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Nanostructured materials lie at the heart of fundamental advances
in efficient energy storage and/or conversion, in which surface
processes and transport kinetics play determining roles. This Review describes some recent
developments in the synthesis and characterization of nanostructured cathode materials, includ-
ing lithium transition metal oxides, vanadium oxides, manganese oxides, lithium phosphates, and
various nanostructured composites. The major goal of this Review is to highlight some new
progress in using these nanostructured materials as cathodes to develop lithium batteries with
high energy density, high rate capability, and excellent cycling stability resulting from their huge
surface area, short distance for mass and charge transport, and freedom for volume change in
nanostructured materials.
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1. Introduction

1.1. General Background

Recent increases indemandforoil, associatedprice increases,

and environmental issues are continuing to exert pressure on an
already stretched world energy infrastructure. Significant

progress has been made in the development of renewable

energy technologies suchas solar cells, fuel cells, andbiofuels. In

the past, these types of energy sources have been marginalized,

but as new technology makes alternative energy more practical

and price competitive with fossil fuels, it is expected that the

coming decades will usher in a long-expected transition away

from oil and gasoline as our primary fuel. Although a variety of

renewable energy technologies have been developed, they have

not reached wide-spread use. High performance of such

technologies is mainly achieved through designed sophisticated

device structures with multiple materials, for example tandem

cells inphotovoltaicdevices.Almostallof thealternativeenergy

technologiesarelimitedbythematerialsproperties.Forexample,

poor charge carriermobilities inorganic/polymer semiconductors

limit theenergyconversionefficiencyoforganicphotovoltaic cells

to less than 6%. Thermoelectrics typically possess an energy

conversion efficiency of less than 3%. Portable electric power

sources have lower energy and power density largely resulting

from poor charge and mass transport properties. New materials

that are chemically modified through molecular or atomic

engineering and/or possess unique microstructures would offer

significantly enhanced properties for more efficient energy

conversion devices and high-density energy/power storage.
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One alternative energy/power source under serious con-

sideration is electrochemical energy production, as long as

this energy consumption is designed to be more sustainable

and more environmentally benign. The lithium-ion battery is

a representative system for such electrochemical energy

storage and conversion. At present, lithium-ion batteries are

efficient, light-weight, and rechargeable power sources for

consumer electronics such as laptop computers, digital

cameras, and cellular phones.[1] Moreover, they have been

intensively studied for use as power supplies of electric vehicles

(EVs) and hybrid electric vehicles (HEVs), which require high

energy and power densities Lithium-ion batteries are

attractive power-storage devices owning to their high energy

density;[2] however, their power density is relatively low

because of a large polarization at high charge–discharge

rates. This polarization is caused by slow lithium diffusion in

the active material and increases in the resistance of the

electrolyte when the charging–discharging rate is increased.

To overcome these problems, it is important to design and

fabricate nanostructured electrode materials that provide

high surface area and short diffusion paths for ionic transport

and electronic conduction.

Nanomaterials offer unusual mechanical, electrical, and

optical properties endowed by confining the dimensions of

such materials, and the overall behaviors of nanomaterials

exhibit combinations of bulk and surface properties.[3] Thus,

nanostructured materials are drawing a tremendous amount of

attention because of their novel properties, and because of

their potential applications in a variety of nanodevices, such as

field-effect transistors (FETs),[4–7] chemical and biological

sensors,[8–11] nanoprobes,[12] and nanocables.[13] Reports on
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the processing, properties, and applications of nanomaterials

are appear rapidly, on a daily basis. Many synthesis methods

have been reported for the synthesis of nanostructured

electrode materials. Among them, solution-based methods

are well-known for their advantages in tailoring the size and

morphology of the nanostructures. It is the uncomplicated

sol–gel processing (soft chemistry) method in combination

with template synthesis or hydrothermal treatment that

produces the most desirable nanostructures with remarkable

reliability, efficiency, selectivity, and variety. Template synth-

esis is a general method for preparing ordered arrays of

nanostructures with nanorods/nanotubes/nanocables protrud-

ing from the underlying current collector.[14] Hydrothermal

synthesis is another powerful tool to transform transition metal

oxides into high-quality nanostructures. Other fabrication

methods of nanostructures include the reversemicelle technique,

and the size of nanostructures can be tuned easily by keeping the

freshly made nanorods in the micellar solution.[15] This Review

aims to give a concise and useful survey of recent progress on

synthesis and characterizations of nanostructured cathode

materials for lithium-ion batteries, starting with a brief over-

view on lithium-ion batteries and cathode materials as follows.

It is clear that nanostructured cathode electrodes offer improv-

ed energy storage capacity and charge–discharge kinetics, as

well as better cyclic stabilities, owing to their huge surface area

for Faradaic reaction, short distance for mass and charge

diffusion, as well as the added freedom for volume change that

accompanies lithium-ion intercalation and discharge. How-

ever, nanostructured electrodes also introduce new challenges,

as their huge surface area and nanometer size will unques-

tionably increase their solubility in electrolyte solutions.
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Figure 1. Schematic illustration of a lithium-ion battery.
1.2. Lithium Batteries and Cathode Materials

A battery consists of three basic components: an anode, a

cathode, and an electrolyte; and is a device that converts

chemical potential to electric energy through Faradaic

reactions, which includes heterogeneous charge transfer occur-

ring at the surface of an electrode.[16] Batteries are broadly

grouped as primary and secondary batteries. Primary batteries

are single-use devices and can not be recharged; secondary

batteries are also called rechargeable batteries and can be

recharged for many times. In a typical secondary battery,

energy storage involves Faradaic reactions occurring at the

surface of an electrode, and mass and charge transfer through

the electrode; therefore, the surface area and the transport

distance play important roles in determining the performance

of the battery in question. Chemical composition, crystal

structure, and microstructure will have significant impacts on

the surface reaction and transfer processes as well as on cyclic

stability.

Intercalation electrodes in batteries are electroactive materi-

als and serve as a host solid into which guest species are

reversibly intercalated from an electrolyte. Intercalation com-

pounds are a special family of materials. Intercalation refers to

the reversible intercalation of mobile guest species (atoms,

molecules, or ions) into a crystalline host lattice that contains

an interconnected system of empty lattice sites of appropriate

size, while the structural integrity of the host lattice is formally

conserved.[17] The intercalation reactions typically occur around

room temperature. A variety of host lattice structures have been

found to undergo such low-temperature reactions.[18] How-

ever, intercalation reactions involving layered host lattices

have been most extensively studied, partly owing to their

structural flexibility and the ability to adapt to the geometry

of the intercalated guest species by free adjustment of the

interlayer separation. The readers are referred to a compre-

hensive and excellent article on inorganic intercalation

compounds.[17] Despite the differences in chemical composi-

tion and lattice structure of the host sheets, all the layer hosts

are characterized by strong interlayer covalent bonding and

weak interlayer intercalations. The weak interlayer intercala-

tions include van der Waals force or electrostatic attraction

through oppositely charged species between two layers. Various

host lattices are metal dichalcogenides, metal oxyhalides, metal

phosphorous trisulphides, metal oxides, metal phosphates,

hydrogen phosphates and phosphonates, graphite, and layered

clay minerals. Guest materials include metal ions, organic

molecules, and organometallic molecules. When guest species

are incorporated into host lattices, various structural changes will

take place. The fundamental geometrical transitions of layered

host lattice matrices upon intercalation of guest species include:

(1) change in interlayer spacing, (2) change in stacking mode of

the layers, and (3) formation of intermediate phases at low guest

concentrations.[19] There are various synthesis methods for the

formation of intercalation compounds.[17,20] Themost commonly

used and simplest method is direct reaction of the guest species

with the host lattice.[21] For direct reactions, the intercalation
Adv. Mater. 2008, 20, 2251–2269 � 2008 WILEY-VCH Verl
reagent must be a good reducing agent of the host crystals. Ion

exchange is a method to replace the guest ion in an intercalation

compound with another guest ion, which offers a useful route

for intercalating large ions that do not intercalate directly.[22]

Appropriate chosen solvents or electrolytes may assist the

ion-exchange reactions by flocculating and reflocculating the

host structure.[23] Electrointercalation is yet another method,

in which the host lattice serves as the cathode of an

electrochemical cell.[24] Electrochemical lithium intercalation

occurs together with compensating electrons, leading to the

formation of vanadium bronzes as follows:
ag Gmb
þ xLiþ þ xe� $ LixV2O5 (1)
The principal concept of lithium-ion batteries is illustrated

in Figure 1. A combination of a negative lithium intercalation

material (anode) with another lithium intercalation material

(cathode) having a more positive redox potential gives a Li-ion

transfer cell. Anode and cathode are separated by the

electrolyte, which is an electronic insulator but a Li-ion

conductor. Upon charging, lithium ions are released by the

cathode and intercalated at the anode. When the cell is

discharged, lithium ions are extracted by the cathode and

inserted into the anode. Early batteries usedmetallic lithium as

anode, which combines a very negative redox potential with a

low equivalent weight. It was later replaced by carbon because

of safety concerns. Replacement of metallic lithium or carbon

by lithium intercalation compounds improves both cell life and

safety but at the expense of cell voltage, specific charge, and

rate capability. Electrode materials must fulfill three funda-

mental requirements to reach the goal of a high specific energy

and energy density: (1) a high specific charge and charge

density, that is, a high number of available charge carriers per

mass and volume unit of the material; (2) a high cell voltage,

resulting from a high (cathode) and low (anode) standard

redox potential of the respective electrode redox reaction; and

(3) a high reversibility of electrochemical reactions at both

cathodes and anodes to maintain the specific charge for

hundreds of charge–discharge cycles.
H & Co. KGaA, Weinheim www.advmat.de 2253
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Ever since the idea of a rechargeable lithium cell based on Li

intercalation reactions was initiated in the early 1970s,

numerous lithium intercalation electrodes have been proposed

to date. The area of cathodes is much less developed than

anodes,[25] and we will focus on the cathode materials in this

article. Details on lithium-ion battery cathode materials can be

found in recent reviews by Whittingham et al.[26,27] There are

two categories of cathode materials. One comprises layered

compounds with an anion close-packed lattice; transition metal

cations occupy alternate layers between the anion sheets, and

lithium ions are intercalated into remaining empty layers.

LiTiS2, LiCoO2, LiNi1�xCoxO2, and LiNixMnxCo1�2xO2 all

belong to this group. The spinels with transition metal cations

ordered in all the layers can be considered to be in this group as

well. This class of materials has the inherent advantage of

higher energy density (energy per unit of volume) owning to

their more compact lattices. The other group of cathode

materials has more open structures, such as vanadium oxides,

the tunnel compounds of manganese oxides, and transition

metal phosphates (e.g., the olivine LiFePO4). These materials

generally provide the advantages of better safety and lower

cost compared to the first group. Nanostructures offer huge

surface area, short mass and charge diffusion distance, and

freedom for volume change during charge–discharge cycles,

and thus are expected to improve the lithium-ion intercalation

properties. Quite some research has been reported in the

literature, and more efforts are underway in many research

groups. A comprehensive review to cover a large variety of

nanostructured cathode materials to date would be necessary.

This Review article is intended to fill this need through

summarizing the recent progress in the synthesis and charac-

terization of nanostructured cathode materials for efficient

lithium ion intercalation and highlighting the important

accomplishments and remaining challenges. Section 2 covers

nanostructured lithium transition metal oxides and Section 3

reviews nanostructured vanadium oxides and nanostructured

manganese oxides. In each section, we look firstly at structural

and electrochemical properties of the materials, then at

synthesis and characterization of nanostructures of these

materials, that is, how synthesis methods and parameters affect

properties, and how to improve electrochemical performance.

The last point leads to a summary of various nanosized coatings

on cathode materials in Section 4 and an overview on

nanostructured composites in Section 5.
2. Nanostructured Lithium Transition
Metal Oxides

Currently there are three intercalation materials that are

used commercially as cathode materials for rechargeable

lithium batteries: LiCoO2, LiNiO2, and LiMn2O4. LiCoO2 is

the most popular among the possible cathode materials owing

to the convenience and simplicity of preparation. This material

can be easily synthesized using both solid-state and chemical
www.advmat.de � 2008 WILEY-VCH Verlag GmbH &
approaches.[28,29] The LixCoO2 system has been studied

extensively thus far.[30,31] LixCoO2 exhibits excellent cyclabil-

ity at room temperature for 1> x> 0.5. Therefore, the specific

capacity of the material is limited to the range of 137 to

140mAhg�1, although the theoretical capacity of LiCoO2 is

273mAhg�1.[32] On the other hand, LixCoO2 is very expensive

and highly toxic, which is unfortunate considering its good

electrochemical properties and easy synthesis. The reversible

capacity of LixNiO2 is higher than that of LixCoO2, since the

amount of lithium that can be extracted/intercalated during

redox cycles is around 0.55, in comparison with 0.5 for LiCoO2,

allowing the specific capacity to be more than 150mAhg�1

with appropriate cyclability.[33] Although LiNiO2 is isostruc-

tural to LiCoO2, preparation of LiNiO2 is more complicated.

Because there are additional nickel ions on the lithium sites,

and vice versa in the crystal structure of LiNiO2, the Li–Ni–O

system is represented by Li1�yNi1þyO2 with a deviation from

the normal stoichiometry.[34,35] This special structure makes it

very difficult to synthesize the stoichiometric oxide with all the

lithium sites completely filled by lithium. LiMn2O4 is the

third-most-popular cathode material for lithium-ion batteries.

In comparison with LiCoO2 and LiNiO2, LiMn2O4 possesses

essential advantages of less toxicity and having an abundant

materials source. In principle, LixMn2O4 permits the inter-

calation/extraction of lithium ions in the range of 0< x< 2.[36]

For intermediate values of x between 1 and 2 the material

consists of two different phases: cubic in bulk and tetragonal at

the surface. Simultaneously the intercalation of lithium ions

effectively decreases the average valence of manganese ions

and leads to a pronounced cooperative Jahn–Teller effect, in

which the cubic spinel crystal becomes distorted tetragonal

with a c/a� 1.16, and the volume of the unit cell increases by

6.5%. This high c/a ratio causes a low capacity, restricted to

120–125mAhg�1, and significant capacity degradation at

moderate temperatures in the range of 50 to 70 8C.[37] To

enhance the poor rate capability of lithium metal oxides often

owning to the structural instability of some lithium metal

oxides such as LiNiO2 or LiMnO2, light substitutions or

preparing solid solutions of several lithium metal oxides have

been explored and the new compounds have shown promising

electrochemical characteristics.[38] However, lithium metal

oxides still suffer from some intrinsic limitations. For example,

LiCoO2 has a decent lithium diffusion coefficient,

5� 10�9 cm2 s�1,[39] whereas the conductivity of this material

is as low as 10�3 S cm�1.[40] To improve the intercalation–

deintercalation kinetics of the material, it is necessary to

downsize the material to achieve short diffusion distance and

large surface area.

There have been several recent reports on the synthesis and

electrochemical properties of nanostructured lithium metal

oxides. Heating the nanorodlike LiNi0.5Mn1.5O4 up to 800 8C
breaks the nanorods into nanoparticulate LiNi0.5Mn1.5O4, with

particle sizes in the range of 70–80 nm. Such a nanoparticulate

LiNi0.5Mn1.5O4 cathode shows good electrochemical charac-

teristics at a wide range of rates (from C/4 to 15C) when cycled

between 3.5 and 5V.
Co. KGaA, Weinheim Adv. Mater. 2008, 20, 2251–2269
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Figure 2. TEM images of LiMn2O4 spinels annealed at a) 350 8C and b) 450 8C. Adapted
with permission from [41]. Copyright 2004 The Electrochemical Society.
As for the spinel LiMn2O4, synthesis of LiMn2O4 nano-

particles can be carried out by a sol–gel method combined with

post-calcination, and the particle size is affected by the

calcination temperature.[41] The nanoparticles have a size of

10nm at a low temperature of 350 8C, whereas sub-micrometer-

sized particles are obtained at a high temperature of 550 8C, as
shown in the transmission electron microscopy (TEM) images

(Fig. 2a and b). The LiMn2O4 nanoparticles were found to

behave differently in different voltage ranges. In comparison

with a large nonporous cathode, the nanoparticle cathode

shows improved capacity and cycleability in the 3V discharge

range, while in the 4V discharge region it exhibits decreased

capacity and improved cycleability. The enhancement in

capacity and cycleability is due to the reduced charge-transfer

resistance of nanoparticulate cathode in comparison with a

‘‘large’’ cathode material.

A thin film of LiCoO2 could be deposited at room tempera-

ture in a nanocrystalline state using planar magnetron radio-

frequency (rf) sputtering.[42] Subsequent heating of the films at

300 8C causes the average grain size to increase but still within

the nanosized dimensions, while the lattice distortion is

reduced by the heating. Such nanocrystalline films of LiCoO2

annealed at low temperature demonstrate improved electro-

chemical performance.

Nanostructured solid solutions of lithium metal oxides such

as LiNi0.5Mn1.5O4 can be synthesized using solutionmethods as

well. A modified Pechini method has been employed to obtain

nanostructured LiNi0.5Mn1.5O4 by adding aqueous solutions of

Li(NO3), Mn(NO3)2� 4H2O, and Ni(NO3)2� 6H2O into a

mixture of citric acid and ethylene glycol.[43] The as-prepared

samples were sintered at different temperatures and resulted in

ordered P4332 (P) spinel or disordered Fd3m (F) spinel. The

disordered spinel contains a small amount of Mn3þ and has a

higher electronic conductivity than the ordered sample, by two

orders of magnitude. Therefore, the disordered spinel shows a

higher rate capability than the ordered sample and exhibits

a capacity retention of 80% at 6C. Furthermore, the shape

of nanostructured LiNi0.5Mn1.5O4 can be tailored by a

polymer-assisted method.[44] First, nanocrystalline oxalates

were obtained by grinding hydrated salts and oxalic acid in the
Adv. Mater. 2008, 20, 2251–2269 � 2008 WILEY-VCH Verlag GmbH & Co.
presence of polytheyleneglycol 400. Then, nanor-

odlike LiNi0.5Mn1.5O4 was prepared by thermal

decomposition of mixed nanocrystalline oxalates

at 400 8C.

3. Nanostructured Metal Oxides

3.1. Nanostructured Vanadium Oxides

Vanadium oxide is a typical intercalation com-

pound as a result of its layered structure. For

Li-ion intercalation applications, vanadium oxide

offers the essential advantages of low cost, an

abundant source, easy synthesis, and high energy

densities. Orthorhombic crystalline V2O5 consists

of layers of VO5 square pyramids that share edges
and corners.[45,46] The reversible electrochemical lithium

intercalation into V2O5 at room temperature was first reported

by Whittingham in 1975.[47] In addition to crystalline V2O5,

high Li intercalation capacity has been reported for hydrated

vanadium pentoxides (V2O5� nH2O), such as V2O5� nH2O

glasses with P2O5 or other network formers,[48] V2O5� nH2O

xerogels,[49,50] and V2O5� nH2O aerogels.[51] Specific energies

of over 700WAhkg�1 were measured for lithium cells with a

xerogel cathode.[50] V2O5� nH2O xerogels are composed of

ribbonlike particles and display lamellar ordering, with water

molecules intercalated between the layers.[52] These water

molecules expand the distance between the layers, and the

intercalation capacities ofV2O5� nH2Oxerogels are enhanced as

a result.[50] The structure of the V2O5� nH2O xerogel can be

illustrated as an assembly of well-defined bilayers of single

V2O5 layers made of square pyramidal VO5 units with water

molecules residing between them.[52] This structure possesses

enough atomic ordering to perhaps be characterized as

nanocrystalline.

To date there are a large number of publications on

nanostructures of vanadium oxides. Pioneering work on the

synthesis and electrochemical properties of vanadium oxide

nanorolls was carried out by Spahr et al.[53] In their synthesis, a

combination of sol–gel reaction and hydrothermal treatment of

vanadium oxide precursor is conducted in the presence of an

amine that acts as structure-directing template.[53,54–57] The

resultant nanoroll is either constructed in closed concentric

cylinders (nanotubes) or formed by scrolling one or more

layers (nanoscrolls). If amine is replaced by ammonia during

the hydrolysis step, a new type of vanadium oxide nanoroll

(nanotube) with alternating interlayer distances is obtained.[58]

Such a unique structure is first observed in a tubular phase.

Compared to other tubular systems, the vanadium oxide

nanorolls are especially interesting because they possess four

different contact regions, that is, tube opening, outer surface,

inner surface, and interstitial region. VOx nanorolls can

intercalate a variety of molecules and ions reversibly without

change in the crystalline structure. The Li intercalation

capacities have been found up to 200mAhg�1, however,

there is structural breakdown during redox cycles and
KGaA, Weinheim www.advmat.de 2255
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Figure 3. a) TEM image and selected-area electron diffraction pattern of a V2O5 nanorod prepared
from template-based electrochemical deposition from VOSO4 solution. b) High-resolution TEM
image of the V2O5 nanorod in (a), showing lattice fringes. The spacing of the fringes wasmeasured to
be 0.207 nm. c) TEM image and selected area electron diffraction pattern of a V2O5 nanorod
prepared from template-based electrophoretic deposition from V2O5 sol. d) High-resolution TEM
image of the V2O5 nanorod in (c). The spacing of the fringes was measured to be 0.208 nm. The
nanorods grown from both routes were demonstrated to have a single-crystalline nature or, at least, a
well-textured nature of the grown nanorods with a [010] growth direction. Adapted with permission
from [63]. Copyright 2005 The Institute of Pure and Applied Physics.
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degradation in cycling performance owing

to the morphological flexibility. The cyclic

voltammetry measurements show that the

well-ordered nanorolls behave closely to

classic crystalline vanadium pentoxide,

while the defect-rich nanorolls have

electrochemical behavior similar to that

of sol–gel-prepared hydrated vanadium

pentoxide materials. The specific capacity

of defect-rich nanorolls (340mAhg�1) is

higher than that of the well-ordered

nanorolls (240mAhg�1) under compar-

able conditions.

Martin and co-workers have reported a

series of studies on polycrystalline V2O5

nanorod arrays. They used a template-

based method by depositing triisopropox-

yvanadium(V) oxide (TIVO) into the

pores of polycarbonate filtration mem-

branes followed by removal of mem-

branes at high temperature.[59] The

V2O5 nanorod arrays deliver three times

the capacity of the thin-film electrode at a

high rate of 2008C and four times the

capacity of the thin-film control electrode

above 5008C. After that, Li and Martin

achieved improved volumetric energy

densities of V2O5 nanorod arrays by

chemically etching the polycarbonate

membrane to increase its porosity prior

to template synthesis.[60] In the latest

work of Sides and Martin, V2O5 nanorods

of different diameters were prepared and

their electrochemical properties at low

temperature were compared.[61] V2O5

nanorods with nanometer-sized diameters

(e.g., 70 nm) deliver dramatically higher

specific discharge capacities at low tem-

perature than V2O5 nanorods with micro-
meter-sized diameters. Thus, Li-ion battery electrodes com-

posed of nanosized materials meet the low-temperature

performance challenge, because nanomaterials palliate

the problems of slow electrochemical kinetics and the slow

diffusion by offering high surface area and short diffusion

distance.

Synthesis and electrochemical properties of single-crystal

V2O5 nanorod arrays were first reported by Cao’s group.[62–64]

They utilized a template-based electrodeposition method by

depositing V2O5 into pores of polycarbonate templates with

the assistance of electric field from three different types of

solutions or sol, that is, VO2þ solution, VO2
þ solution, and

V2O5 sol. Figure 3a and c shows TEM images of a V2O5

nanorod and selected-area electron diffraction patterns, which

clearly demonstrate the single-crystalline nature or, at least,

well-textured nature of the grown nanorods with a [010] growth

direction for nanorods grown from both routes. Figure 3b and d
www.advmat.de � 2008 WILEY-VCH Verlag GmbH &
also shows high-resolution TEM images of a single V2O5

nanorod, in which lattice fringes are clearly visible. The spacing

of the fringes was measured to be 0.207 nm for nanorod grown

from route A, and 0.208 nm for nanorods obtained from V2O5

sol. These values are similar for different synthesis route and

correspond well with the spacing of (202) planes at 0.204 nm.

These fringes make an angle of 88.98 with the long axis of the

nanorod, which is consistent with a growth direction of [010].

Similar measurements made on high-resolution images of

other nanorods also yield results consistent with a [010] growth

direction. The formation of single-crystal nanorods from

solutions by electrochemical deposition is attributed to

evolution selection growth (Fig. 4a). The initial heterogeneous

nucleation or deposition on the substrate surface results in the

formation of nuclei with random orientation. The subsequent

growth of various facets of a nucleus is dependent on the

surface energy, and varies significantly from one facet to
Co. KGaA, Weinheim Adv. Mater. 2008, 20, 2251–2269
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Figure 4. Schematic illustrations of growth mechanisms of single crystalline nanorods: a) evolution
selection growth, and b) homoepitaxial aggregation. Adapted with permission from [63]. Copyright
2005 The Institute of Pure and Applied Physics.
another.[65] In the case of nanorods made from the V2O5 sol by

electrophoretic deposition, the formation of single-crystal

nanorods is explained by homoepitaxial aggregation of

crystalline nanoparticles (Fig. 4b). Thermodynamically it is

favorable for the crystalline nanoparticles to aggregate

epitaxially; such growth behavior and mechanism have been

well reported in literature.[66,67] As a result, V2O5 nanorods

grown by electrochemical deposition from solutions are dense

single crystals, while the nanorods grown from sol electro-

phoresis are also single-crystalline but have many defects

inside the crystal. Such difference in nanostructure determines

the different electrochemical behavior of nanorods grown from

different solutions or sol. The nanorods grown from V2O5 sol

by electrophoresis show the best kinetic properties for Li-ion

intercalation. All the V2O5 nanorod arrays show higher

capacity and enhanced rate capability in comparison with

the sol–gel derived polycrystalline V2O5 film. For example, the

V2O5 nanorod arrays grown from VO2þ solution deliver five

times the capacity of the film at a current density of 0.7Ag�1.

For the single-crystal nanorod arrays, the long axis (growth

direction) is parallel to the interlayers of V2O5, thus, the

nanorods provide shorter and simpler diffusion paths for

lithium ions and allow the most freedom for dimension change.

Using the similar template-based electrodeposition method

but with different growth conditions, Wang et al. prepared

nanotube arrays of V2O5� nH2O.[68] The authors found that

nanotubes resulted when using lower voltages and shorter

deposition times compared to the conditions for preparing

nanorods. The V2O5� nH2O nanotube arrays demonstrate an

initial high capacity of 300mAhg�1, about twice the initial

capacity of 140mAhg�1 from the V2O5� nH2O film. Such

enhancement of capacity is due to the large surface area and

short diffusion distances offered by the nanotube array.

Subsequently, the authors used a two-step electrodeposition

method to prepare Ni–V2O5� nH2O core/shell nanocable

arrays.[69] Ni nanorod arrays were first grown by the template-

based electrochemical deposition. In the second step, the

hydrated vanadium pentoxide shell was deposited onto the

surface of nickel nanorods through sol electrophoretic
Adv. Mater. 2008, 20, 2251–2269 � 2008 WILEY-VCH Verlag GmbH & Co. KGaA, We
deposition. Figure 5 compares the electro-

chemical performance of Ni–V2O5� nH2O

nanocable arrays, single-crystal V2O5

nanorod arrays and sol–gel-derived V2O5

films. Obviously Ni–V2O5� nH2O nanoc-

able arrays demonstrate remarkably

improved capacity and rate capability in

comparison with the other two. The

intercalation capacities of both nanorod

arrays and sol–gel films decrease rapidly

as the current density increases, while

nanocable arrays are able to retain the

high capacity at high current density

(discharge rate), indicating the excellent

high-rate performance of nanocable

arrays. As shown in Figure 5c, Ni–V2O5�
nH2O nanocable array has significantly
higher energy density and power density than those of the

nanorod array and sol–gel film by at least one order of

magnitude, which is ascribed to the enhanced surface area and

the reduced internal resistance.

Following the systematic studies on ordered arrays of V2O5

nanorods, nanotubes, and nanocables, Lee and Cao reported

the synthesis and electrochemical properties of V2O5 films with

nanosized features.[70] Typically, platelet- and fibrillar-

structured V2O5 films were prepared by solution methods,

and the discharge capacities and cyclic performance of these

films were compared with those of the conventional plain

structured film. The platelet film consists of 20–30 nm sized

standing platelets perpendicular to the substrate with random

orientation, whereas fibrillar film is comprised of randomly

oriented fibers though most of them protrude from the

substrate surface. The initial discharge capacities of platelet

and fibrillar structured V2O5 films are 1240 and 720mAhg�1,

respectively, which are far larger than the initial discharge

value (260mAhg�1) of the plain-structure film. Such large

discharge capacity values are ascribed to the combined effects

of the reduced Liþ diffusion distance, which prevents concen-

tration polarization of Liþ in the V2O5 electrode and poor

interlayered cross-linking offering more Liþ intercalation.

However, platelet- and fibrillar-structured V2O5 films were

easily degraded during electrochemical cyclic tests. Similarly

platelet-structured V2O5 films are also obtained by dc sput-

tering, but show good cycling performance.[71] The capacity

only changes from 80 to 73mAhcm�2 after 100 cycles and to

70mAhcm�2 after 200 cycles at a current density of 100mAcm�2.

These results can be explained by the h00 preferred orientation

of the film, which ensures a good homogeneity for Li

intercalation–deintercalation and thus a good cycleability.

In addition to V2O5 thin films with structural features on the

nanoscale, three-dimensional ordered macroporous (3DOM)

V2O5 electrode materials with nanometer-sized features were

synthesized using a colloidal-crystal-templatedmethod.[72] The

method is based on soaking the poly(methyl methacrylate)

(PMMA) colloidal crystals in the NaVO3 solution so that the

interstitial spaces are infiltrated with precursor solution,
inheim www.advmat.de 2257
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Figure 5. a) Cyclic voltammograms of Ni-V2O5� nH2O nanocable array
and V2O5 nanorod array using a scan rate of 10mV s�1. b) Relationship
between current density and Li intercalation capacity of Ni-V2O5� nH2O
nanocable array, V2O5 nanorod array and sol-gel film from chronopotentio-
metric measurements. c) Ragone plot for Ni-V2O5� nH2O nanocable array,
V2O5 nanorod array and sol-gel film. Adapted with permission from [69].
Copyright 2005 American Chemical Society.
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followed by chemical conversion, drying, and sintering to

remove polymer spheres. The resultant material possesses

photonic-crystal structures composed of interconnected open

pores with nanometer-sized thin walls. Such three-dimensional
www.advmat.de � 2008 WILEY-VCH Verlag GmbH &
ordered structure provide several advantageous features for

the Li-ion intercalation–deintercalation process: the contin-

uous network ensures the electrical conductivity, the large

open pores facilitate the transport of electrolyte, and the thin

walls shorten the Li diffusion distances. Such photonic struc-

tures were later utilized for a real electrochemical cell system,

in which the anode is 3DOM carbon and the pores are filled

with polymer electrolyte.[73] The top surface of the 3DOM

carbon is removed so that only electrolyte is in contact with the

V2O5 gel cathode and the bottom carbon is adhered to the

current collector. This work clearly demonstrates the feasi-

bility of constructing three-dimensional electrochemical cells

based on nanostructured materials. Other highly porous materials

include mesoporous vanadium oxide with nanometer-sized

pores that permit the easy diffusion of lithium ions. Liu et al.

synthesized mesoporous vanadium oxide with pore sizes

ranging from 3 to 4 nm by electrodepositing from a VOSO4

solution in the presence of a block polyalkylene oxide polymer

(P123).[74] This polymer surfactant plays a key role in the

formation of mesoporous structure. The authors specifically

investigated the rate performance of the mesoporous vana-

dium oxide electrode and found that the material delivered a

capacity of 125mAhg�1 at a high rate of 508C, corresponding
to a capacitance of 450F g�1, which is comparable to that of

porous carbon capacitors. Therefore, the mesoporous vana-

dium oxide is very promising as cathode material for

high-power lithium-ion batteries and fills the gap between

batteries and capacitors. Moreover, the mesoporous structure

provides elasticity that allows for dimensional change during

Li-ion intercalation–deintercalation, and thus offers good

cycleability.

Hydrothermal synthesis is another powerful tool to trans-

form transition metal oxides into high-quality nanostructures,

and nanostructured vanadium oxides in different morphologies

can be produced via this procedure. Examples include long

beltlike nanowires growing along the [010] direction,[75] and

new types of belts exhibiting a boomerang shape.[76] The

structure of these nanobelts is unique in that it originates from

twinning along the [130] direction, which is the first observation

of twins within individual nanosized crystals. Vanadium

pentoxide nanobelts have been prepared to be used as highly

selective and stable ethanol sensor materials by acidifying

ammonium metavanadate followed by hydrothermal treat-

ment.[77] In a separate report, V2O5� nH2O crystalline sheets,

the intermediate products between nanobelts and nanowires,

were fabricated hydrothermally using V2O5, H2O2, and

HCl.[78] Nevertheless, the intercalation properties of these

vanadium oxide nanobelts or nanosheets were not investigated

further. More recently, Li et al. have studied the synthesis and

electrochemical behavior of orthorhombic single-crystalline

V2O5 nanobelts.[79] The V2O5 nanobelts with widths of

100–300 nm, thicknesses of 30–40 nm, and lengths up to tens

of micrometers are obtained by hydrothermal treatment of

aqueous solutions of V2O5 and H2O2. The authors proposed

a dehydration–recrystallization–cleavage mechanism for the

formation of V2O5 nanobelts. A high initial discharge capacity
Co. KGaA, Weinheim Adv. Mater. 2008, 20, 2251–2269
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of 288mAhg�1 is found for the V2O5 nanobelts in a voltage

range of 4.0–1.5V; subsequently, the capacity decreases to

191mAhg�1 for the second cycle, and then remains steady for

the next four cycles. Apart from anhydrous crystalline V2O5

nanobelts, V2O5�� 0.9H2O nanobelts, and V2O5� 0.6H2O nano-

rolls are synthesized with hydrothermal treatment of NH4VO3

in the presence of difference acids.[80] The V2O5� 0.9H2O

nanobelts are tens of micrometers long, 100–150nm wide, and

20–30 thick. The V2O5�� 0.6H2O nanorolls are half-tube nano-

structured as a result of incomplete scrolling. It is interesting to

note that V2O5�� 0.6H2O nanorolls show higher intercala-

tion capacity (253.6mAhg�1) than V2O5� 0.9H2O nanobelts

(223.9mAhg�1) under a current density of 0.6mAg�1, which

can be ascribed to the higher surface area and lower water

content of nanorolls. Furthermore, the capacities of nanorolls

and nanobelts increases to 287.8mAhg�1 and 307.5mAhg�1,

respectively, after annealing and dehydration of these nano-

structures, which suggests a significant effect of the water

content on the electrochemical behavior. Single-crystalline

nanowires can also be achieved by a combination of hydro-

thermal process of polycrystalline V2O5 and post-calcination

treatment.[81] The nanowires have a diameter of 50–200 nm and

a length up to 100mm, and deliver high initial capacity of

351mAhg�1. A combination of a hydrothermal method and a

post-annealing process was also used by Lutta et al. to obtain

vanadium oxide nanofibers.[82] In their method, polylactide

fibers were hydrothermally treated in a mixture of ammonium

vanadate and acetic acid followed by annealing in oxygen,

resulting in vanadium oxide nanofibers 60–140 nm in width and

several micrometers in length. The V2O5 nanofibers deliver

capacities exceeding 100mAhg�1 that remain stable over 10

cycles. Obviously, morphology and water content have a

significant effect on the electrochemical performance of

nanostructured vanadium oxides. For certain morphologies,

size is another factor affecting the electrochemical properties.

In this regard, Cui and co-workers prepared V2O5 nanoribbons

and investigated the dependence of the electrochemical

properties on the width and thickness of nanoribbons by

studying the chemical, structural, and electrical transforma-

tions of V2O5 nanoribbons at the nanometer level.[83] They

found that transformation of V2O5 into the v-Li3V2O5 phase

takes place within 10 s in thin nanoribbons, and that efficient

electronic transport can be maintained to charge v-Li3V2O5

nanoribbon within less than 5 s. Therefore, it is suggested that

the Li diffusion constant in nanoribbons is faster than that in

bulk materials by three orders of magnitude, leading to a

remarkable enhancement in power density (360 8C). It can be

concluded that lithium-ion batteries based on nanostructured

vanadium oxides not only have higher energy densities but also

higher power densities, and thus will find application in electric

and hybrid electric vehicles.

3.2. Nanostructured Manganese Oxides

Apart from traditional nanostructured layered materials

that intercalate guest species between the interlayers, there are
Adv. Mater. 2008, 20, 2251–2269 � 2008 WILEY-VCH Verl
other inorganic compounds demonstrating high lithium storage

capacity by electrochemically reacting with lithium ions. For

example, the lithium intercalation of nanostructured manga-

nese oxide involves formation/decomposition of lithium oxide,

which is facilitated by formation of metallic manganese.

Interestingly, nanostructured manganese oxides can act as

either cathode or anode material by controlling the working

voltage range. Arrays of amorphous MnO2 nanowires have

been prepared by anodic electrodeposition into alumina

templates.[84] These MnO2 nanowires function as rechargeable

cathodes for lithium-ion battery cells and deliver a capacity of

300mAhg�1 when cycled between 3.5 and 2V versus Li/Liþ.

More recently, Wu’s group have reported the electrochemical

synthesis of interconnectedMnO2 nanowires without using any

template or catalyst.[85] These interconnected MnO2 nano-

wires act as cathode materials when cycled to a middle voltage

(1.5V versus Li/Liþ).When further cycled to a low voltage (0V

versus Li/Liþ), such nanostructures exhibit a high capacity of

over 1000mAhg�1, higher than that of commercially used

carbon families as anode materials.

In addition to MnO2 nanowires, nanostructured MnO2 of

different crystallographic types and morphologies has been

synthesized through solution routes and investigated as Li-ion

battery cathode materials. Nanocrystals of a-, b-, and g-MnO2

could be synthesized by using simple hydrothermal decom-

position of aMn(NO3)2 solution.
[86] Typically, b-MnO2 crystals

are produced with a variety of novel shapes, including

one-dimensional nanowires, two-dimensional hexagonal star-

like structures, and dendritic hierarchical nanostructures.

However, b-MnO2 nanostructures show low capacity and

poor cycling stability, while a- and g-MnO2 one-dimensional

nanostructures demonstrate favorable electrochemical perfor-

mance. a-MnO2 nanowires deliver a capacity of 204mAhg�1

when discharged to 1.5V versus Li/Lþ and retain a capacity of

112mAhg�1 after 20 cycles at a current rate of 50mAg�1.

g-MnO2 nanorods deliver a capacity of more than

210mAhg�1 and retain a capacity of 148mAhg�1 after

20 cycles at the current rate of 50mAg�1. In another report,

Ho and Yen prepared a-/g-MnO2 mixed-phase coating on Pt

through cathodic deposition from Mn(NO3)2 aqueous solu-

tion.[87] The morphology of such a-/g-MnO2 coating resembles

a honeycomb consisting of flake structures on the nanometer

scale. Remarkably, the a-/g-MnO2 coating shows a gradual

increase in capacity and crystalline stability after cyclic test. Its

Li-intercalation capacity increases from 182mAhg�1 for the

first cycle to 209mAhg�1 for the tenth cycle between 4.0 and

2.0V versus Li/Liþ. Such enhancement in capacity and

crystallization after cycling is ascribed to the mixed a-/

g-MnO2 phases and the nanometer-sized structure. As

mentioned above, bulk b-MnO2 or nanostructured b-MnO2

rapidly converts to LiMn2O4 spinel upon Li intercalation,

resulting in unfavorable electrochemical performance. How-

ever, mesoporous b-MnO2 demonstrates a remarkably high Li

intercalation capacity of 284mAhg�1, corresponding to a

composition of Li0.92MnO2.
[88] Bruce’s group reported the first

synthesis of mesoporous b-MnO2 with a highly ordered pore
ag GmbH & Co. KGaA, Weinheim www.advmat.de 2259
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Figure 6. TEM and high-resolution TEM images of mesoporous b-MnO2:
a,b) as-prepared; c,d) after discharge; e,f) end of discharge after 30 cycles;
and g,h) end of charge after 30 cycles.

2260
structure and highly crystalline walls.[88] Figure 6a and b shows

typical TEM images of mesoporous b-MnO2, clearly demon-

strating the highly ordered pore structure with a wall thickness

of 7.5 nm. Figure 6c–h shows TEM images of mesoporous

b-MnO2 after first charge, end of discharge after 30 cycles, and

end of charge after 30 cycles. Both the b-MnO2 crystal

structure and the mesoporous structure are preserved upon

cycling. The thin walls of the mesoporous b-MnO2 allow

volume changes during Li intercalation–deintercalation, and

81% capacity is retained after 50 cycles. High capacities of

more than 230mAhg�1 are also reported for layered MnO2
www.advmat.de � 2008 WILEY-VCH Verlag GmbH &
nanobelts, synthesized by Ma et al. using the hydrothermal

treatment of Mn2O3 powders in an aqueous solution of

NaOH.[89] The nanobelts self-assemble into bundles with

narrow size dispersion of 5–15 nm width and demonstrate a

high capacity of 230mAhg�1 up to 30 cycles.

Amorphousmanganese oxides have also received increasing

attention as cathode materials used in lithium-ion bat-

teries.[90,91] Yang and Xu prepared nanostructured amorphous

MnO2 cryogels using two different sol–gel routes and

investigated the influence of synthesis conditions on their

electrochemical properties.[92] The cryogels are obtained by

freeze-drying MnO2 hydrogels and the hydrogels are synthe-

sized by reacting sodium permanganate with disodium

fumarate (route 1) or with fumaric acid (route 2), respectively.

Cryogels obtained from hydrogels synthesized via route

2 deliver much higher Li intercalation capacities than those

obtained from hydrogels synthesized via route 1. For both

routes, cryogels obtained from hydrogels using higher pre-

cursor concentration exhibit higher capacities. The capacity of

the cryogel with the best performance can reach 289mAhg�1

at a C/100 rate.
4. Nanosized Coatings on Cathode Materials

4.1. Nanosized Coatings on Lithium Transition

Metal Oxides

It should be noted that the nanoparticulate forms of lithium

transition metal oxides such as LiCoO2, LiNiO2, or their solid

solutions can react with the electrolyte and lead to safety

problems. In the case of LiMn2O4, the use of nanoparticles

causes undesirable dissolution of Mn. Significant efforts have

been made to increase the stability of these nanocrystalline

lithium metal oxides. Better stability can be achieved by

coating the electrode materials with a nanosized stabilizing

surface layer that alleviates these problems.

As for LiCoO2, coatings of various phosphates and oxides

have been studied and significant improvements in capacity

retention have been demonstrated. Kim et al. made an

extensive study on the effect of the MPO4 (M¼Al, Fe, SrH,

and Ce) nanoparticle coatings on LiCoO2 cathode materi-

als.[93] They found that the extent of the coating coverage

is affected by the nanoparticle size and morphology despite

the same coating concentration and annealing temperature.

Smaller nanoparticles of AlPO4 or FePO4 with a size less than

20 nm fully encapsulate LiCoO2, whereas CePO4 particles with

a size larger than 150 nm or whisker-shaped SrHPO4 only

partially cover LiCoO2. Not surprisingly, the LiCoO2 fully

covered by AlPO4 or FePO4 exhibits the highest intercalation

capacity of 230mAhg�1 in a voltage range of 4.8 and 3V at a

rate of 0.18C. The AlPO4-coated LiCoO2 also shows the best

capacity retention. Nevertheless, the CePO4- and SrHPO4-

coated cathodes shows better capacity retention than

the FePO4-coated cathode at 90 8C, which is attributed to

the continuous Fe metal ion dissolution at this temperature.
Co. KGaA, Weinheim Adv. Mater. 2008, 20, 2251–2269
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The improvement in the electrochemical performance in the

coated cathode is ascribed to the suppression of cobalt

dissolution and the non-uniform distribution of local strain

by the coating layer. In a further investigation of AlPO4-coated

LiCoO2, electrochemical properties of AlPO4-nanoparticle-

coated LiCoO2 at various cut-off voltages were found to

depend on the annealing temperature.[94] The AlPO4-coated

cathodes exhibit excellent electrochemical performance with

high cut-off voltages, larger than 4.6V, when annealed at

600 and 700 8C, while such cathodes annealed at 400 8C show

a lower capacity and poorer rate capability. However, the

AlPO4-coated LiCoO2 annealed at 400 8C showed optimal

capacity retention.[95] Figure 7 shows typical TEM images of

AlPO4-coated LiCoO2 deposited at room temperature, 400 8C
and 700 8C. A continuous layer of AlPO4 with thickness of

about 100 nm is coated on the surface of LiCoO2, as shown in

Figure 7a. The coating layer deposited at room temperature is

amorphous (Fig. 7b). The coating deposited at 400 8C is

composed of nanocrystals with size in the range of 3–5 nm

(Fig. 7c), and the coating deposited at 700 8C consists of

nanocrystals ca. 20–30 nm in size (Fig. 7d). The dependence of
Figure 7. a) Cross-sectional TEM images of AlPO4-coated LiCoO2. A ca. 100 nm
layer is coated on LiCoO2. High-resolution images of the AlPO4-coated LiCoO2

c) 400 8C, and d) 700 8C. Adapted with permission from [95]. Copyright 2
Society.
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electrochemical properties on annealing temperature can be

explained by the effect of temperature on the nanostructures of

the coating layer and the interdiffusion at the interface

between the coating layer and the LiCoO2 cathode. In addition

to coatings of phosphates, surface modification of LiCoO2 by

coating various oxides such as ZrO2,
[96] Al2O3,

[97] SnO2,
[98]

MgO,[99] or ZnO[100] has been widely investigated. In the case

of ZnO-coated LiCoO2, the ZnO coating reduces the cobalt

dissolution and prevents the inorganic surface films such as LiF

from covering the LiCoO2 particles.[101] Moreover, the ZnO

coating alleviates the cycle-life degradation caused by

inappropriate conductive carbon. Based on the impedance

spectra, the charge-transfer resistance of ZnO-coated LiCoO2

is much smaller than of the uncoated cathode, although the

ZnO coating layer is more resistant than the LiCoO2 surfaces.

It can be concluded that surface modification with ZnO

improves the high-voltage cycleability of the LiCoO2 cathodes.

In a similar manner, ZrO2 coating protects the LiCoO2 cathode

surface and reduces the electrolyte decomposition at high

voltages.[102,103] The ZrO2-coated LiCoO2 shows much better

structural change behaviors than the bare LiCoO2, as
thick AlPO4 continuous
at b) room temperature,
006 The Electrochemical
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evidenced by in situ XRD data. The

battery cells discussed above all

employ liquid organic electrolytes that

are flammable and cause safety con-

cerns. Replacing the liquid electrolyte

with nonflammable solid electrolyte

such as sulfide electrolyte is a solution

to these safety problems, however, the

energy densities and power densities of

solid-state lithium batteries are rela-

tively low for practical applications.

One way to improve the rate capability

of solid-state batteries is to add a buffer

film, with a thickness on the nanometer

scale, between the electrode and elec-

trolyte materials. A thin layer of

Li4Ti5O12 with thickness of a few

nanometers was chosen to be coated

on the LiCoO2 cathode.[104] The

Li4Ti5O12 is also a Li intercalation

material that ensures the electronic

conduction, however, this material

intercalates lithium ions at voltages

lower than 1.5V and thus does not act

as intercalation material in the voltage

range of LiCoO2. The power densities

of the solid-state batteries with the thin

Li4Ti5O12 layer between the LiCoO2

cathode and sulfide electrolyte are

greatly increased and comparable to

those of commercial lithium batteries,

which is attributed to the suppression

of lithium-ion transfer.

LiMn2O4 or substituted LiMn2O4 is

very attractive as a cathode material
im www.advmat.de 2261
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because it is safer and cheaper than LiCoO2. However, this

material suffers from capacity fading, especially at elevated

temperatures. Coating of nanosized oxides on LiMn2O4 will

help to improve its cycling performance. The electrochemical

behavior of nanosized ZnO-coated LiMn2O4 was examined

at 55 8C.[105] After 50 cycles at 55 8C, the coated LiMn2O4

shows capacity retention of 97%, much higher than the

capacity retention (58%) of the bare cathode. ZnO coating

collects HF from the electrolyte and thus decreases the Mn

dissolution in the electrolyte, then subsequently reduces the

interfacial resistance. For the same reason, nanometer-sized

ZnO homogenously coated on the Li1.05Al0.1Mn1.85O3.95F0.05

by a hydrothermal process was found to significantly improve

cycling performance of the cathode at 55 8C.[106] The coated

Li1.05Al0.1Mn1.85O3.95F0.05 shows high capacity retention of

98.5% after 50 cycles. Similarly, coating of amorphous ZrO2 on

LiMn2O4 can improve the high-temperature cycleability by

picking up acidic species from electrolyte.[107] Moreover, the

ZrO2-coated LiMn2O4 exhibits tremendously improved

cycling stability at high rates up to 108C owing to the following

mechanisms. First, ZrO2 can form several stable phases with Li

and, thus, amorphous ZrO2 matrix possibly possesses a high

solubility of Li. Therefore, the ZrO2 coating can act as a highly

Li-conducting solid electrolyte interface, which reduces the

interfacial resistance. Second, the rigid oxide coating strongly

bonds to LiMn2O4, which tolerates the lattice stress resulting

from volume expansion during lithium intercalation. Lastly,

ZrO2 can collect HF from electrolyte to reduce Mn dissolution

like ZnO does. The electrochemical behavior of ZrO2-coated

stoichiometric LiMn2O4 and substituted Li1.05M0.05Mn1.9O4

(M¼Al, Ni) cathodes were further compared with those

of cathodes coated with Al2O3 and SiO2. ZrO2-coated

Li1.05M0.05Mn1.9O4 (M¼Al, Ni) shows the best cycling

stability at 50 8C.[108] The ZrO2 coating, deposited from

colloidal suspensions, is a porous network connected by

ZrO2 nanoparticles with dimensions less than 4 nm. This ZrO2

network effectively scavenges HF from the electrolyte and

allows the access of the electrolyte to the cathode, and thus

improves the high-temperature cycleability of the cathode.

4.2. Nanosized Coatings on Lithium Phosphates

Lithium phosphate is presently at the center of much interest

as cathode for lithium-ion batteries, because it is inexpensive,

abundantly available, environmentally friendly, thermally

stable in the fully charged state, and has a large theoretical

capacity of 170mAhg�1. The results on the diffusion co-

efficient of LiFePO4 are controversial, because there is no

compositional variation and what is measured is the movement

of the LiFePO4/FePO4 interface. A diffusion coefficient

around 10�13–10�14 cm2 s�1 over a whole range of composition

was reported by Franger et al. for LiFePO4.
[109] Another

experimental work reported a value of 2� 10�14 cm2 s�1.[110]

Most recently, a systematic study of LiFePO4 with cyclic

voltammetry (CV) has been presented.[111] In this study, the

lithium diffusion coefficients were determined by CV to be
www.advmat.de � 2008 WILEY-VCH Verlag GmbH &
2.2� 10�14 and 1.4� 10�14 cm2 s�1 for charging and dischar-

ging LiFePO4 electrodes in 1M LiPF6 ethylene carbonate/

diethyl carbonate, respectively. There are essentially no

electronically conducting species in pure LiFePO4. Therefore,

the conductivity of the material is only 10�11 S cm�1, partially

owing to the motion of lithium ions.[112] Carbon-containing

precursors (e.g., carbonates, acetates, and oxalates) are used to

prepare LiFePO4 so that some residual carbon will prevent the

formation of ferric ions. The as-prepared samples show higher

conductivities, in the range of 10�5–10�6 S cm�1, however, it is

not yet high enough for high power lithium batteries.[113]

To increase the conductivity, the material could be doped as

suggested by Chiang and co-workers.[112] However, doping

may have deleterious impact if it occurs on the lithium sites.

Conductive coatings deposited on the surface of LiFePO4 are

usually employed to solve the conductivity issue. Most coatings

are carbonaceous and deposited during the synthesis process.

Pioneering work on carbon-coated LiFePO4 was carried out by

Ravet et al.[114,115] Sucrose was used as one carbon source[115]

and was added on the initial hydrothermal samples[116] or

during pyrolysis.[117] Other methods include thermal decom-

position of pyrene[118] or citric-acid-based sol–gel proces-

sing.[119] It should be noted that the electrochemical properties

of LiFePO4 are influenced by the quality of carbon coatings.

Wilcox et al. found that the conductivity and rate behavior of

LiFePO4 are strongly affected by carbon structural factors such

as sp2/sp3 and disordered/graphene (D/G), as determined by

Raman spectroscopy and H/C ratios determined from

elemental analysis.[120] The structure of carbon can be

controlled by the use of additives during LiFePO4 synthesis.

LiFePO4 coated with the more graphitic carbon has higher

conductivity and shows better electrochemical performance.

Another factor that influences the electrochemical perfor-

mance of LiFePO4/C composites is the porosity. Gaberscek

et al. prepared microsized porous LiFePO4/C particles with

different morphologies by using different techniques such as

solid-state or sol–gel methods.[121] The composite porosity

is influenced by synthesis and synthesis parameters. The

composites prepared at a relatively high heating rate

(>5Kmin�1) have interconnected pores and show the best

electrochemical performance, e.g., more than 140mAhg�1 at

C/2 rate during continuous cycling.

In addition to carbon coating, metal coating such as silver

has been successfully used to increase the conductivity as

well.[122] Another type of coating is conductive inorganic layer

such as metallic Fe2P, as investigated by Rho et al.[123] In their

study, mixture of Fe2P and FeP were deposited on the surface

of the LiFePO4 alongwith carbon and the byproduct Li3PO4 by

surface reduction reactions. Fe2P is coated directly on the

LiFePO4, while carbon and Li3PO4 sit on the outer surface of

the crystallites. Such surface layer structure facilitates

significantly improved rate capabilities and superior cycle-

ability: a high capacity of 105mAhg�1 is achieved at a very

high rate of 14.88C. Recently Wang and Su’s group have

designed a LiFePO4 spherical structure coated by a p-bond

character planar polymer – polyacene (PAS) – by pyrolysis of
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the phenol-formaldehyde resin.[124] The conductivity of the

LiFePO4-PAS structure is drastically increased to 10 S cm�1.

High capacities and excellent cycling performance are

achieved for the LiFePO4-PAS structure in a wide temperature

range of –20 to 60 8C. In another study presented by

Goodenough’s group, the conductive polymer polypyrrole

(PPy) was bonded to LiFePO4 particles by a carbon coat and

was found to significantly improve the capacity and rate

capability of LiFePO4.
[125] For example, at a high rate of 10C,

the C-LiFePO4/PPy containing 16wt% PPy shows a high

capacity and steady cycling performance. In a similar manner,

electronically conducting RuO2 was used as an oxidic

nanoscale interconnect for carbon containing porous LiFePO4

to improve electrode performance.[126] RuO2 with a particle

size of about 5 nm was deposited on the carbon-LiFePO4 with

an average pore size of 50 nm by using cryogenic decomposi-

tion of RuO4 at low temperature. The resulting C-LiFePO4/

RuO2 composite maintains the morphology and structure of

the original C-LiFePO4, as revealed by high-resolution TEM

images in Figure 8. Nanosized RuO2 as an oxide adheres well

with oxides such as LiFePO4, while simultaneously assuring

good contact with carbon. Hence, RuO2 repairs incomplete

carbon network in porous LiFePO4 and thus improves the

kinetics and rate capability of the composite. It is found that

the original C-LiFePO4 electrode shows decent performance at

low current rates but the performance deteriorates at high

current rates. The C-LiFePO4/RuO2 shows improved electro-

chemical behavior at high rates.
Figure 8. a,b) High-resolution TEM images of C-LiFePO4 after RuO2 coat
c) Schematic of the repair of the electronically conducting network of carbon
porous LiFePO4 by nanosized RuO2.
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The problems of low electronic conductivity and slow

diffusion of lithium ions in LiFePO4 can be further alleviated

by modifying with conductive species and by minimizing

particle size simultaneously, for example, a nanocomposite

of LiFePO4 with a carbon xerogel could be formed from

a resorcinol-formaldehyde precursor. This nanocomposite

achieves 90% theoretical capacity at C/2 with very good

stability at room temperature.[127] Such excellent electroche-

mical performance is attributed to modification with carbon

and control of particle size to nanometer scale. Both factors are

of essential importance. The nanosized LiFePO4/carbon

composites with dimensions in the range of 20–30 nm could

also be prepared by using citric acid as a complexing agent and

a carbon source, which suppresses the growth of LiFePO4

particles and enhances the conductivity of the composites a

sol–gel method.[128] The carbon-coated LiFePO4 sintered at

850 8C demonstrates the highest conductivity of 2.46� 10�3Scm�1

and best electrochemical properties, as shown in Figure 9. The

discharge profile is flat over a wide voltage range, due to the

two-phase redox reaction via a first-order transition between

FePO4 and LiFePO4.
[129] A discharge capacity of 148mAhg�1

is achieved for this cathode material. A slight increase in capa-

city is observed after a few cycles, showing good cycleablity.

5. Nanostructured Composites

As noted above, most cathode materials with interesting

thermodynamic properties are typically ceramic materials with
ing.
on
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low electronic conductivity ranging from 10�3 S cm�1 for

LiCoO2
[40] down to 10�9 S cm�1 for LiFePO4.

[112] To

improve the electrochemical kinetics, the cathode

materials need to be embedded within an electronically

conducting network, for example, some thin coating of

conductive material. The coatings must be thin enough,

on the nanoscale, so that ions can penetrate through

them without appreciable polarization. Furthermore, the

internal electrical field generated by electrons may

enhance the ionic motions.[130] Such surface modifica-

tions alleviate the problem of low electronic conductiv-

ity, at the same time, reducing the size of active material

would shorten the diffusion length for lithium. The

realization of such nanostructured composites consisting

of cathode materials and conductive additives makes it

possible to utilize theoretical capacities at intermediate

or even higher rates.
5.1. Nanostructured Carbon-Oxide Composites

One of the commonly studied carbon-based compo-

sites is the carbon/vanadium oxide composite. Carbon-

coated V2O5 nanoparticles can be synthesized via

burning off carbon-coated V2O3 nanoparticles around

400 8C in air.[131] The thickness and weight percentage

of carbon can be manipulated by varying the conditions

of the burning process. The optimal carbon content is
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Figure 9. Discharge curves of LiFePO4/carbon sintered at 850 8C for
2 hours. Adapted with permission from [128]. Copyright 2004 Royal
Society of Chemistry.
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found to be 2–3% by weight. Because of the carbon coating,

these C-V2O5 nanoparticles have good interparticle electrical

contact, and do not have the usual drawbacks of nanoparticles

such as poor active mass integrity and high surface reactivity.

Therefore, carbon-coated V2O5 nanoparticles are found to a

have higher capacity, better rate capability, and better

cycleability than V2O5 microparticles or nanoparticles. The

Li intercalation capacity of C-V2O5 nanoparticles reaches

290mAhg�1 at high rates.

Higher capacities can be achieved with vanadium oxide/

carbon nanotube nanocomposites. Dunn’s group incorporated

V2O5 aerogels into single-walled carbon nanotubes using

a sol–gel method.[132] The carbon nanotubes and V2O5

nanoribbons in the aerogel have similar morphology and

dimensional scale, and thus have intimate contact with each

other on the nanoscale. Moreover, the porous structure

of carbon nanotubes and V2O5 aerogel permits electrolyte

access throughout the composite material. As a result, such

nanocomposite electrode shows high capacities exceeding

400mAhg�1 at high rates.

Apart from vanadium oxides, some nanostructured lithium

vanadium oxides have also been reported to form nanocom-

posite with carbon, which exhibits excellent electrochemical

characteristics. It was reported that mixing the precursor of

Li1þaV3O8 with a suspension of carbon black resulted in nano-

composites of Li1þaþxV3O8/b-Li 1/3V2O5/C.
[133] b-Li1/3V2O5

was a byproduct formed when the initial Li1þaV3O8 was

reduced by carbon. Here carbon particles play critical roles as a

reducing agent, a growth-limiting agent to restrict the electro-

active material within the nanoscale, and as an electronically

conducting agent. The Li1þaþxV3O8/b-Li1/3V2O5/C nanocom-

posite shows significantly better electrochemical performance

in comparison with the standard Li1þaV3O8. Similarly,

acetylene black was used to prompt the reduction of potassium

permanganate, yielding amorphous manganese oxide/carbon
www.advmat.de � 2008 WILEY-VCH Verlag GmbH &
composites.[134] The as-prepared composite delivers a high

capacity of 231mAhg�1 at a current density of 40mAg�1,

showing good electrochemical performance at high rates.

The energy density of MnO2/C nanocomposite can be

further increased by optimization of the synthesis conditions.

The MnO2/C nanocomposite can be obtained via a sonochem-

ical synthesis method using acetylene black and sodium

permanganate. Synthesis conditions such as the reaction

temperature and specific surface area of the carbon have

been optimized to achieve the best electrochemical perfor-

mance of the nanocomposite.[135] The active material content

increases by increasing the reaction temperature. It is inter-

esting to note that the capacity increases with the increasing

amount of active material then decreases, because the

excessive formation of active material increases the electro-

chemicaly effective volume, leading to capacity drop. On the

other hand, using carbon with higher surface area results

in higher capacity; the highest capacities are 126 and

99.9mAhg�1 at current densities of 1 and 10Ag�1, respec-

tively. A number of lithium phosphates/carbon composites

have also been studied as cathode materials for lithium

batteries, including those of general formula LiMPO4 (M¼Fe,

Mn, Co, Ni)[136] and Li3V2(PO4)3.
[137] Among the carbon-

coated LiMPO4 (M¼Fe, Mn, Co, Ni) composites, the

LiFePO4/C with surface carbon coating of 1.8wt% achieves

an electronic conductivity of 10�2 S cm�1 and shows the best

electrochemical performance.

Compared to LiFePO4, which attracts a lot of attention,

Li3V2(PO4)3 is relatively unexplored. Similar to LiFePO4, this

material also suffers from low electronic conductivity. To solve

this issue, Li3V2(PO4)3 crystallites were wrapped within a

conductive carbon network to form a nanocomposite that

delivers almost full capacity at high rates.[137] The potential

curves in Figure 10a reveal that two lithium ions per formula

unit are completely extracted in three steps to give a theoretical

capacity (100%) of 132mAhg�1 at a rate of C/5. 95%

theoretical capacity is still achieved at a high rate of 5C. The

flat plateaus in the curve correspond to LixV2(PO4)3, where

x¼ 2.5 (i); 2.0 (ii); and 1.0 (iii), as shown in Figure 10a. Such a

sequence of phase transitions between two single phases shows

the very low degree of polarization in the discharge curve

owning to the facile ion and electron transport. Excellent

cycling stability is also demonstrated by this material, as shown

in Figure 10b. When cycled between 3.0V and 4.8V, the

Li3V2(PO4)3/C composite delivers a specific energy density of

2330mWhcm�3, comparable to LiCoO2 (2750mWhcm�3) or

LiFePO4 (2065mWhcm�3).
5.2. Nanostructured Polymer-Oxide Composites

Over the past two decades much interest has been placed on

conductive polymer/transition metal oxide nanocomposites.

These hybrid material consist of conductive organic polymers

(e.g., polyacetylene, polyaniline, and PPy) interleaved between

the layers of an oxide lattice such as V2O5. Both oxide and
Co. KGaA, Weinheim Adv. Mater. 2008, 20, 2251–2269
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Figure 10. a) Voltage-composition plot for C-Li3V2(PO4)3 composites at
rates of C/5 (solid line) and 5C (dotted line) in the potential window
3.0–4.3 V; single phase compositions are indicated: x¼ 2.5 (i); 2.0 (ii); and
1.0 (iii). b) Cycling stability at a rate of 18C.
polymer are electrochemically active, and this feature makes

the polymer/oxide nanocomposite very attractive as the

cathode material for lithium batteries. The layer-by-layer

(LbL) technique, based on physical adsorption of oppositely

charged layers, has been widely used to prepare V2O5

nanocomposites alternating with polymer layers. One popular

example is the V2O5/polyaniline nanocomposite film fabri-

cated by the LbL technique, and the intimate contact between

the oxide and polymer on the nanoscale results in an improved

intercalation capacity.[138] Later, a V2O5 nanocomposite

alternating with blends of chitosan and poly(ethylene oxide)

(PEO) was prepared using the LbL technique and investigated

the charge storage capability in such nanoarchitectures.[139] A

small amount of chitosan (1%) is added to blend with PEO

because the adsorption of alternate layers of PEO and V2O5 is

not efficient. The V2O5/blend shows higher capacity and

intercalates 1.77 moles of lithium per mole of V2O5. The

enhanced electrochemical performance of V2O5/blend in

comparison with V2O5/chitosan is due to a larger number of

electrochemically active sites and faster lithium diffusion

within the host material. At 20mV s�1, the charges injected

were 3.29mCcm�2 and 8.02mCcm�2 for the V2O5/chitosan

and V2O5/blend, respectively. In a more recent report,
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polyaniline homogeneously distributed into a V2O5/polyani-

line nanocomposite was found to stabilize the capacity.[140] In

this study, a reverse micelle method was used to prepare V2O5/

polyaniline nanofibers that exhibit improved cycling perfor-

mance compared to the V2O5 nanofibers.[140] The V2O5/

polyaniline nanofibers containing 30mol% polyaniline deliver

a steady capacity of about 300mAhg�1 without morphology

change over 10 cycles, whereas the V2O5 nanofibers do not

retain the morphology after cycling. Some V2O5/polymer

nanocomposites show lower storage capacity but better cycling

stability compared to pure nanostructured V2O5.
[141] As

reported by Reddy et al., PVPxV2O5 (x¼ 0.5, 1) nanobelts

synthesized by a hydrothermal method exhibit lower capacity

but better cycleability compared with V2O5 nanobelts. The

authors studied the interaction between the oxide and polymer

with Fourier transformation infrared spectroscopy (FTIR) and

found that the hydrogen atoms in PVP are hydrogen-bonded

with the oxygen atoms of the V¼O bonds of V2O5 nanobelts,

which effectively shields the electrostatic interaction between

V2O5 interlayer and lithium ions. As discussed above,

polymers can be intercalated between the interlayers of

V2O5, on the other hand, V2O5 can be interleaved within a

block polymer matrix as well.[142] Mayes and co-workers used a

sol–gel method to prepare continuous and amorphous V2O5

phase within the poly(oligooxythylene methacrylate) (POEM)

domains of a poly(oligooxythylene methacrylate)-block-poly

(butyl methacrylate) (POEM-b-PBMA) copolymer (70wt%

POEM) up to weight ratios of 34% V2O5.
[142] The resulting

nanocomposite film is flexible and semitransparent and the

redox activity of V2O5 is preserved in such nanocomposite.

Cathode materials other than V2O5 can form nanocompo-

sites with conductive polymers as well. Poly(ethylene oxide)

(PEO) was used as an electroactive polymeric binder to mix

with carbon-containing Li1.1V3O8.
[143] The resulted composite

electrode shows a capacity of 270mAhg�1 at a rate of 5/C,

higher than the capacity (180mAhg�1 at C/5 rate) of the

standard electrode without PEO. Such improved electrode

performance is attributed to the more efficient charge-carrier

collection within the composite electrode. Among all known

cathode materials, elemental sulfur is the cheapest and has the

highest theoretical capacity density of 1672mAhg�1, assuming

a complete reaction to yield Li2S.
[144] However, Li/S cells suffer

from low utilization of active material, because electrochemi-

cal reaction with the interior active materials is hindered by the

insulated reaction products covering the sulfur particles.

Moreover, the dissolved polysulfides transfer onto the surface

of the Li anode, causing lithium corrosion and poor rechar-

geability of Li/S cells. To overcome these two problems,

nanodispersed composites with sulfur embedded in a con-

ductive polymer matrix were designed and prepared by heating

a mixture of polyacrylonitrile (PAN) and sublimed sul-

fur.[145,146] The composite also show excellent cycling life

owing to the suppressed dissolution of polysulfides into

the electrolyte and thus demonstrates a great potential as

cathode material for lithium batteries. Conductive polymers

themselves can act as cathode material, however, they suffer
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from low capacities and display sloping charge–discharge

curves. For example, PPy is one of themost popular conductive

polymers and has a specific energy ranging from 80 to

390Whkg�1.[147] To improve its capacity, a FeIII/FeII redox

couple is physically or chemically attached to the PPy polymer

backbone.[148] The examination of the PPy/LiFePO4 compo-

site electrode shows that the composite has higher specific

capacity and rate capability.

5.3. Nanostructured Metal-Oxide Composites

and Other Composites

The third-most-popular composite electrode comprise metal-

based cathode material, exemplified by the Ni–V2O5�� nH2O

core/shell structure discussed earlier in Section 3.1. Accord-

ingly, Wang et al. synthesized Ag-Ag0.08V2O5�� nH2O compo-

site films by dispersing silver nanowires into V2O5�� nH2O

matrix.[149] The composite film is found to deliver twice the

capacity of the V2O5�� nH2O xerogel film, owing to further

amorphization of V2O5�� nH2O, the increased porosity, and the

enhanced electronic conductivity. In a similar concept,

LiCoO2/Ag multilayer film was fabricated by magnetron

sputtering and showed enhanced rate capability in comparison

with LiCoO2 film of the same thickness.[150] The thickness of

the Ag layer is restricted within nanoscale and the rate

capability of the multilayer film improves with the increased

thickness of Ag layer as a result of the enhanced electronic

conductivity.

More recently, oxide/metal/polymer composites have been

obtained, showing very good electrochemical performance.

One example is freestanding V2O5/Pt/PVA multilayer films

with the thicknesses of the V2O5, Pt, and PVA at 22, 57, and

704 nm.[151] Other types of composite structures include oxide/

oxide composite, such as a double-layer cathode composed of a

LiCoO2 main layer with a LiFePO4 sublayer on top of an Al

current collector, which shows better tolerance against over-

charging than other electrodes including (LiCoO2-LiFePO4

mixture)/Al single layer and LiFePO4/LiCoO2/Al double

layer.[152] The enhanced electrochemical performance is

attributed to a large increase in the Ohmic resistance of the

delithiated LixFePO4 layer, which shuts the charging current

down during overcharging without shut-down of the separator.

The third type of composite structure is polymer/carbon

nanocomposite, such as a polyaniline (PANI)/multiwalled

carbon nanotube (CNT) composite synthesized via in situ

chemical polymerization. This nanocomposite is utilized as

a cathode material in a lithium metal-polymer cell assembled

with ionic liquid electrolyte.[153] Such a cell demonstrates a

maximumdischarge capacity of 139mAhg�1 with good cyclea-

bility and shows decent high rate performance (111mAhg�1 at

the 2.0 8C rate).

6. Concluding Remarks

This Review clearly reveals how moving from bulk to

nanoscale materials can significantly change device perfor-
www.advmat.de � 2008 WILEY-VCH Verlag GmbH &
mance for energy storage and conversion. The development of

high-performance lithium-ion batteries can benefit from the

distinct properties of nanomaterials, such as high surface areas,

short diffusion paths, and large quantities of active sites, as well

as freedom for volume change during charging–discharging

cycles. Among a wide range of synthetic methods to prepare

nanomaterials, soft chemistry routes that involve sol–gel

reactions are simple and elegant and frequently use organic

molecules as structure-directing templates.

As discussed in this Review, there are two groups of Li-ion

battery cathode materials in general: the one with more

compact lattices such as LiCoO2, LiNiO2, LiMn2O4, sub-

stituted lithium transition metal oxides, or solid solutions of

lithium transition metal oxides, and the other group of cathode

materials with a more open structure, including V2O5, MnO2,

and LiFePO4. Nanoparticulate forms and 1D nanostructures of

lithium transition metal oxides can be easily fabricated by

solid-state approaches or solution chemistry methods. To

increase the stability of these nanocrystalline lithium transition

metal oxides, it is necessary to coat these materials with

nanosized thick layers to suppress metal dissolution. In the case

of LiCoO2, coatings of various phosphates (e.g., AlPO4) and

oxides (e.g., ZnO or ZrO2) have been studied, and significant

improvements in capacity retention have been demonstrated.

Nanosized ZnO or ZrO2 coatings on LiMn2O4 and substituted

LiMn2O4 also help to improve the cycling performance of

the cathodes by collecting acidic species from the electrolyte

to reduce Mn dissolution. Vanadium oxide is one of the

oxides studied earliest for use as cathode material. There

are many reports on synthesis and electrochemical properties

of nanostructured vanadium oxides. Sol–gel processing

and hydrothermal treatment are usually employed to prepare

a large variety of nanostructured vanadium oxides, including

nanorolls, nanobelts, nanowires, mesoporous structures,

two-dimensional thin films with nanosized features and

three-dimensional ordered photonic crystal structures with

nanosized features. The template-based solution methods are

utilized to prepare ordered arrays of nanostructures, such as

polycrystalline or single-crystalline V2O5 nanorod arrays,

V2O5� nH2O nanotube arrays, and Ni–V2O5� nH2O core-shell

nanocable arrays. In analogy to vanadium oxides, nanostruc-

tured manganese oxides are synthesized with soft chemistry

methods and different morphologies are produced including

nanowires, nanotubes, nanobelts, mesoprous structures, and

honeycomb-structured thin films. Morphology, structure,

growth mechanisms, and electrochemical properties of these

nanostructures have been discussed in this Review. All

nanostructured electrodes exhibit significantly improved

storage capacity and rate performance in comparison with

thin-film electrodes. There are only a few studies on LiFePO4

nanoparticles, and sub-micrometer-sized or micrometer-sized

LiFePO4 is more commonly reported. However, to increase

the conductivity of this material, carbon or metallic coatings

with thicknesses on the order of a few nanometers are

deposited on the surface of LiFePO4, mostly during the

synthesis process. Such novel designs of nanostructured
Co. KGaA, Weinheim Adv. Mater. 2008, 20, 2251–2269
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composites are generalized and applied to other oxides and

conductive materials, including composites of carbon-oxide,

polymer-oxide, metal-oxide, carbon-polymer, oxide-oxide or

even metal-oxide-polymer.

In addition to all the benefits derived from the huge surface

area, short distance for mass and charge transport, and

freedom of volume change offered by nanostructured cathode

materials, the benefits come with extra challenges. The huge

surface area and nanometer dimensions render increased

solubility of electrode materials in electrolyte solution; the

increased chemical activities may also make the electrode

materials more sensitive to impurities and contaminants.

Application of a thin coating is an easy fix to bulk materials

when the surface chemistry and physical properties need to

be altered; however, a coating on nanostructured materials

may not be so easy. A nanosized thin coating with conformal

coverage on nanostructures, without unwanted deposition

and aggregation, is a challenge. In this aspect, nanorod,

nanotube, and nanocable arrays offer obvious advantages over

nanoparticles. One-dimensional nanostructures suffer less

increased solubility than nanoparticles, and it is easier to

apply a conformal coating on them.

Applications of nanotechnology in energy storage are in

the stage of research and development. For realization of wide

industrial applications, further work is required to achieve

controlled and large-scale synthesis of nanostructures, and to

understand the mechanisms of lithium storage in nanomater-

ials and kinetic transport on the interface between electrode

and electrolyte. The effects of nanostructures in battery

performance are not only simple consequences of a reduction

in size. Interfacial properties are subtle and critical, consider-

ing space-charge effects at the interface between nanosized

electrode materials and charge transport between electrode

and electrolyte. This challenges researchers worldwide to carry

out systematic experimental studies and to develop predictive

theoretical tools for a better fundamental understanding of the

relationships between nanostructures and electrochemical

characteristics of electrode materials.
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[18] R. Schöllhorn, Angew. Chem. Int. Ed. Engl. 1980, 19, 983.
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