejected due to
safety concerns, owing to dendrite growth on the metal
surface after repeated Li plating that led to internal short

circuits. Following the discovery of LiCoO2 as a positive

electrode, the commercialization of the Li-ion battery

by SONY provided a step change in the approach to

energy storage.2 They combined LiCoO2 with negative

electrodes comprised of carbonaceous materials which

provided a host for Liþ ions at low potential, thus

removingmetallic lithium from the cell. Their domination

in the market thus meant that much of the subsequent

improvements in the cell were focused on developing new

positive terminalmaterials or “cathode”. Butmore recently,

the introduction of nanocomposites comprised of Sn/C/

Co alloys or Si-C led to major developments in negative

electrode materials during the last portion of the decade.

They require higher capacity positive electrodes to provide

optimum utilization of the storage properties.
Layered lithium transition metal oxides arguably

represent the most successful category of positive elec-

trode, comprising compounds with formula of LiMO2

(M: Mn, Co, and Ni) that crystallize in a layered struc-

ture. This topology offers highly accessible ion diffusion

pathways. However, considerable interest in a new class

of transition metal phosphate materials was sparked by

the introduction of LiFePO4 as a cathode material about

10 years ago. More than a thousand papers on this topic

have been published since then, the research being moti-

vated by many factors. Much more recently, there is a

growing interest in developing Li-sulfur and Li-air

batteries, which have the potential for vastly increased

capacity and energy density that could reach levels needed

in large-scale power systems. These require even more

complex assemblies at the positive electrode. Currently,
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they have invoked a return to (protected) metallic lithium

negative electrodes, although future progress will likely

take place with new electrolytes and high capacity non-

metallic anodes.
This review provides an overviewof selected developments

in the area of positive electrode materials in both Li-ion
and Li batteries in the past decade, and particularly in the
past few years. To cover all of the immense body of work
published in this time period would be beyond the scope
of the article. This article focuses on major developments
in three areas - lithium metal phosphates; lithium metal
oxides and intergrowth structures; and composite posi-
tive electrodes for Li-S and Li-air. Highlighted are
concepts in solid-state chemistry and nanostructured
materials that conceptually have provided materials
scientists with new opportunities for tailored design that
can be extended to many different electrode materials.

2. Polyanion-Based Positive Electrodes

Although transition metal oxides (discussed in subse-
quent sections) are commonly used as energy storage
materials in today’s modern portable devices, concerns
over safety and cost have prompted research into other
new electrode materials for lithium ion batteries. Several
new compounds have been explored as possible alterna-
tives, including those obtained by introducing large poly-
anions of the form (XO4)

y- (X = S, P, Si, As, Mo, W)
into the lattice. An inductive effect from (PO4)

3- and
(SO4)

2- ions raises redox energies compared to those in
oxides and stabilizes the structure.3 The presence of the
polyanion (XO4)

y- with strong X-O covalent bonds
increases the potential as a result of the strong polariza-
tion of oxygen ions toward the X cation, which lowers the
covalency of the M-O bond. Research shows that most
lithiummetal phosphate and sulfate compounds contain-
ing FeO6 octahedra as the redox center have potentials in
the range of 2.8-3.5 V versus Li/Liþ.4 The advantage in
using iron-based compounds is that, in addition to being
naturally abundant and inexpensive, they are less toxic
than vanadium, cobalt, manganese, and nickel com-
pounds. The focus of the lithium battery community
further intensified on this class of compounds with Pahdi
et al.’s report on the electrochemical properties of LiFe-
PO4.

5 LiFePO4 satisfies many of the criteria for an
electrode material in a Li-ion battery: it can reversibly
intercalate Li at a high voltage (3.5 V), and has a gravi-
metric capacity (170 mAh/g) which gives a cell made of
the material a high energy density. The material is stable
against overcharge or discharge, and is compatible with
most electrolyte systems.6,7 LiFePO4 is also environmen-
tally friendly, for it is found in nature as the mineral
triphylite and is made from plentiful elements, reducing
its cost of production.
The structure of LiFePO4 is shown in Figure 1 and falls

into the category of olivines, consisting of a distorted
hexagonal close-packed (hcp) oxygen frameworkwith 1/8
of the tetrahedral holes occupied by P, and 1/2 of the
octahedral holes occupied by various metal atoms (in this

case Li and Fe). LiFePO4 crystallizes in space group #62
(Pnma). Layers of FeO6 octahedra are corner-shared in
the bc plane and linear chains of LiO6 octahedra are edge-
shared in a direction parallel to the b-axis. These chains
are bridged by edge and corner shared phosphate tetra-
hedra, creating a stable three-dimensional structure. The
promise of LiFePO4 as an electrode material has
prompted many reports and debates on its physical
properties including the nature of ionic and electronic
conductivity, aliovalent cation doping, solid solution
behavior, particle size effects, and surface coatings.
Synthesis. Powders of lithium metal phosphates and

silicates can be easily prepared by a variety of synthetic
routes. The most common are solid-state methods in
which precursors are ground or ball-milled together, with
the resultantmixture being treated in a furnace.With iron
compounds, inert gas or slightly reducing conditions are
used to achieve an iron valence of Fe2þ.5,8-24 Carbon-
coated particles result from the use of carbon-containing
precursors or the addition of organic compounds that
decompose to carbon during thermalization. Sol-gel and
solution deposition routes involve the mixing of appro-
priate precursors in solution, followed by drying and
subsequent furnace treatment under an inert or reducing
atmosphere.25-31When organic chelating agents are used
to prepare the gel, a carbon coating is produced.
Low-temperature precipitation methods to prepare

phosphates involve solution reflux. Crystalline LiMPO4

can be precipitated from water,32 polyols,33,34 and ionic
liquids.35 Typically, nanoparticles result as the solvent
acts as a stabilizer and growth inhibitor for the particles.
Hydrothermal and solvothermal methods for synthesiz-
ing phosphates involve the partial dissolution of reagents
in water or organic solvents in a sealed reactor heated to
above 120 �C.36-41 LiMPO4 crystallizes under autoge-
nous pressure, although at low temperature, site mixing
of cations has been reported.42,43 These reactions can be
easily tailored to produce nanoparticles by the modula-
tion of reaction temperature, concentration of precur-
sors, and the addition of organic compounds to act as
particle growth inhibitors. These low-temperature synthe-
sis routes may be preferred as they are not energy
intensive.

Figure 1. Polyhedral representation of the structure of LiFePO4 (space
groupPnma) viewed (a) along the b-axis and (b) along the c-axis. The iron
octahedra are shown in blue, the phosphate tetrahedral in yellow, and the
lithium ions in green.
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Ion and Electron Transport. In the initial report of
LiFePO4, it was postulated that lithium diffusion could

occur in two dimensions, as observed in LiCoO2 and

similar layered oxides.5 The LiO6 octahedra are edge-

shared parallel to the b-axis of the crystal, creating Li

tunnels in this direction. These chains are separated by

octahedral interstitial sites along the c-axis, accounting

for the second possible direction of Li transport. In 2004,

Morgan et al. performed calculations to determine the

diffusion coefficient of Li in LixFePO4 (x ≈ 0 and 1).44

The results clearly indicate a preference for lithium ion

transport along the b-axis. The diffusion coefficient was

calculated to be several orders of magnitude higher in the

[010] direction than the [001] direction. The activation

energy for [010] lithium transport is also found to be

0.27 eV compared to 2.5 eV in the [001] direction for

LiFePO4. The high activation energy for this pathway is

likely due to the octahedrally coordinated interstitial site

which is face-shared with two PO4 tetrahedra, causing

cation occupation of this site to be highly unfavorable. As

a result, the only significant Li transport was determined

to be in the [010] direction.
Further structural modeling by Islam et al. confirmed

the lowest energy pathway for Li transport is in the [010]
direction, although a higher activation energy is calcu-
lated (0.55 eV).45 Further simulations showed the migra-
tion between adjacent Li sites in the [010] direction did not
occur by linear hopping, but rather along a curved path-
way, as depicted in Figure 2. This result was confirmed by
Nishimura et al. by performing maximum entropy meth-
od (MEM) modeling on neutron diffraction data of
Li0.6FePO4 collected at 620 K.46 The probability density
of lithium nuclei was only observed in continuous curved
pathways, via tetrahedral interstitial sites, along the [010]
direction.
To test this result, measurements of ionic conductivity

were carried out on single crystals of LiFePO4. Li et al.
performed AC impedance measurements on crystals
grown by a flux method. Their results agree with the
calculations of Morgan: the ionic resistivity along the
[010] direction is about 1000 times less than that in the
[100] direction and 3000 times less than in the [001]

direction,47 as seen in Figure 3a. Activation energies
calculated from variable temperature impedance data
were 0.636 eV [100], 0.54 eV [010], and 0.669 eV [001].
Although the activation energy is lowest in the [010]
direction, the activation energies along the other two axes
are found to be much smaller than calculated values.
Another study by Amin et al. reports on the conduc-

tivity of single-crystal LiFePO4 grown by an optical
floating zone method. Using titanium as ion-blocking
electrodes, the total conductivity of each axial orienta-
tion of the crystal wasmeasured. The results are shown in
Figure 3b. Across the temperature range, the conducti-
vity in the [010] and the [001] direction is more than
1 order of magnitude higher than that for the [100]
direction.48 This indicates electron conduction preferen-
tially occurs in the bc-plane. The activation energy for
electron hopping is reported to be about 0.6 eV for each
orientation. Ionic conductivity, measured with electron-
blocking electrodes, is much lower inmagnitude (roughly
1 � 10-9 S/cm at 147 �C). The chemical diffusion co-
efficient of Li is determined to be 1.6� 10-9 cm2/s at this
temperature. The fact that the magnitudes for ionic
conductivity in both the [010] and [001] directions and
the diffusion coefficient were found to be the same at
140-147 �C indicates two-dimensional Li transportmust
occur at that temperature, contrary to the aforemen-
tioned reports on one-dimensional transport. Further-
more, the total conductivity measurements denote the
two-dimensional nature of the electronic conductivity in
this crystal.

Figure 2. Structure of LiFePO4 depicting the curved trajectory of Li ion
transport along the b-axis, shownwith red arrows.The color scheme is the
same as in Figure 1.

Figure 3. (a) Temperature-dependent ionic conductivity data from a
single-crystal of LiFePO4. Reprinted from reference 47, Copyright 2008,
with permission from Elsevier. (b) Temperature-dependent total (electronic
þ ionic) conductivity and ionic conductivity from single-crystal LiFePO4.
Reprinted from reference 48,Copyright 2008,with permission fromElsevier.



694 Chem. Mater., Vol. 22, No. 3, 2010 Ellis et al.

LiFePO4, like many transition metal oxides, is consid-
ered to be a small polaron material in its mixed valent
state accessed by partial oxidation. The charge carriers
could be either holes in the case of Li1-yFePO4, or
electrons in the case of LixFePO4. The migration barrier
of free polarons in purely stoichiometric LiFePO4 and
FePO4 were calculated to be 0.215 and 0.175 eV respec-
tively, using GGAmethods.49 However, long-range electro-
static interactionswere calculated for a single Liþ ion and an
electron in FePO4. The activation energy for this isolated
transport is, in contrast, 0.37 eV. Alternatively, a similar
study for a hole polaron and a lithium vacancy in LiFePO4

revealed abinding energyover 0.5 eV.These values aremuch
larger than those for free polaron transport and suggest that
transport in these materials is highly coupled. Further
evidence of highly coupled lithium ion/electron transport is
observed upon the formation of high-temperature solid
solution regimes of partially delithiated LiFePO4. The onset
of lithiumdisorder in thesematerials is found to be 220 �C,31

the same temperature at which rapid electron hopping
commences.50a

Unlike the conductive metal oxides, the electronic
conductivity of LiFePO4 is about 1 � 10-9 S/cm at room
temperature,51 limiting electrochemical performance be-
cause electrons cannot easily transport through the ma-
terial. The nature of the ionic conductivity has been
debated, although it is widely accepted that lithium-ion
transport and hopping of small polarons are highly
coupled.
Mechanisms of Delithiation. In the initial report of the

electrochemical properties of LiFePO4, it was noted that
the electrochemical profile remained flat over a large
compositional range.5 These data indicated that both
the extraction and insertion reactions proceeded by the
motion of a two-phase interface. The second phase was
identified to be orthorhombic FePO4, which crystallizes
in the same space group as LiFePO4 (Pnma). The differ-
ence in unit-cell volume between the two phases was
found to be 6.8%. Furthermore, the initial report pro-
posed a simple shrinking core model to describe the
intercalation of Li into FePO4 where lithium insertion
proceeds from the surface of a particle moving the two-
phase interface. As a consequence, a critical phase-
boundary surface area may be reached where the rate of
lithium transported across the interface is not able to
sustain the applied current. Thus, ion transport becomes
diffusion-limited. Using this basis, electrochemical pro-
files of cells discharged at various rates were successfully
modeled.52

However, the nature of lithium-ion transport in LiFe-
PO4 is highly anisotropic, and most reports above predict
it is confined to tunnels along [010]. First-principles
calculations of surface energies and surface redox poten-
tials showed the (010) and (201) surfaces to be the lowest
in energy and thus theWulff shape of LiFePO4 resembles
a diamond-shaped platelet, similar to crystallites typically
produced by hydrothermal reactions.53 Furthermore,
calculations show the (010) surface has a lower potential
compared to bulk LiFePO4 (2.95 V vs 3.55 V), suggesting

that Li will be extracted from the (010) surface first upon
charging the electrode material. As the (010) surface is
initially deintercalated and this facet is the terminus of the
1D Li channels in the material, the maximization of its
surface area would be key to the optimization of LiFePO4

electrodes. A further study modeled three common mor-
phologies found by electron microscopy images and also
found each particle shape to be dominated by the (010),
(201), (011), and (100) surfaces.54 The equilibrium shape
in this study was determined to be isometric and some-
what rounded.
Moreover, partially oxidized LiFePO4 large particles

prepared hydrothermally by Chen et al. were shown to
have ordered domains of FePO4 situated between do-
mains of LiFePO4.

55 A TEM image of the (010) surface
(i.e., the ac plane) is shown in Figure 4. Individual
domains of LiFePO4 and FePO4 stretch approximately
100 nm in the [100] direction while separated by disloca-
tion lines that ran in the [001] direction. The narrow
dislocations between the crystalline phases were antici-
pated to exhibit a compositional gradient that allowed the
two phases, LiFePO4 and FePO4, to coexist andmaintain
short-range order.
An electron energy loss spectroscopy (EELS) study of

130-170 nm particles prepared by a precipitation route
was conducted by Laffont et al. EELS data on the O-K
edge of a particle from a bulk sample delithiated to
Li0.45FePO4 proved the core of the particle comprised
FePO4, whereas areas of the particle closer to the surface
are LiFePO4,

56 as shown in Figure 5. The spectra taken at
the interfaces between these regions could all be repre-
sented with linear combinations of the spectra from
LiFePO4 and FePO4. From these data, it was concluded
that the interface is in fact a concurrence of the two phases
and not a solid solution. For a particle with a composition
of Li0.75FePO4, a small region of FePO4 was detected
under the surface LiFePO4, although the FePO4 was not
located at the center of the particle core. On the basis of
these observations, a mechanism for delithiation was
proposed wherein upon nucleation, Liþ and electrons

Figure 4. TEM micrograph of a hydrothermally prepared Li0.5FePO4

crystal, showing the domains of LiFePO4 and FePO4 aligned along the
c-axis. Reproduced with permission from reference 55. Copyright 2006
The Electrochemical Society.
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are removed from the b-axis tunnels based on two factors:

(1) the number of Liþ/electron pairs displaced by hop-

ping: shortest and most empty tunnels should delithiate

first, and (2) the energy gain due to the proximity of the

growing FePO4 nucleus, thus minimizing the area and

number of grain boundary interfaces. As delithiation

progresses, the FePO4 core formed in the particle interior

extends in the a-direction through the entire particle. The

process is effectively reversed for the case of relithiation.

On the basis of this model, reduction of particle dimen-

sion in not only the [010] direction, but in all crystal

directions is critical for good electrochemical perfor-

mance.
A study on the partial electrochemical delithiation of

smaller particles (<100 nm in diameter) prepared by a
classical solid state route was conducted by Delmas et al.
High-resolution TEM images of selected partially elec-
trochemically delithiated particles show the individual
particles are single phase (either Li1-yFePO4 or
LixFePO4),

57 unlike the hydrothermal samples which
exhibit clear regions of Li-rich and Li-poor phases.55

The authors thus concluded when lithium deintercalation
is nucleated, it proceeds very rapidly through the whole
crystallite. To explain this phenomenon, a “domino-
cascade” model was proposed: after a LixFePO4 region
is nucleated and a phase boundary is formed, the bound-
ary moves rapidly in the a-direction (perpendicular to

the direction of Li deinsertion). However, because of the
difference in potential of particles on this scale, it is
conceivable that redox reactions between larger deinter-
calated particles and pristine nanoparticles within the
positive electrode itself could account for these TEM
observations.50b

The various reported preparative methods of LiFePO4

generate a vast array of particle morphologies. Consid-

eration of the anisotropy of lithium ion transport within

these morphologies and possible nanosize effects, com-

bined with the inherent difficulty of imaging small iron

phosphate particles, verifies the difficulty in determining

a single global model that depicts the chemical and

electrochemical reversibility.
Solid Solution Behavior. Although initial reports of

LiFePO4 described the electrochemical behavior as

strictly two-phase in nature, solid-solution behavior has

been observed at room temperature in the Fe2þ/Fe3þ

region of Lix(MnyFe1-y)PO4, y < x.58 The presence of

manganese was thought to disrupt a weak transition

metal association which stabilizes the LiFePO4/FePO4

phase boundary. Furthermore, an early model predicted

the existence of two single compositional regimes,

Li1-yFePO4 and LixFePO4, close in composition to the

end-members LiFePO4 and FePO4.
52 This was first con-

firmed experimentally by Yamada et al. X-ray diffraction

studies on bulk particles of various compositions of the

Figure 5. STEM image of the chemically delithiated sample Li0.45FePO4with the line analysis and the 3D representation ofEELS spectra recorded along that
line. Domains of LiFePO4 were found at the particle surface. Reproduced with permission from reference 56. Copyright 2006 American Chemical Society.
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chemically oxidized olivine confirmed the presence of two

phases: a Li-rich phasewith a unit cell volume of 290.7 Å3,

less than that of pure LiFePO4 (291.1 Å3) and a Li-

deficient phase with a unit cell volume of 272.6 Å3, greater

than that of pure FePO4 (271.9 Å3).59 Using Vegard’s

law, the limits of the solid solution were determined to

be Li1-yFePO4, y = 0.038 and LixFePO4, x = 0.032. A

further study using neutron diffraction to determine

lithium content shows the miscibility gap to be narrower,

where y=0.11 and x=0.05.60 These monophasic regions

of the electrochemical curve are also found to stray from

the constant value of 3.42 V seen for the two-phase

transition. This miscibility gap is found to reduce upon

decreasing particle size: values of y = 0.12 and x = 0.06

are obtained for 40 nm particles, as shown in Figure 6.

Values of y = 0.17 and x = 0.12 are obtained for 34 nm

particles.61 Rietveld refinement of these nanoparticles

shows a significant amount of stress within the lithium-

rich and lithium-poor regions of the particles as a result of

the averaged bond lengths for Fe2þ-O and Fe3þ-O

within each phase. These coherence stresses are not seen

for bulk particles. This effect has been explained pre-

viously by Wagemaker et al.62 The coexistence of two

crystallographic phases within one particle leads to a

slight phase boundary energy penalty, mainly due to the

difference in lattice parameters of the phases. Such a

strain-induced energy can destabilize a two-phase coex-

istence in smaller particles, where the volume of the phase

boundary is a significant fraction of the particle volume.

As a result, the energetic benefits of phase separation will

decrease for smaller particles and the miscibility gap will

gradually narrow for particles of decreasing size.
Oxidation of LiFePO4 upon exposure to air also results

in the formation of LixFePO4 solid solutions.63 X-ray
diffraction studies clearly indicate the reduction of the
lattice parameters of the lithium-rich phase andM€ossbauer
spectroscopy indicates the formation of Fe3þ after one
day of air exposure at room temperature. This effect is
much more pronounced for particles <100 nm in size.
The particle size dependence of the miscibility gap was

further confirmed by the isolation of pure Li0.93FePO4

obtained by chemical delithiation of 40 nm LiFePO4.
The discovery of thermally activated solid-solution

behavior over the entire compositional range of LixFe-
PO4 was made by Delacourt et al., based on temperature-
dependent X-ray diffraction studies.31 Results for a com-
position of Li0.68FePO4 are shown in Figure 7a. Peaks
from the Li1-yFePO4 and LixFePO4 phases present at
room temperature begin to broaden near 210 �C and
completely coalesce near 300 �C for most compositions,
giving rise to a set of sharp reflections characteristic of
new LixFePO4 phases. Upon cooling, these newly formed
high-temperature phases demix into FePO4, LiFePO4,
and other metastable LixFePO4 phases, later determined
to include Li0.64FePO4.

64 Examination of the X-ray dif-
fraction data at 350 �C reveals the presence of a single
olivine phase for all compositions. The unit-cell para-
meters at this temperature for each stoichiometry roughly
follow Vegard’s law. Various compositions were ana-
lyzed, allowing for the construction of a temperature-
dependent phase diagram. Neutron studies at high tem-
perature showed that the solid-solution phases hadFe-O
and Li-O bond distances intermediate between those of
the end-members LiFePO4 and FePO4. Furthermore, no
ordering of the lithium ions is detected. Temperature-
dependent M€ossbauer spectroscopy of partially de-
lithiated LiFePO4 shows the presence of two doublets,
typical ofFe2þ andFe3þ at room temperature.Near 200 �C,
an intermediate iron valence state is formed. The
M€ossbauer data for Li0.55FePO4 is summarized in
Figure 7b. The development of this intermediate valence
is accompanied by the diminution of the parent Fe2þ and
Fe3þ signals upon further heating.50a In this thermally
excited state, the Fe-O bond lengths in the Fe2þO6 and
Fe3þO6 sites become transiently equivalent, permitting
the electron hopping to occur in a concerted manner over
a large lattice domain. This resultant electron delocaliza-
tion over the entire lattice on the M€ossbauer time scale
occurs for several compositions. As the onset of lithium
disorder occurs at essentially the same temperature as
electron delocalization, it is expected that these two
phenomena are highly coupled. Furthermore, these
high-temperature solid-solution phases can be quenched
and studied at room temperature. X-ray diffraction
shows the lithium remains disordered in the lattice
but M€ossbauer data shows that the iron valence states
are static on the M€ossbauer time scale.65 The resultant
phase diagram based on several quenched LixFePO4

compositions is similar to that reported by Delacourt
et al.31 and a composition of Li0.6FePO4 was found to be
stable at relatively low temperatures.66 Reheating the
quenched samples back up to 140 �C caused a small
fraction of electrons to disorder on the M€ossbauer time
scale, a much lower temperature than for the two-phase
mixture indicative of faster intrinsic electron transport in
the disordered sample, likely a result of lithium ion
disorder.
Highly defective LiFePO4 phases were prepared by

Gibot et al. by a low-temperature precipitation method.

Figure 6. OCV curves measured for LixFePO4 with various mean parti-
cles sizes of 200, 80, and40nm, showing the particle size dependenceof the
room-temperature miscibility gap. Reproduced from reference 63 with
permission. Copyright 2009 Wiley-VCH Verlag GmbH & Co. KGaA.
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Chemical analysis revealed substantial deviations from
typical olivine stoichiometry for both 70 nm samples
(Li0.89Fe0.96PO4) and 40 nm samples (Li0.79Fe0.969PO4).

67

M€ossbauer measurements disclose the presence of Fe3þ

in each of the samples, although insufficient amounts of
Fe3þ were found to properly balance the stoichiometry
(given the stoichiometry, 35% Fe3þ should be present in
the 40 nm sample and only 22% was found). Rietveld
analysis showed 15% vacancies on the M1 site, 10%
vacancies on the M2 site, and showed Li/Fe antisite
mixing (6% Fe on M1 sites) occurs during synthesis,
common with synthetic methods where the temperature
is below 120 �C.42 Even with the Li channels partially
blocked by iron ions and only having a stoichiometry of
0.79 Li, 82% of the theoretical capacity of LiFePO4 was
reportedly obtained. The electrochemical curve had a
sloping profile, indicative of solid-solution behavior in
the material. Although the result is interesting, more
insight is needed into the precise stoichiometry, the role
of defects, and nature of ionic conductivity in this LiFe-
PO4-like material.
The size-dependent nature of the miscibility gap has

been well-established for LiFePO4. It is uncertain what
the critical particle size is for the full removal of this gap.
Stoichiometric 30-40 nm particles of LiFePO4 exhibit
two-phase behavior over 70% of the composition range,

while highly defective materials of the same particle size
seem to exhibit solid-solution behavior over the entire
composition range, although the precise stoichiometry of
this phase is not certain. Clearly, the synthetic procedure
plays a role in the formation of lattice defects that may
increase ionic conductivity in these materials.

Figure 7. (a) Temperature-controlled XRD patterns (Co KR) of Li0.68FePO4 under N2.Reprinted by permission from Macmillan Publishers Ltd. from
reference 31, copyright 2005. (b)Temperature-dependentM€ossbauer spectra ofLi0.55FePO4.The solid lines (green,Fe

2þ; red,Fe3þ; blue, solid solution) are
individual components that contribute to the overall fitting of the spectra. Transformation of each of the two-phase samples into LixFePO4 single phases is
initiated at 200 �C, and completed at 350 �C.

Figure 8. Temperature-dependent DC conductivity plots on pressed
pellets of LiFePO4 and various doped compositions of the type Li1-xMx-
FePO4, sintered at 800 �C. Reprinted by permission from Macmillan
Publishers Ltd. from reference 51, copyright 2002.
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Aliovalent Doping. Cation doping in oxide materials is
a very commonly reported phenomenon and a very
intriguing report on aliovalent cation doping of LiFe-
PO4 was published by Chung et al. in 2002. Compounds
of the type Li1-xM

zþ
xFePO4 (z g 2), sintered at 800 �C,

were found to have exceptional electronic conductivity,
more than 1 � 108 times higher than in pure LiFePO4.

51

Data for selected doped compositions are shown in
Figure 8. Although this stoichiometry strictly implies
the iron valence would be less than Fe2þ, charge com-
pensation by Fe3þ was postulated as the basis of the
dramatic conductivity increase. Although the dopant
was thought to reside on the lithium (M1) site and create
additional lithium vacancies, no crystallographic evi-
dence of the presence of dopants in the lattice was
presented. This sparked debates over the source of the
increased conductivity, the presence of dopants in the
lattice, and the sustainability of lithium vacancies in the
structure.

A subsequent study reveals poor conductivity of Zr-
and Nb-doped LiFePO4.

68 The conductivity increases
only when additional carbon is added. Carbon-contain-
ing precursors, as carbon or which decomposed to pro-
duce metallic species, were thus deemed to be the source
of high conductivity in the Chung material. Other studies
of high-temperature lithium-deficient doped and un-
doped LiFePO4 that followed found similarly highly
conductive compounds69,70 to Chung et al.51 Electron
energy loss spectroscopy revealed a high Fe:P ratio in the
grain boundaries in addition to carbon (see Figure 9),
indicative of metallic iron phosphides or iron phospho-
carbides. The phosphides are produced by carbothermal
reduction of Fe2P2O7 or LiFePO4. Carbon makes a
percolating conductive network through the sample with
the phosphides, which accounted for the increase in
conductivity. X-ray diffraction analysis probing the pre-
sence of small dopant quantities in the LiFePO4 lattice
was inconclusive. In the presence of small quantities of

Figure 9. (a) TEM image and (b) carbon map from a sample of Li0.90Zr0.01FePO4, along with TEM EELS data from two points on the sample. Point A
(LiFePO4 particle) exhibits a 1:1 Fe:P ratio, corresponding to LiFePO4. Point B (grain boundary) exhibits a 2:1 Fe:P ratio, corresponding to the formation
of metallic Fe2P. Regions of Fe2P are connected by the carbon, creating a conductive “nano-network”.
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carbon, pure LiFePO4 could also be made conductive;
carbon-free doped and undoped materials exhibited no
increase in conductivity. A further study by Delacourt
et al. on Nb-doped LiFePO4 reveals only samples pre-
pared with high carbon content are found to be highly
conductive.71 Furthermore, crystalline β-NbOPO4 was
detected on the surface of the olivine particles, further
questioning the validity of doping claims.
Calculations by Islam et al. further question the possi-

bility of doping olivines.45,72 Defect simulations on LiFe-
PO4 demonstrated the accommodation of an aliovalent
dopant on either theM1 orM2 site is highly unfavorable.
Based on energetics, there is also no highly valent cation
which prefers to occupy the M1 site, the dopant site
proposed by Chung et al. However, X-ray diffraction
studies on doped olivines with lithium substoichiometry
charge compensated by dopant concentration, Li1-3x-

Fe3þxMgPO4 and Li1-3xFe
3þ

xNiPO4, revealed that sub-
stantial doping (x < 0.15) could be sustained in the
magnesium and nickel olivines.73,74

The debate over the presence of dopants in theLiFePO4

lattice was revisited by Wagemaker et al. in 2008. Com-
bined refinement of X-ray and neutron diffraction data
was carried out on compounds with various dopant
stoichiometries.75 Refinements of target compounds
similar to those reported by Chung et al. (i.e., Li1-x-
Mzþ

xFePO4) show a preference of the dopant to occupy
theM1 site, although the quantity of dopant in the lattice
is much less than targeted. In contrast, target compounds
with charge-compensated stoichiometries (ie. Li1-zx-
Mzþ

xFePO4, x e 0.03) are found to incorporate roughly
all of the dopant, again with a preference for doping on
the M1 site. At higher dopant concentrations, impurities
are clearly detected by diffraction. Most importantly, the
refinements show the incorporation of the aliovalent
dopant is balanced by lithium vacancies, resulting in the
charge of the iron ion in the lattice to remain at þ2.00,
ruling out the presence of Fe3þ holes. The resultant
vacancies (9% for Li0.88Zr0.03FePO4) are determined to
be entirely localized on the M1 sites. Compositions that
stabilize a high concentration of vacancies exhibit a
larger unit-cell volume as a result of oxygen-oxygen
repulsion at the vacant M1 sites. A further study by
Chiang et al. claims up to 12% Zr doping in LiFePO4,
although the authors admit large quantities of Zr-con-
taining phosphates were also detected by X-ray diffrac-
tion.76 Thus it could be concluded that the lattice was not
doped to this large extent.
The nature of the dopant lattice site, doping limits, the

resultant physical properties, and even the very existence
of aliovalent doping of LiFePO4 has been rigorously
debated in recent years. Crystallographic evidence has
shown the presence of small quantities of dopants in
LiFePO4 (typically less than 3%) if the target stoichiom-
etry is properly charge balanced although these doped
compounds do not exhibit increased conductivity, as the
iron valence remains Fe2þ. However, the presence of an
immobile ion in the lithium channels would likely hinder
lithium transport, assuming one-dimensional transport.

Surface Modifications of LiFePO4. With the general
failure to modify the intrinsic properties of LiFePO4 by

doping, recent reports of improving the performance of LiFe-

PO4 as a positive electrode material in lithium ion batteries

have come about as a result of the intensive study of surface

coatings. When stoichiometries Li1-xFePO4 or Li1-xZrxFe-

PO4 are targeted, Fe2P2O7 is found to form as an impurity,

which undergoes carbothermal reduction at 800 �C.69 As a
result, the surface of LiFePO4 particles can be made conduc-

tive by the in situ generation of a nanonetwork of conductive

iron phosphide and carbon. Studies have shown improve-

ments to electrochemical performance by the production of

metallic phosphide coatings on the surface of LiFePO4.
77

Conversely, to improve the ionic conductivity of the
surface, stoichiometries of the type LiFe1-2xP1-xO4-y

were prepared.78 The substoichiometry of iron was de-
signed to produce an ionically conductive lithium phos-
phate glasses on the particle surface. Analysis of the
surface coating revealed it is a phase similar to Li4P2O7,
although it could contain some FeP or Fe3þ. Thematerial
exhibited exceptional capacity at high rates: 140 mA h/g
was achieved for a cell discharged in 3 min (20C rate),
as shown in Figure 10. When the electrode material is
prepared with 65% mass of carbon, a capacity of more
than 100 mA h/g is achieved at a very fast rate of 200C
(discharge in 18 s). The practicality of this data is ques-
tioned by Zaghib et al., who claimed that such high
quantities of carbon would lower the energy density of a
practical cell.79 The challenge with a practical lithium-ion
cell is the reduction of the charge time: it would be
impossible to charge a cell at such high rates because of
performance limitations of negative electrode materials
and safety concerns over the growth of lithium dendrites
shorting the cell and the production of heat due to the
internal resistance of a battery. The nature of the coating
is also disputed. Zahgib et al. claimed the conductive
coating could not be the insulating Li4P2O7, but is likely
carbon. The Fe3þ detected is likely due to surface oxida-
tion seen previously.

Figure 10. Discharge rate capability for LiFe0.9P0.95O4-δ synthesized at
600 �C. Cells charged atC/5 and held at 4.3 V until the current reachesC/
60.C/n denotes the rate at which a full charge or discharge takes n hours.
The loading density of the electrode is 3.86mg/cm2. Reprinted by permis-
sion fromMacmillan Publishers Ltd. from reference 78, copyright 2009.
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There are many previous reports on coating LiFePO4

particles with carbon in order to improve the conductivity

and electrochemical performance. A report in 2004 com-
pared the types of carbon produced from various organic

additives and found improved performance from LiFe-

PO4 containing high sp2 carbon content, derived from
organic compounds that contained a high percentage of

sp2-hybridized carbon.27,80 Additionally, a thick carbon

coating may be detrimental to electrode performance.81

Carbon reduces the volumetric energy density to a point
where cells with this material would be impractical for

common applications. As such, it is important to maxi-

mize conductivity and minimize carbon content.
LiMnPO4. The olivine LiMnPO4 is isostructural with

LiFePO4 and has a similar theoretical electrochemical
capacity (170 mAh/g). Despite the higher voltage of
LiMnPO4 (4.1 V vs. Li),5 few promising reports on the
electrochemistry of compound have been published. The
voltage profile during both charge and discharge of
LiMnPO4 is flat, implying that the conversion between
LiMnPO4 and MnPO4 proceeds by a two-phase process.
Difficulties with the LiMnPO4 system arise from very low
electrical conductivity and structural distortions upon
oxidation to MnPO4 which hinder ionic transport. As a
result,many initial electrochemical reports of thematerial
show poor capacity as well as very poor reversibility.82-84

Many recent reports have focused on reduction of
particle size to improve transport properties and carbon
addition to improve surface conductivity. Drezen et al.
clearly demonstrates the benefits of reduced particle size
on electrochemical performance of sol-gel prepared
LiMnPO4.

85Wang et al. used a polyol method to produce
crystalline nanoparticulate LiMnPO4 at 200 �C.86 The
resultant particles were exceptionally thin,<30 nm in the
b-direction (see Figure 11): this desirable morphology
allows for a high discharge capacity to be reached in a
short period of time (113mAh/g in 1 h). Furthermore, the

stable cycling of this material over 200 cycles proves the
Jahn-Teller effect from the Mn3þ ion does not degrade
the material as in the case of the spinel LiMn2O4. Phos-
phide surface coatings produced via carbothermal reduc-
tion have been shown to enhance the surface conductivity
and electrochemical performance ofLiFePO4; however, it
has been shown that carbothermal reduction ofLiMnPO4

does not occur at temperatures below 1000 �C, thus
making the production of surface phosphides difficult.70

It was demonstrated that the use of elemental Mn as a
precursor to making LiMnPO4 produces Mn2P at tem-
peratures >900 �C. However, the particle size of such
material made electrochemistry prohibitive.87

The volume difference between LiMnPO4 and LiMn-
PO4 is 9.5%, substantially more than that of the Fe
olivine.88 A study on divalent cation substitution in
LiMnPO4 showed that the volume difference between
lithiated and delithiated phases could be reduced to 7.8%
for LiMn0.9Mg0.1PO4, because of the retention of lithium
ions in the delithiated phase in the presence of redox
inactive magnesium.88 The magnesium also stabilizes the
Jahn-Teller distortions of the delithiated phase. As a
result, electrochemical performance of LiMnPO4 could
be improved without the addition of a conductive addi-
tive.
Solid-solution behavior was found in LixMnPO4 near

full oxidation (x < 0.2).89 Although the LiMnPO4 par-
ticles were “sub-micrometer”, the domains of the solid
solution regime were determined to be <45 nm, suggest-
ing that many domains coexist within the same particle.
Lithium nonstoichiometry was not found for
Li1-yMnPO4. A delithiation study by Kim et al. reveals
the loss of morphology upon chemical delithiation of
LiMnPO4 and the appearance of small pores on the
surface of the particles.90 Efforts to observe a tempera-
ture-driven solid-solution regime for LixMnPO4 (0 <
x < 1) results in the partial decomposition of MnPO4

to Mn2P2O7 at 200 �C; no solid-solution behavior was
observed. The degradation of particlemorphology clearly
indicates poor ionic transport in LiMnPO4, which results
from a large lattice mismatch between the lithiated
and delithiated phases and Jahn-Teller distortions. The
delithiated phase MnPO4 is also subject to the well-
known disproportionation of 2 Mn (III) to Mn (II) þ
Mn (IV) (see below for further discussion of this process
in spinels), which could result in dissolution. Further
study into minimization of the lattice mismatch in LiMn-
PO4, particle size reduction, and conductive surface coat-
ings are key to the optimization of this promising
material.
Fluorophosphates. Fluorophosphates are another class

of electrode materials under scrutiny as potential lithium
battery electrodes. Depending on the framework connec-
tivity, these compoundsmay be expected to exhibit a high
cell potential as a result of both the inductive effect of
PO4

3- group and the electron-withdrawing character of
the F- ion.
One of the first successful fluorophosphate materials

was LiVPO4F, reported by Barker et al.
91 This compound

Figure 11. TEM image of LiMnPO4 nanoparticles synthesized by the
polyol route. Reprinted from reference 86, Copyright 2009, with permis-
sion from Elsevier.
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is isostructural with theminerals tavorite (LiFePO4OH)92

and amblygonite (LiAlPO4F).
93 Lithium extraction and

insertion is based on the reversibility of the Vþ3/Vþ4

redox couple with the material exhibiting a two-phase
plateau upon electrochemical cycling. The discharge po-
tential of LiVPO4F is determined to be 4.2 V vs Li. A
subsequent study depicts the near-complete utilization of
the theoretical capacity (156 mA h/g) at a slow rate of
cycling, shown in Figure 12.94

Another lithium fluorophosphate material, based on
the oxidation of Vþ3, Li5V(PO4)2F2, is found to have a
layered structure and could in theory span the entire
range of Vþ3/Vþ4/Vþ5 redox couples.95 The theoretical
capacity of 170 mA h/g is similar to that of LiFePO4.
Initial results show complete lithium reversibility on the
lower Vþ3/Vþ4 redox couple, but the Vþ4/Vþ5 transition
is not found to be electrochemically reversible.
In 2005, the sodium vanadium fluorophosphate

Na3V2(PO4)2F3 was utilized as a positive electrode ma-
terial in cells with metallic lithium or graphite as the
negative electrode, along with a lithium salt electrolyte.96

Sodium is deintercalated from the positive electrode upon
the initial charge, resulting in a mixed alkali electrolyte
composition. Sodium is believed to intercalate on dis-
charge. The presence of sodiumdid not appear to degrade
the electrolyte or the negative electrode, demonstrating
the feasibility of lithium ion cells with sodium-containing
electrode compounds. This key development vastly ex-
panded the range of compounds which could be used in a
lithium ion cell, especially with concerns over the global
supply of economically recoverable lithium.

In 2007, a new sodium iron fluorophosphate
(Na2FePO4F) was introduced,

97a with a structure similar
to that of previously reportedNa2CoPO4F

98 andNa2Mg-
PO4F.

99 The compounds crystallize in the orthorhombic
Pbcn space group (#60). The layered structure, shown in
Figure 13a, has several interesting features: corner-
sharing of face-shared dimers of octahedral Fe2þ sites
and [6 þ 1] co-ordination of both crystallographically
unique sodium sites.
Initial deintercalation of Na2FePO4F proceeds

through a quasi-solid solution regime wherein Na2-xFe-
PO

4
F (x<0.5) compositions are found to be single phase

and the Pbcn structure is maintained. The composition
Na1.5FePO4F is found to undergo a slight distortion to a
monoclinic unit cell. Further oxidation restores the
orthorhombic structure. The unit-cell volume of the
NaFePO4F end-member (818.48 Å3) is only 4% less than
that of Na2FePO4F (854.93 Å3). The transition between
these two closely related phases is a lower strain process
than that in LiFePO4, where the unit-cell volume differ-
ence between the lithiated and delithiated end-members is
roughly 6.7%. As a result, Na2FePO4F exhibits solid-
solution-like electrochemical character. The sodium on
the Na2 site is totally removed upon full oxidation, with

Figure 12. Electrochemical data for LiVPO4F cycled between 3.0 and
4.5 V, showing the Vþ3/Vþ4 redox couple at 4.2 V and the two-phase
nature of delithiation. Reprinted from reference 94, Copyright 2005, with
permission from Elsevier.

Figure 13. (a) Structural representation of Na2FePO4F. The iron octa-
hedra are shown in blue, the phosphate tetrahedra in yellow, and the
sodium ions in green. (b) First electrochemical cycle vs. Li ofNa2FePO4F
(shown in black) and Li2FePO4F (shown in gray). Inset: The electro-
chemical cycling stability of a cell comprised Na2FePO4F cycled vs
metallic Li which shows little capacity fading.
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Na1 still fully occupying the layers. Thus the Na2 net-
work of sites is considered the ionmobility pathway in the
structure. Although this material could be used in a
sodium cell with an appropriate negative electrode, initial
electrochemical tests of this material were run in a hybrid-ion
cell vs. Li. About 80%of the theoretical capacity (135mAh/g)
is attained on the first cycle and little capacity fading is obser-
ved over 50 cycles. The average potential is 3.5 V, comparable
to that for LiFePO4. On discharge, lithium is found to inter-
calate into the material. Successive cycling of the material
shows the sodium content decreases to roughly 20% of the
original compound, indicating some exchange between the
Na2 and Na1 site occurs. This is not surprising, as each
Na2 site face-shares with three Na1 sites. Li2FePO4F is
obtained via ion exchange of Na2FePO4F with LiBr. The
voltage profiles of bothNa2FePO4FandLi2FePO4Fvs. Li are
shown in Figure 13b. Both Na2FePO4F and Li2FePO4F
display sloping voltage profiles, indicative of solid-solution
behavior. Na2FePO4F exhibits excellent reversibility up to 50
cycles.97b

Although other fluorophosphates with this A2MPO4F
(A = alkali metal, M = transition metal) stoichiometry
are known, it is remarkable that three different structure
types exist because of effects of cation size and magnetic
spins. The layered structure of Na2FePO4F and Na2Co-
PO4Fdiffer greatly from the structure ofNa2MnPO4F,

100

which comprises corner-shared manganese octahedra
and phosphate tetrahedra with sodium residing in tunnels
and that of Li2NiPO4F

101 andLi2CoPO4F
102 inwhich the

metal octahedral are edge-shared and lithium ions reside
in layers. Li2CoPO4F was found to be electrochemically
reversible, althoughLi2NiPO4F likely has redox potential
above the range of stability for most electrolytes. Despite
the synthesis of carbon-coated nanoparticles, Na2Mn-
PO4F was found to be electrochemically inactive.97b

Fluorophosphate materials, notably LiVPO4F and the
solid-solution-like Na2FePO4F, show great promise as
electrochemical storage materials. Furthermore, the abil-
ity to use sodium compounds directly in a lithium ion cell
is advantageous in terms of processing cost and lithium
availability and allows the study of new compositions and
architectures.

Silicates. With the success of phosphate materials,
other polyanionic materials, namely silicates, have also
been studied as positive electrode materials. Most of the
silicates investigated are of the form Li2MSiO4 where
Mþ2 is a transition metal. These silicates crystallize in
various polymorphs, all of which are structurally similar
to β-Li3PO4

103 or γ-Li3PO4
104 where all the cations

occupy tetrahedral sites. The structure of Li2FeSiO4, first
reported in 2005, is related to the former.105 The quasi-
layered structure is shown in Figure 14. Lithium ions
occupy tetrahedral sites in between layers comprising
chains of alternating corner-shared FeO4 and SiO4 tetra-
hedra, which run in the a-direction. In this report, all the
FeO4 and SiO4 tetrahedra face the same upward direc-
tion. This was found not to be the case in a later study,
where refinement of the structure showed alternating
pairs of FeO4 and SiO4 tetrahedra face downward.
Li2FeSiO4 was shown to undergo an initial charge at

3.10 V vs. Li while subsequent charges were at 2.84 V vs.
Li.105 A reversible capacity of 140 mA h/g was displayed
over 8 cycles. The decrease in voltage was attributed to a
structural rearrangement after the first cycle where Li and
Fe site exchange occurred.106 The high voltage of the
initial charge was later determined to be a result of an
impurity, as pure Li2FeSiO4 is shown to deintercalate at a
voltage of 2.8 V.107 The measured electronic conductivity
of Li2FeSiO4 is 3 orders of magnitude lower than for
LiFePO4.

108

Li2MnSiO4, isostructural with Li2FeSiO4, is found to
have a redox potential near 4.0 V.109 Initial results show
substantial irreversible capacity loss, even upon the synth-
esis of carbon-coated Li2MnSiO4 nanoparticles.108-110

This is found to be the result of amorphization of the
delithiated manganese silicate.108 Calculations confirm
the thermodynamic stability of four Li2MnSiO4 poly-
morphs that can be synthesized at various tempera-
tures and pressures.111 Four polymorphs of Li2CoSiO4

have been synthesized previously.112 The electrochemical
reversibility of three polymorphs of Li2CoSiO4 after
the initial charge is found to be poor,113 as is also the
case for the corresponding Co2þ olivine phosphate, Li-
CoPO4.

114,115

The redox potentials of the aforementioned silicates are
close to calculated values.116 Not surprisingly, the calcu-
lated potentials of transition metal silicates with the
Li2FeSiO4 framework are lower than those for the corre-
sponding transition metal olivine phosphate owing to the
inductive effect.
Li2FeSiO4 may be a promising electrode material but

compared to LiFePO4, the silicate exhibits lower electro-
nic conductivity and a lower electrode potential albeit
with a similar theoretical capacity. These shortcomings
may limit the commercial usefulness of this compound.

3. Lithium Metal Oxide Positive Electrodes

No review of lithium-ion positive electrode materials
would be complete without brief mention of LiCoO2, the
oxide that ostensibly started the field. First reported by

Figure 14. Structural representation of Li2FeSiO4. The iron tetrahedra
are shown in blue, the lithium tetrahedra in green, and the silicate
tetrahedra in gray.
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Goodenough et al.,117 it has received tremendous atten-
tion following its successful commercialization in 1991
and can be considered a “mature” material at this point
although it has sustained several developments within the
pastdecadethathaveproducedverysignificant improvements.
LiCoO2 adopts the R-NaFeO2 structure (Figure 15) with
consecutive alternating CoO2 and Li layers-thus Co3þ

resides in the 3a site, and Liþ in the 3b site in theR3m ccp
packed O2- lattice. Both Co and Li are octahedrally
coordinated. The reaction mechanism of LixCoO2 on Li
extraction can be summarized as follows: first, an expan-
sion of the interlayer c axis as a result of electrostatic
repulsion of the oxygen layers x j 0.5;118,119 second, a
hexagonal-monoclinic transformation at x ≈ 0.5 that
represents an order-disorder transition.118,120 Lastly, a
transformation of the O3 LiCoO2 phase (close-packed
oxygen layers with an ABCABC stacking sequence) into
the O1 LixCoO2 phase (ABAB stacking sequence) occurs
at x ≈ 0.05.119,121 The transformation proceeds via an
intermediate phase, Li0.12CoO2, (H1-3)122,123 a hybrid
host structure that encompasses both the O3 and O1
stacking sequences. Although almost all of the Li can be
extracted to give a theoretical capacity of 274 mA h/g,
only a little over half of the capacity is practically
reversible for insertion/deinsertion (e4.2 V vs Li/Liþ).
Capacity fading is severe upon extraction of >0.7Li
because of loss of oxygen (resulting from reduced stability
of lithium poor phases),124 electrolyte decomposition,125,126

and the problem of cobalt dissolution in typical electro-
lytes.127 Doped variants LiMxCo1-xO2 (M = Al,128,129

Cr130) have proven quite successful in improving the
electrochemical performance. Also, recently, Cho et al.
reported improved reversible capacity with very good
cycle performance by coating metal oxides131 or phos-
phates132 on LiCoO2. They proposed that the volume
strain of LixCoO2 decreases as a result of the metal oxide
coating, including zero strain with a ZrO2 coating. Cho
et al. also showed that AlPO4-coating on LiCoO2 im-
proved the safety associated with overcharge.132 Other
factors have also been suggested. These include the
amelioration of reactivity with HF that is formed by side

reactions of the LiPF6 electrolyte.133,134 Nonetheless,
alternatives to LiCoO2 are necessary because of its high
cost, toxicity, and poor safety that make it unsuitable for
large-scale energy-storage applications.
Spinels.One such alternative is the spinel LiMn2O4, an

appealing candidate as the more chemically stableMn3þ/4þ

couple offers excellent safety and high power capability
owing to the 3D lattice. Furthermore, Mn is inexpensive
and environmentally benign. LiMn2O4 exhibits an ope-
rating voltage of 4.1 V, and the couple for its high
potential analogue, Li[Ni0.5Mn1.5]O4, lies at about 4.7
V. The Liþ ion occupies the tetrahedral 8d site in the
cubic-closed packed O2- lattice, and Mn3þ (or Ni4þ/
Mn2þ), resides in the 16c octahedral site. Spinels have
been the subject of exhaustive studies in the 1990s135-137

that continue to the present day, which have highlighted
the unusually facile Liþ ion mobility in the framework,
and the ability of the lattice to undergo substitution to
enhance electrochemical properties. Like LiCoO2, LiM-
n2O4 and its doped variants are now well-established
commercial lithium-ion battery cathode materials. Their
anticipated implementation as first-generation cathode
materials for automotive applications is the result of
greatly improved electrochemistry arising from a decade
of crystal engineering, surface chemistry, and crystallite
morphology optimization. A brief summary is provided
here, which is by no means complete.
Spinel LiMn2O4 cathodes have been plagued by capa-

city fade, especially at elevated temperatures (>50 �C).
Several mechanisms such as Jahn-Teller distortion of
Mn3þ;138 Mn dissolution into the electrolyte;139 loss of
crystallinity;140 development of microstrain due to lattice
mismatch between two distinct cubic phases formed on
cycling;141and an increase in oxygen deficiencies or
oxygen loss upon cycling142 have all been suggested to
be the source of capacity fade. Among them, dissolution
of LiMn2O4 is almost universally considered to be the
predominant cause. Acidic electrolytes, formed from
hydrolysis of Li salts in organic electrolytes (i.e., HF
released from LiPF6),

143 will etch a LiMn2O4 electrode
viaadisproportionationreaction2Mn3þfMn2þþMn4þ.144

This has been confirmed by a recent study using first
principles calculations to calculate the reaction free en-
ergy for dissolution.145 It shows that doping of Li on the
octahedral sublattice (to give Li1þxMn2-xO4) suppresses
the exothermicity of the reaction by an amount akin to
the dilution of trivalent Mn. Thus the dissolution of
LiMn2O4, and strategies to mitigate it, have been the
subject of extensive experimental research. Mn dissolu-
tion and other deleterious effects have been greatly in-
hibited by substitution of dopants into the spinel
structure (i.e., Li[Li0.1Al0.1Mn1.8]O4)

146 by fluorine sub-
stitution for oxygen, oxide surface coatings, and electro-
lyte additives. Recent reviews outline some of these
approaches.147 An example of using both fluorine sub-
stitution, and layered metal oxides to act as proton traps
and stabilize dissolution has been reported.148With some
of the more practical aspects of Mn spinels at least
partially resolved, recent attention has now turned to

Figure 15. Structure of R-NaFeO2 (R3m).
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the generation of nanostructured materials to enhance
electrochemical properties. For example, ordered meso-
porous,149 and nanorod morphologies150 of LiMn2O4

have been recently described, with both exhibiting parti-
cularly high rate capability. Many studies have also been
aimed at high voltage positive electrodes featuring the
Li[Ni0.5Mn1.5]O4 spinel,

151-154 which has also been pre-
pared in a nanostructured morphology.155 Coupled with
an elevated-potential negative electrode such as the spinel
Li4Ti5O12, positive electrode spinel systems provide a
route to an promising new generation of 12 V batteries,
as described by Ohzuku et al.156

LiNiO2. Isostructural LiNiO2
157 was considered as an

alternative to LiCoO2 because of its lower cost, higher
reversible capacity (ca. 200 mA h g-1) and better
environmental compatibility. However, it is difficult
to synthesize stoichiometric LiNiO2. The Li1-yNi1þyO2

phase is usually formed because the instability of the
Ni3þ oxide favors conversion to 2y Ni2þ and (1-y) Ni3þ

with concomitant loss of yLi158. In turn, this gives rise to
cation site disorder, since the occupation ofNi2þ is more
favorable in the “interlayer” Li 3b site than Ni3þ

because of the similar size of Ni2þ and Liþ (rNi3þ =
0.56 Å, rNi2þ=0.69 Å, rLiþ=0.76 Å). Exchange of Liþ

and Ni2þ in the 3b and 3a sites results in materials that
can be formulated as [Li1-y-R Ni2þyþR]-
[Ni3þ1-yNi2þy-RLiR]O2 (R: cation disorder between
Ni2þ and Liþ, R < y),158,159 where R increases as the
amount of Ni2þ increases (R≈ 0 at ye 0.07, R=0.02 at
y = 0.25).159 The cation disorder has important con-
sequences for Liþ transport. The presence of Ni2þ in the
interlayer Liþ sites induces local reduction of spacing
between the transition-metal layers because the Ni2þ is
oxidized into the smaller Ni3þ cation during charge.
That results in blocked Li ion diffusion and irreversible
capacity loss on the first cycle.160 Furthermore, the
position of the Ni3þ/4þ couple in LiNiO2 can result in
preferential oxidation of the lattice oxide ions and hence
evolution of O2 on charging of the electrode, with
concomitant safety issues. Therefore, Ni3þ substitution
byCo3þwas examined in order to stabilize the oxidation
state and reduce Ni2þ formation. Within the wide range
of Li[Ni1-xCox]O2 materials, in particular LiCo0.3-
Ni0.7O2 shows a lower irreversible capacity161 because
of lower Ni2þTLiþ site exchange162,163 as well as better
structural stability at high temperature.164 The stability
is further improved by Al (and other metal) doping, and
hence Li[Ni0.8Co0.15Al0.05]O2 has seen tremendous
commercial success. In addition, anion doping with
F- and S2- on the O2- sites165,166 improves cycling
performance as a result of reduced Ni migration into
the Li layer. The phase transformations exhibited on
(de)lithiation of LixNiO2 are as complicated as those of
LiCoO2. They can be summarized as consisting of three
single-phase reactions and three two-phase reactions:
(H1 (0 < x <0.15) T H1 þ M (0.15 < x < 0.25)T M
(0.25<x<0.5)TMþH2(0.5<x<0.57)TH2(0.57<
x < 0.68) T H2 þ H3 (0.68 < x), H: hexagonal, M:
monoclinic phase).167,168

LiMnO2. Layered LiMnO2 is a very attractive material
from an economical and environmental point of view.
However, its thermodynamically stable form is a poorly
electrochemically active orthorhombic structure that is
different from the (R3m) phase.169 Therefore, formation
of layered LiMnO2 is not possible via conventional solid
state synthesis methods used tomake the layeredCo orNi
analogues. Ion exchange of thermodynamically stable
layered NaMnO2 with Liþ is necessary to prepare the
desired metastable phase, as independently reported by
Bruce et al.170 and Delmas et al.171 Layered LiMnO2

exhibits a small monoclinic (C2/m) deformation of the
ideal rhombohedral structure due to Jahn-Teller distor-
tion ofMn3þ. Nonetheless, on cycling, layeredLi0.5MnO2

converts into the LiMn2O4 spinel structure
172 because the

latter is more stable,173 resulting in poor electrochemical
properties and a spinel-like drop in the voltage profile.
This conversion from layered to spinel-like structure is
facilitated owing to the same cubic-close-packed (ccp)
sublattice of oxygen ions adopted by layeredLiMnO2 and
spinel LiMn2O4 phases. Conversion requires only cation
diffusion. Even Co doping in layered LiMnO2 cannot
prevent this transition, though it does enhance the elec-
trochemical performance.174 In an effort to inhibit the
transformation, a layered lithium manganese oxide with
the so-called O2 structure, Li2/3[Li1/6Mn5/6]O2, which
exhibits a different oxygen sublattice from O3 LiMnO2

was prepared by Dahn et al. via ion exchange from P2
NaMnO2.

175 As the O2 (and P2) structures comprise a
very different oxygen lattice, transition into the spinel is
prohibited at room temperature since it would require
rearrangement of the lattice via oxygen diffusion. Un-
fortunately, the electrochemical performance of Li2/3[Li1/6-
Mn5/6]O2 is compromised because of poor crystallinity
because of stacking faults. Partial substitution of Mn with
Ni176 and Co175 is successful in achieving somewhat better
electrochemical behavior.
LiMn0.5Ni0.5O2.The above studies led to solid-solution

approaches to LiMO2 (M=Ni, Mn, Co, etc/) that could
be considered as compensating one metal’s disadvantage
with another’s advantage. The LiNi1-xMnxO2 (x e 0.5)
system was first reported in 1992 by Dahn et al.,177 but
it did not receive much attention because of poor electro-
chemical behavior. This system was revisited by Ohzuku
et al. (LiNi0.5Mn0.5O2)

178 and Dahn et al. (Li[Nix-
Li(1/3-2x/3)Mn(2/3-x/3)]O2)

179 in 2001. They demonstrated
greatly improved electrochemical performance of Li-
Ni0.5Mn0.5O2, related to the heating temperature (>800 �C)
employed in the synthesis. Similar results were obtained
for the analogous and even more promising LiCo1/3Ni1/
3Mn1/3O2 material180 (see next section). Reversible capa-
cities exhibited by LiNi0.5Mn0.5O2 obtained by reacting
LiOH and nickel manganese double hydroxides at 1000 �C
in air were reported to be 200 mA h g-1 (2.5-4.5 V
windowvs. Li/Liþ) with little capacity fading (Figure 16).181

Other advantages of LiNi0.5Mn0.5O2 are lower ther-
mal runaway, better structural thermal stability than
LiCoO2 or LiNiO2, and greater inhibition to react-
ion with electrolytes in the charged state.181,182 Cycled
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LixNi0.5Mn0.5O2 (x= 0.2, 0.9) also shows a higher onset
temperature of oxygen release and reduced oxygen loss
compared to Li0.3NiO2 and Li0.3Ni0.7Co0.15Al0.15O2 as a
result of increased structural stability.183

There are two ways that the valence states of the metal
can be accommodated in LiNi0.5Mn0.5O2: as Ni3þ and
Mn3þ as originally thought,184 or as Ni2þ and Mn4þ as
speculated185 and proven by X-ray adsorption spectros-
copy42 and first principles calculations.186 Only the Ni
participates in the redox behavior, undergoing a reversi-
ble change between þ2 andþ4 in the range of 0 < x< 1
(ca. 4.0 V vs. Li/Liþ). However, it has been proposed
that most charge compensation actually occurs at hybri-
dized 2p-like levels with local weight near the oxygen
atoms.187 The “formally invariant” valence state ofMn4þ

in the range of 0 < x < 1 accounts for some of the
stability of the material upon cycling;42 i.e, Li1-xNi0.5-
Mn0.5O2 is free from either a transition into a spinel-like
phase or any Jahn-Teller distortion of Mn3þ during
charge and discharge. The redox potential of LixNi0.5-
Mn0.5O2 is very similar to that of LixNiO2, although it
should be lower because of the greater span of oxidation
states. This contradiction is explained by two theoretical
models. One concludes that the energy difference in the

attractive interaction (mixing) betweenNi andMn at x=
1 and the repulsive interaction between them at x = 0 in
LixNi0.5Mn0.5O2 can raise the potential by 226 mV com-
pared to the pure Ni host.186 The other assumes that Mn
and O contribute ∼10% and ∼5%, respectively, for
charge compensation in the range of 0 < x < 1 of
LixNi0.5Mn0.5O2, which reflects the covalent mixing in
the system. Therefore, Mn may not be completely in-
ert.188

LiNi0.5Mn0.5O2 possesses the classic R-NaFeO2 (R3m)
structure, with 8-10% cation disorder between the 3a
and 3b sites due to the similar size of Ni2þ and Liþ (as
discussed above). This cation disorder impedes the ki-
netics of Li diffusion as described above for LiNiO2.

178

The effect of disorder on Li ion diffusivity in lay-
ered transition metal oxides can be explained in various
ways.189,190 The site-exchanged transition metal (M) ions
within the Li slabs (i) disrupt the lithium-ion diffusion
path, (ii) increase electrostatic repulsion between M and
Li, resulting in a lower Li mobility, and (iii) reduce the Li
slab space, resulting in a higher activation barrier to
lithium diffusion. Li diffusivity in the layered metal
oxides takes place by migration through a tetrahedral
site (octahedral-tetrahedral-octahedral). The size of
this site is determined by the c-lattice parameter (Li slab
space). Therefore, the high reversible capacity (200 mA
h g-1) of LiNi0.5Mn0.5O2 is achieved only at slow current
densities (0.17 mA cm-2).181 To solve the problem of
cation disorder in LiNi0.5Mn0.5O2, we introduced three
different strategies. In 2006, Kang et al.191 decreased
the amount of cation disorder to 4.3% by preparing the
material via ion exchange from NaMn0.5Ni0.5O2. The
latter exhibits no disorder because of the larger size
difference between Naþ (rNaþ =1.02 Å) and Ni2þ (rNi2þ =
0.69 Å), Mn4þ (rMn4þ = 0.53 Å). This material exhibits
vastly improved rate capability, delivering 183 mA h g-1

at a 6C rate (1C rate: 280 mA g-1). In 2006, Schougaard
et al.192 also reduced the nickel content in the lithium layer
to 5.6% by adjusting the stoichiometry to LiNi0.5þδ-
Mn0.5-δO2. At δ = 0.06, this results in an equivalent
partial substitution of 0.06 Ni3þ for Ni2þ for charge
compensation. It was proposed that better cation order-
ing is induced because the elastic energy related to the
different ionic sizes can overcome the entropy associated
with cation disorder.193 Better rate performance was
demonstrated as a result (ca. 110 mA h g-1 at 4C).
Finally, Breger et al.194 showed that Ni in the Li layers
can be electrochemically induced to migrate to the transi-
tionmetal layers. From combined neutron diffraction/6Li
MAS NMR/electrochemistry studies and first principle
calculations, they prove thatNimigrates from theLi layer
to transition metal (TM) sites vacated by Li at>4.6 V vs.
Li/Liþ (the octahedral Li in TM sites is electrochemically
extractable).195 Therefore, charging to high voltage (5.3 V
vs Li/Liþ) can reduce the cation disorder. This results in
better electrochemical performances on subsequent cy-
cling within the voltage range of 2.0-4.5 V vs Li/Liþ,
compared to an electrode that had not undergone charg-
ing to high voltage.,196

Figure 16. (a) Charge and discharge curves of a Li/LiNi1/2Mn1/2O2 cell
operated in voltages of 2.5-4.5 V at a rate of 0.17mA cm-2 for 30 cycles.
(b)Charge anddischarge capacities as a functionof cycle number for a cell
operated in voltages of 2.5-4.5 V as shown in a. Closed and open circles
indicate charge and discharge capacities, respectively. Reprinted from
reference 181, Copyright 2003, with permission from Elsevier.
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Because of the structural complexity of LixMn0.5Ni0.5O2

associated with cation disorder, numerous debates have
existed regarding its detailed structure and phase trans-
formations on (de)lithiation.
(i) Structure: On the basis of XRD, Lu et al. reported

that compositions Li[NixLi(1/3-2x/3)Mn(2/3-x/3)]O2 are so-
lid solutions for x < 1/2.179 The material exhibits super-
lattice ordering of the Li, Ni, and Mn atoms in the
transition metal layers at x < 1/3 as predicted, but not
for x=1/2. The formation of local domains of Li2MnO3

was not indicated.179,197 On the basis of 6Li MAS NMR
results, Yoon et al. also provided data to support short-
range ordering. Their results indicate that Li in the
transition metal layers is surrounded by 6 Mn4þ ions in
the first cation coordination sphere, Li(OMn)6.

42,198

Conversely, data from Meng et al.199 showed unique
superstructure reflections of LiMn0.5Ni0.5O2 (x = 1/2 in
Li[NixLi(1/3-2x/3)Mn(2/3-x/3)]O2). TEM analysis sug-
gested the formation of a

√
3ahex �

√
3ahex � chex super-

structure (Figure 17a), implying long-range ordering in

the transition metal layer that led them to propose a
P3112 superstructure (Figure 17b and c). The short-range
ordering of LiMn0.5Ni0.5O2 is consistent with itsmagnetic
properties,200 and is bolstered by theoretical models from
first principle calculations,201,202 such as the zigzagmodel
for ion-exchanged samples203 and the flower-clustermod-
el for high-temperature samples.204 Overall, the cation
ordering behavior in LiMn0.5Ni0.5O2 is undoubtedly as-
sociatedwith the synthesis temperature and heating/cooling
history, which can lead to discrepancy in the experimental
observations.205

(ii) Phase transformations: Yang et al.206 reported that
LiMn0.5Ni0.5O2 undergoes a phase transition between
two hexagonal structures (H1 T H2) on delithiation
which is reversible on cycling. This is in contrast to studies
basedon chemical delithiation,whereVenkatraman et al.207

reported that LixMn0.5Ni0.5O2 experiences a simple
single-phase reaction in the full range of 0e xe 1. Arachi
et al. reported that amonoclinic (C2/m) phase ofLixMn0.5-
Ni0.5O2 is formed at x = 0.5208 and 0.7 < x < 0.8.209

Figure 17. (a) Schematic of in-plane cationordering in the transition-metal layer inLiNi0.5Mn0.5O2 .Multiplicity ofR andβ are 1/3 and 2/3, respectively, in
a triangular lattice plane. The transformation matrix of the

√
3ahex �

√
3ahex � chex superstructure with respect to the parent hexagonal cell is presented.

(b) Proposed structure of LiNi0.5Mn0.5O2 withP3112 space group. (c) [001]hex projection of transitionmetal layers reveals 3-fold screw axis along the c axis.
Reproduced with permission from reference 199. Copyright 2004, The Electrochemical Society.
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Finally, complete delithiation to Ni0.5Mn0.5O2 on char-
ging to 5.3 V vs. Li/Liþ results in conversion of the O3 to
the O1 phase, similar to the case of LiNiO2.

196

LiCo1/3Ni1/3Mn1/3O2. The metals Co, Ni, and Mn can
all be accommodated in the layeredmetal oxide structure,
to give a range of compositions Li[CoxNiyMnz]O2 (xþ yþ
z = 1). One composition, LiCo1/3Ni1/3Mn1/3O2 reported
in 2001 by Ohzuku et al., has shown particularly promis-
ing electrochemistry and intriguing structural behavior. It
possesses the same R-NaFeO2-type structure as LiMn0.5-
Ni0.5O2,

180 with Ni, Co, and Mn adopting valence states
of 2þ, 3þ, and 4þ, respectively.210,211 It can be consid-
ered as a 1:1:1 solid solution of LiCoO2, LiNiO2, and
LiMnO2

202 or a 1:2 solid solution between LiCoO2 and
LiNi0.5Mn0.5O2 (i.e., LiCo1-2xNixMnxO2).

212 Co-doping
of LiMn0.5Ni0.5O2 benefits a highly ordered structure.
The degree of cation disorder (1-6%)213-218 in LiCo1/3-
Ni1/3Mn1/3O2 is less than that of LiMn0.5Ni0.5O2 (8-
10%), which was clearly observed in previous studies of
LiCoyMn0.2Ni0.8-yO2 (cation disorder: 7.2% at y = 0 and
2.4% at y = 0.3).219 In addition, Li1-xCo1/3Ni1/3Mn1/3O2

only exhibits a 1-2%volume change in the rangeof 0<xj
0.7.213,216,220,221 Thus, not only does a low amount of cation
disorder contribute to its excellent electrochemical perfor-
mance but the small volume change is also important. The
material shows good rate capability (200 mA h g-1 at
18.3 mA g-1 and 150 mA h g-1 at 1600 mA g-1)222 similar
to ion-exchanged LiMn0.5Ni0.5O2 (183 mA h g-1 at 1680
mA g-1), as shown in Figure 18.191 Another attractive
property of LiCo1/3Ni1/3Mn1/3O2 is its excellent safety prop-
erties at ahigh stateof charge, compared toLiNiO2,LiCoO2,
and LiNi0.8Co0.15Al0.05O2.

222,223

Similar to the case of LiMn0.5Ni0.5O2, much effort has
been expended on LiCo1/3Ni1/3Mn1/3O2 to clarify the
mechanism of charge compensation during charge and
discharge. On the basis of the combined NMR and soft
and hard X-ray absorption spectroscopy (XAS) studies,
Yoon et al.224,225 reported that the major charge com-
pensation at the metal site on Li deintercalation is
achieved by the oxidation of Ni2þ to Ni3þ (surface) and
Ni4þ (bulk), while Co3þ and Mn4þ remain in their
original valence states. They also report that a portion
of the charge compensation during Li deintercalation is
achieved in the oxygen site associated with the presence of
Co. This explanation is consistent with XAS results
reported by Tsai et al.,226 but not with earlier results of
Miao et al.187 They claimed that charge compensation is
primarily associated with oxygen, but not Ni, Mn, and
Co. In contrast, Hwang et al. used a combined computa-
tional/experimental (XANES) study to show that the
redox couples in Li1-xCo1/3Ni1/3Mn1/3O2 are Ni2þ/
Ni3þ, Ni3þ/Ni4þ, and Co3þ/Co4þ, in the range of 0 e
x e 1/3, 1/3 e x e 2/3, and 2/3 e x e 1, respectively.211

This result is in agreement with a theoretical model by
Koyama et al.210 XAS data reported by Kim et al.216

indicated that the Ni2þ/Ni4þ redox couple is near 3.75 V
and the Co3þ/Co4þ couple occurs over the entire range of
charge/discharge.
Additional debate is associated with the reaction me-

chanism of LiCo1/3Ni1/3Mn1/3O2. Results reported by
Choi et al.221 indicated that Li1-xCo1/3Ni1/3Mn1/3O2 is
chemically stable as the O3 structure type without the loss
of any oxygen from the lattice at (1-x) > 0.35. This was
supported by X-ray and neutron diffraction studies of
Yin et al.213 who showed that Li1-xCo1/3Ni1/3Mn1/3O2

undergoes a phase transition from the starting O3
phase (R3m) to the O1 phase of Li0.04Co1/3Ni1/3-
Mn1/3O2 (P3m1) at (1-x) = 0.3 without oxygen loss.
However, Yabuuchi et al.220 and Kim et al.216 claimed
that they could not observe any phase associated with
O1 stacking.
The structure of LiCo1/3Ni1/3Mn1/3O2 was originally

proposed to be a [
√
3 � √

3] R30�-type superlattice
structure with long-range ordering based on first-princi-
ple calculations when it was introduced by Ohzuku
et al.180,210 On the basis of subsequent electron diffrac-
tion, XRD, and XAS studies, the same group suggested
that this superlattice adopted a P312 space group.227

Local ordering within the transition metal layers was
supported by other studies, but further evidence for the

Figure 18. Discharge rate capability of (a) LiCo1/3Ni1/3Mn1/3O2 and (b)
LiMn0.5Ni0.5O2. (a) The cell was charged at 0.17mAcm-2 up to 4.6V and
then discharged to2.5Vat (1) 1600, (2) 800, (3) 400, (4) 200, (5) 100, (6) 50,
and (7) 18.3 mA g-1. (b) The cell was charged atC/20 to 4.6 V, then held
at 4.6 V for 5 h and discharged at different rates. 1C corresponds to
280 mA g-1. Figure a reprinted from reference 222, Copyright 2003, with
permission from Elsevier. Figure b reproduced from reference 191.
Reprinted with permission from AAAS.
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long-range LiCo1/3Ni1/3Mn1/3O2 superstructure remains
elusive. Diffraction data were reported to be consistent
with a randomdistribution ofMn,Ni, Co in the 3a site.215

Cahill et al.218 showed evidence of local ordering driven
by local charge balance (Pauling’s electroneutrality)
related to Ni2þ-Mn4þ association using solid state 6Li
NMR. Their NMR result is consistent with another
NMR study obtained by Zeng et al.228 The latter also
observed a tendency for the formation of Ni2þ andMn4þ

clusters within the transition metal layers. In addition,
short-range ordering is supported by data obtained from
electron paramagnetic resonance (EPR) spectroscopy229

and XAS.226

xLi2MnO3 3 (1-x)LiMO2. Another promising lithium
metal oxide cathodematerial is xLi2MnO3 3 (1-x)LiMO2,
referred to as a composite (or integrated) structure.230 It is
based on Li2MnO3, a layered monoclinic,C2/m structure
with cation ordering. This structure can be formulated as
Li[Li1/3Mn2/3]O2 composed of alternating Li layers and
LiþMn (1:2) layers. TheLiMO2 component can comprise
LiMn2O4 (spinel)231 or more generally layered oxides
such as LiMn0.5Ni0.5O2

232 and LiCo1/3Ni1/3Mn1/3O2,
233

as described in recent reviews. The most attractive prop-
erty of the composite electrode is its high reversible
capacity (ca. 200-300 mA h g-1) following an “activa-
tion” process. The xLi2MnO3 3 (1-x)LiMO2 composite
electrode was originally designed to structurally stabilize
LiMnO2 with Li2MnO3 since the latter is electrochemi-
cally inactive between 3 and 4 V vs. Li/Liþ.234 How-
ever, Li2MnO3 can transform into an active phase,
Li2-xMnO3-(x/2) (MnO2 at x = 2) by the leaching of
Li2O via chemical and electrochemical means. Thackeray
et al. showed that Li2MnO3 (C2/m) decomposes into
Li0.27[Mn0.91Li0.09]O2 by acid treatment; Li[Mn0.91Li0.09]-
O2 (R3m) is then formed by relithiation.235,236 Kalyani
et al. report that Li2MnO3 can be activated electroche-
mically by charging at 4.5 V vs. Li/Liþ. Both Li2MnO3

materials show a reversible capacity of ca. 200 mA h g-1,
but electrochemical activation induces higher irreversible
capacity associated with leaching of Li2O.237

As earlier described (vide supra) the compositions
xLi2MnO3 3 (1-x)LiMn0.5Ni0.5O2 were first described by
Dahn et al. as a solid solution, namely as Li[NiyLi(1/3-2y/3)-
Mn(2/3-y/3)O2 (0< y<0.5).179,238WorkbyThackeray et al.
proposes that the composition be considered as a composite
or “integrated” structure composed of nanodomains with
two different phases (or different local structure) of layered
Li2MnO3 and layered LiMn0.5Ni0.5O2. The latter claims are
based on the existence of Li2MnO3 nanodomains in the
composite electrode of xLi2MnO3 3 (1-x)LiMn0.5Ni0.5O2 as
demonstrated by XRD reflections associated with a Li2-
MnO3 superlattice; by NMR spectra that indicate a Li2-
MnO3-like cation ordering, and quantitative TEM analysis
that show an inhomogeneous structure.232 This composite
structure is more evident in the case of the layered-spinel
(“splayered”) composite structure of xLi2MnO3 3 (1-x)-
Li1þyMn2-yO4 (0 < x < 1, 0 e y e 1/3). Johnson et al.
reports the high-resolution TEM image of 0.7Li2MnO3 3
0.3Li4Mn5O12 that show the integrated structure of layered

(Li2MnO3 (001) fringes) and spinel (Li4Mn5O12 (111) fringes)
nanosized domains, as shown in Figure 19.231

As mentioned above, the xLi2MnO3 3 (1-x)LiMO2

composite materials exhibit high reversible capacities

after the activation process. During charging at 4.5 V

vs. Li/Liþ, Ni2þ is oxidized into Ni4þ, and then Li2O

is extracted from Li2MnO3 above 4.5 V, to result

in xMnO2 3 (1-x)Mn0.5Ni0.5O2.
239 Li2O extraction from

the structure (Li[Ni0.2Li0.2Mn0.6]O2) has been directly

confirmed by oxygen gas detection using in situ differ-

ential electrochemical mass spectroscopy (DEMS).240

Recently, Li2O extraction is also suggested to be related

to electrolyte decomposition accompanied by a change in

the Ni oxidation state.241 Without the electrochemical

activation of 0.3Li2MnO3 3 0.7LiMn0.5Ni0.5O2
239 above

4.5 V, reversible charge capacities are on the order of

168 mA h g-1 (similar to theoretical charge capacity

of 0.7LiMn0.5Ni0.5O2 = 184 mA h g-1). After electro-

chemical activation, the reversible discharge capacity

delivers 287 mA h g-1. This is actually higher than

the theoretical value of 262 mA h g-1 (184 mA h g-1

corresponding to 0.7(Ni2þTNi4þ) þ 79 mA h g-1

by 0.3MnO2 obtained from 0.3Li2MnO3). The anoma-

lously higher capacity of the composite electrodes com-

pared to the theoretical is especially observed for

xLi2MnO3 3 (1-x)LiCo1/3Ni1/3Mn1/3O2 at high tempera-

ture (50 �C).242 Formulating these mixed compositions

as xA 3 (1-x)B, after electrochemical activation the dis-

charge capacities of 0.7A 3 0.3B, 0.5A 3 0.5B, and

0.3A 3 0.7B are 311, 286, and 287 mA h g-1, respectively,

in contrast to their theoretical discharge capacities of

242, 251, and 262 mA h g-1. The theoretical value is

calculated based on the xLi that can be de/inserted in

xMnO2 obtained from xLi2MnO3 (“A”) and also the

(1-x)Li that can be de/inserted in (1-x)LiMO2 (“B”).

The reason for the anomalous capacity of the com-

posite electrodes is not clear. It has also recently been

reported that the rate capabilities of these composite

electrodes are highly enhanced by coating them with

LiNiPO4, although the underlying mechanism needs

further investigation.243

Figure 19. (a ,b) High-resolution TEM images of 0.7Li2MnO3 3 0.3Li4-
Mn5O12 showing the structural compatibility of layered (Li2MnO3) and
spinel (Li4Mn5O12) domains. Reprinted from reference 231, Copyright
2005, with permission from Elsevier.
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4. Positive Electrodes for Li-Sulfur and Li-Air Cells

Following two decades of optimization, batteries based

on intercalation chemistry are approaching the energy

density limits provided by topotactic redox reactions.

They are now experiencing commercial success beyond

the powering of portable electronic devices and power

tools-for example, they are being employed in upcoming

first-generation plug-in hybrid electric vehicles (PHEV).

Electric vehicles (EV’s) based on these batteries such as

the Tesla Roadster are already in the marketplace, and

many others have been developed that are aimed for

introduction within the next year. But to extend the driving

range of PHEV’s and EV’s, and reduce cost factors, new

systemswith substantially higher energy density are being

sought for the next-generation batteries, that move be-

yond intercalation chemistry into the realm of “integra-

tion” chemistry. These batteries would also be suitable for

other types of large-scale energy storage systems coupled

to renewable energy sources.
Li-S cells. The low equivalent weight, low cost, high

capacity, and environmental friendliness of sulfur iden-
tify it as a very suitable positive electrode material, thus
motivating considerable investigation over the past
decade. The sulfur electrode operates quite differently
to the insertion electrodes described above. As opposed
to the intercalation of Liþ/e- into a host structure with
minor perturbation to the framework, the reduction of
sulfur involves a reversible chemical reaction with
lithium to form another material. We call this an
“integration” reaction. Extensive studies have shown
that this occurs via a redox cascade of intermediate
“molecular” polysulfides (in order of decreasing sulfur
oxidation state: Li2S8 T Li2S6 T Li2S5 T Li2S4),
followed by the formation of insoluble Li2S2 and finally
Li2S.

244,245 The overall redox couple, described by the
reaction S8 þ 16Li T 8Li2S, lies at an average of about
2.1 V with respect to Liþ/Li�. The potential is about 2/3
of that exhibited by conventional positive electrodes,
but this is offset by the very high theoretical capacity
afforded by the nontopotactic integration process, of
1675 mA h/g. Thus, compared to conventional bat-
teries, Li-S batteries have the opportunity to provide a
gravimetric energy density that is a factor of at least
3-5 times higher. Theoretical values can approach
2500 W h/kg or 2800 W h/L on a weight or volume
basis, respectively,246,247 assuming complete reaction
to Li2S. The kinetics of the reactions on the high
oxidation state side between S0 T S0.5- are fast (i.e.,
conversion of S8 through the sequence of soluble
molecular polysulfides to form S4

2-) compared to those
of the lower oxidation states. Reaction of S0.5-T S1- to
form insoluble Li2S2 is somewhat hindered owing to the
energy required for nucleation of the solid state phase,
and the interconversion of Li2S2 to Li2S is impeded due
to the sluggishness of solid-state diffusion in the bulk.
The reaction sequence on reduction and oxidation and
the corresponding electrochemical profile is depicted in
Figure 20.

Despite the considerable advantages of the Li-S cell, it
is plagued with problems that have prevented its practical
realization until recently. One is the very poor electronic
conductivity of sulfur and its discharge product (Li2S2/
Li2S), which necessitates contact with substantial frac-
tions of conductive species such as carbon or metals.
Early configurations of the sulfur electrode consisted of
simple mixtures of sulfur and carbon particles.248,249

These cells suffered low capacity, and poor discharge/
cycle efficiency. Much attention has been devoted to
increasing the conductivity of the sulfur electrode. Com-
posites with sulfur embedded within a conducting poly-
mer have shown some promise.250 However, the large
polarization exhibited by these materials reduces the
energy density. The low surface area of the conducting
polymer also limits the loading of sulfur active mass. The
conductivity of the sulfur electrode can be better en-
hanced by contact with carbonaceousmaterials on amore
intimate level, such as that afforded by MWCNT’s.251

Reversible capacities of up to 700 mA/g were reported,
but capacity fading is an issue and contact is not opti-
mum.
Another major challenge arises from the solubility of

the polysulfide ions (Sn
2-) formed on reduction of S8 or

upon oxidation of Li2S,
252 which escape from the sulfur

electrode and enter the electrolyte. They diffuse to the
lithium negative electrode where they react directly with
lithium in a parasitic reaction to create lower order
polysulfides. These species diffuse back to the positive
electrode and are reoxidized into the original higher order
polysulfides. The above process takes place repeatedly,
thus creating an internal “shuttle” phenomenon, which
markedly reduces the Coulombic efficiency. Some irre-
versibility of the process also causes the build-up of
impedance layers on both electrodes. Self-discharge of
the polysulfides onto the Li anode on the completion of
each discharge cycle results in some fraction being sub-
jected to deep reduction to solid Li2S2 and/or Li2S. These
materials gradually form a thick layer on the anode
surface over prolonged cycling,253 and become electro-
chemically inaccessible and causes active mass loss and
capacity fading. Deposition on the positive electrode can

Figure 20. Discharge-charge profile of a Li-S cell, illustrating: (I)
conversion of solid sulfur to soluble polysulfides; (II) conversion of
polysulfides to solid Li2S2; (III) conversion of solid Li2S2 to solid Li2S.
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also occur. This blocks ionic pathways into the inner parts
of the sulfur electrode and impedes further electrochemi-
cal reactions. Mathematical modeling has yielded a good
quantitative analysis of the shuttle phenomenon in
Li/S rechargeable batteries.254 It encompasses theoretical
models of the charge process, charge and discharge
capacity, overcharge protection, thermal effects, self-
discharge, and a comparison of simulated and experi-
mental data. The study provides evidence that self-
discharge, charge-discharge efficiency, and overcharge
protection are all facets of the same phenomenon.
One approach for Li-S batteries are “all liquid” sys-

tems244 that rely on dissolution of the polysulfides in the
electrolyte. Although the ionic conductivity of these
“catholyte” cells is very high, the volumetric capacity is
quite low because of the large volumes of electrolyte
required. Electrolyte additives are also beneficial tomain-
tain solubility and increase the fraction of active species in
solution.255 Most importantly, unless reduction of the
polysulfides on the metallic Li anode is inhibited, rapid
capacity fading ensues.Anodemembranes that permit Li-
ion transport to and from the metallic Li surface and
provide a critical protective layer have been developed by
PolyPlus.256 Visco et al. have also proposed coating the
cathode with a mixed ionic electronic conductor
(MIEC).257 They claim that the MIEC layer allows rapid
removal of discharge product precipitates on the cathode.
Extensive work has also been carried out to prevent

polysulfide dissolution. Ahn et al. reported that Mg0.6-
Ni0.4O particles (∼50 nm) as a cathode additive exhibit
some degree of adsorption for polysulfide ions.258

Gorkovenko et al. describes that porous carbonmaterials
can retard the polysulfide dissolution.259 Polymer elec-
trolytes have also been used. The first “all solid” cell
system employing a gel-like polymer electrolyte was
described long ago.246 However, this cell achieved prac-
tical discharge efficiency only at high temperatures
(above 80 �C), and it suffered capacity fading over
cycling.260 More recently, Cairns and co-workers have
investigated rechargeable Li/S cells containing a variety
of polymer-containing electrolytes, including polyethy-
lene oxide (PEO),261 polyethylene glycol-dimethyl ether
(PEGDME),262 and mixtures of PEGDME or tetraethy-
lene glycol-dimethyl ether (TEGDME) with ionic liq-
uids.263,264 First discharge capacities at slow rates are
more than 1400 mA h/g S, but the initial capacity fade on
cycling is rapid. After 300 cycles, the specific capacity is
above 200 mA h/g S for electrodes containing 70% S.
With the ionic liquid containing electrolytes, specific
capacities of more than 250 mA h/g S are obtained at
0 �C after 20 cycles, and 700 mA h/g S at 25 �C after
10 cycles. The maximum cycle life reported is 565 cycles,
with gradual capacity loss. The lithium metal electrodes
showed no sign of dendrites or shorting after several
hundred cycles. The use of polymer-based electrolytes
avoids volatile organic solvents, leading to significantly
improved safety. However, these solutions still fall
short of the mark for stable long-term electrochemical
performance.

To date, the best electrochemical properties that have
been reported for “contained” sulfur systems are exhib-
ited by ordered interwoven carbon/sulfur composites that
comprise high pore-volume carbons with 1D or 3D
channel nanostructures.265 Sulfur is readily incorporated
from the melt by capillary forces and shrinks upon
solidification to provide open pathways for electrolyte/
Liþ ingress. The conductive carbon framework con-
strains the sulfur within its channels and generates essen-
tial electrical contact as shown schematically in Figure 21.
Kinetic inhibition to diffusion within the framework and
the sorption properties of the carbon aid in trapping the
polysulfides formed during redox. Thus immobilized, full
reduction to Li2S2/Li2S (or oxidation to S8 on charge) is
achieved within the carbon framework. Polymer modifi-
cation of the carbon surface further provides a chemical
gradient that retards diffusion of these large anions out of
the electrode, facilitating a more complete reaction. Re-
versible capacities up to 1320mAh/g are attained with no
overcharge and 99.9% efficiency on the first cycle, in-
dicating the shuttle mechanism is totally suppressed.
Capacity fading is reduced because of greatly reduced
polysulfide concentration in the electrolyte, and the ma-
terials sustain reversible capacities of 1100 mA h/g.
Li-Air Cells. The Li-air cell is similar to Li-S in

numerous ways. It also represents “integration” chemis-
try, but is based on the reaction of oxygen with lithium
(see Figure 22). Although the reaction is limited to a one-
electron reduction per oxygen atom to form Li2O2 as the
product (i.e., O2 þ 2Liþ/2e- T Li2O2), the average
voltage is higher than Li-S and lies at a theoretical
potential of about 3.0 V. The practical discharge potential
is about 2.7 V. Li-air batteries have emerged as a
potential alternative to Li-S, and have drawn significant

Figure 21. Schematic of the sulfur (yellow) confined in the intercon-
nected pore structure of mesoporous carbon, CMK-3, formed from
carbon tubes that are propped apart by carbon nanofibers to form
channels. The view is down the channels and tubes in cross-section. The
lower scheme represents the subsequent discharging-charging of sulfur
with Li, illustrating the strategy of pore filling to tune for volume-
expansion/contraction. Reprinted by permission from Macmillan Pub-
lishers Ltd. from reference 265, copyright 2009.
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attention recently that highlights both their advantages
and considerable challenges. The use of O2 as the positive
electrode is not a new concept. It is the basis for fuel cells,
and zinc-air batteries (semifuel cells). These batteries rely
on aqueous electrolytes which have a much narrower
voltage “window”, and a lower cell voltage. The first
nonaqueous Li-air battery was reported by Abraham
et al. in 1996,266 but rechargeability was proven only
recently by Bruce et al.267 Li2O2 was determined to be
the principle product after discharge, andO2was detected
as the oxidation product on charge, confirming the rever-
sibility of the reaction.
Similar to the case of the Li-S cell, the reaction at the

positive electrode employs porous carbon and/or porous
metal as the current delivery system for O2 reduction

268

and as host for the product. The discharge reaction fills
the voids with Li2O2 and terminates when these voids are
filled. Unlike the Li-S battery, the intermediate super-
oxide, LiO2, is not soluble and thus there is no possibility
of an internal shuttle.269 On the other hand, Li2O2

oxidation requires a (room-temperature) catalyst, and
O2 reduction benefits as well. The triple phase boundary,
an omnipresent and limiting factor in fuel cells, governs
reactivity. In the Li-air case, it is determined by the
necessity of simultaneous contact of the electron delivery
network; the reactants (O2 and Liþ) via the electrolyte;
and the catalyst necessary to carry out reduction and
oxidation. Electrolytic manganese dioxide, and especially
R-MnO2 are reported to be among the most active
catalysts270 although other transition metal oxides such
as Fe2O3, CuO, and Co3O4 also show much promise.271

Nonetheless, high overpotentials are still observed along
with substantial hysteresis on discharge-charge that is
typically about 1.5 V. In the best data reported to date,
the discharge potential is still 0.3-0.4 V below theoretical,
and the charge potential is a full volt above. The problem of
occlusion of the catalytic sites by formation of Li2O2

remains a serious challenge. On reduction, extensive nuclea-
tion of the product on the catalyst particle will block further
catalytic activity and on oxidation, the lack of intimate
contact of the Li2O2 with the catalyst can inhibit reactivity.

Similar to Li-S, catholyte systems in aqueous media
have been investigated as a solution to the problems
described above. They have drawbacks of reduced voltage
and much lower volumetric capacity, but the advantage
of a solubilized reaction product, LiOH,272 eliminates
some of the challenges of a confined cathode. However,
such systems-muchmore so than thecaseofLi-S-demand
a protected Li negative electrode owing to extreme re-
activity of metallic Li with H2O.273

5. Conclusions

There have been exciting developments in new positive
electrode materials for energy storage in the past decade.
Polyanionic compounds have emerged as highly suitable
candidates, including LiFePO4 and its olivine analogues
such as LiMnPO4, which are starting to make a practical
mark. Promising electrochemical properties including
excellent cycling stability, low synthetic cost, improved
safety characteristics, and low environmental impact are
factors that have driven research interest in these com-
pounds. Electrodes comprising nanoparticulate active ma-
terial exhibit enhanced solid solution behavior and superior
electrochemical properties. Many aspects of ion transport,
defect chemistry, and solid-solution behavior are not
entirely understood, however, and will continue to garner
the attention of solid-state electrochemists and theoreti-
cians. Fluorophosphates and silicates, such as LiVPO4F,
Na2FePO4F, and Li2FeSiO4, are also promising new ma-
terials. The relatively low ionic and electronic conductivity
of these polyanionic compounds brings to the forefront the
importance of nanoscale synthesis methods and particle
engineering to mitigate these materials’ shortcomings.
Layered, spinel, and nanostructured lithium metal

oxides still remain among the most viable materials,
including LiCo1/3Ni1/3Mn1/3O2 and the composite mate-
rials xLi2MnO3 3 (1-x)LiMO2. Very good electrochemi-
cal behavior, low synthetic cost, and high gravimetric and
volumetric energy densities are factors that have driven
research interest in these compounds, andwill continue to
do so. Nonetheless, safety concerns and the relatively
high raw-materials cost of the layered oxides such as
LiCo1/3Ni1/3Mn1/3O2 may prohibit their widespread im-
plementation in large-scale energy storage. Aspects of
metal ion ordering, the distinction between solid-solution
behavior and nanodomain structure, and the nature of
the activation process in the composite oxides remain to
be uncovered. Future research will involve methods to
increase the rate capability of bulk composite materials
xLi2MnO3 3 (1-x)LiMO2. Increasingly, clever combina-
tions of lithium metal oxides with lithium metal phos-
phates to form nanoscaled materials will encompass the
advantages of both materials.
Finally, the promise of ultrahigh capacity systems such

as Li-S and Li-air offer tantalizing opportunities at
present, although they are still very much in their infancy
vis a vis intercalation positive electrodes. They will re-
quire additional investigation to explore their potential,
and will undoubtedly command burgeoning interest.

Figure 22. Schematic representation of a rechargeable Li/O2 battery.
Reproduced from reference 270 with permission. Copyright 2008 Wiley-
VCH Verlag GmbH & Co. KGaA.
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