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Introduction Studiesof cathode materials for
lithium-ionsystemshave centeredon the

The firstpracticaluse of graphite transitionmetalchalcogenides. A
intercalationcompounds (GIC) as battery numberof these materialsarecapable of
anodes was reportedin a 1981patent by reversiblyintercalatinglithiumions at a
Basu (1) in which a molten salt cell was useful potential versus lithium. Both
describedhaving a negativeelectrode organicliquidsand polymersare

" that consisted of lithiumintercalatedin candidateelectrolytesfor this
graphite. A second patentby Basu, technology.
issued in 1983 (2), describedan ambient
temperaturerechargeablesystemwhich TechnologyReview
also utilized lithiumintercalatedin

graphite as the anode. Workin thisarea a) Carbonanodes
progressedat a low level, however, until
interestwas sparked in 1990when Sony Theerystallinityand micro
Corporationannounced a new "lithium- structureof carbon varydependingon
ion" recharge,able cell containinga the startingmaterial,the preparation
lithiumion intercalatingcarbon anode, method,and heat treatment. Carbons
These cells have the advantagesof made at temperatures<1000° C have the
metalliclithiumsystems;i.e., high energy mostdisorderedstructure. The amount
density,high voltage, and light weight, of crystallinitycan be increasedby
without the disadvantagesof dendrite heating,and the structurebecomeshighly
formationon charge and the safety orderedat >2200° C, approachingthe
considerations associatedwith metallic graphiticstructure. A high degree of
lithium, crystallinitypromotes a higherdegree of

intercalation,whiledefects, structural
Materials otherthan carbonhave imperfections,and disordergenerally

been studied as intercalationanodes (3, hinderintercalation.Disordered
4). Examples are Fe203, WO 2 and TiS2. structure in carbon occurswith small
Although these alternateanode materials crystallite size and randomstacking of
are of interest academicallyand for adjacentcarbon layers,i.e., the layersare
specialtyapplications, they do not hold basicallyparallel,but randomshifts or
much promisefor widespreadgeneraluse rotationsare foundbetween adjacent
due to their increasedweight and lower layers. This is known as turbostratic

cell voltage, disorder(5). MASTER
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The crystal structure of graphite ion, allowing it to intercalate with
consists of planar sheets of carbon in a minimum co-intercalation of solvent (5).
hexagonal pattern that are stacked in The presence of crown ethers has been
registered fashion in the sequence shown also to diminish the electrolyte
ABABABAB..., known as hexagonal or decomposition on the carbon surface,
2H graphite. Other forms of graphite are possibly by stabilizing the SEI (6).
known, but are less common. In the 2H
graphite, every other layer is aligned, Low temperature carbons, e.g.,
while alternate layers are offset. When coke, exhibit a relatively small
lithium intercalates into the graphitie irreversible loss of lithium. This is
structure, the carbon layers shitt to because these carbons have a large
AAAA... stacking, i.e., all layers are percentage of unorganized structure, and
aligned. This is because the lowest turbostratic shifts exist between each
energy state for the intercalated lithium layer of ordered carbon. This disorder
ion occurs when it is nested limits lattice expansion, thus minimizing
symmetrically between two hexagonal solvent co-intercalation. An alternate
carbon arrays. The lithium ions fill the explanation is that the unorganized
graphitic matrix in stages, the stage regions are able to accomodate some
number corresponding to the number of solvent co-intercalation. In either case,
graphitic layers which separate two exfoliation is avoided. However, the
intercalated layers. The theoretical limit reversible capacity is low, generally
occurs at LiC6, in which lithium ions fill x=0.5 in LixC6 for cokes, because
every layer (stage 1 GIC). lithium ions cannot enter the lattice in the

orderly staged phases found in graphite.
In a practical cell, some fraction Also, a sloped discharge is observed,

of the charge passed during lithium consistent with the variation in site
intercalation into the graphite anode will energies in the disordered matrix. The
be irreversibly lost on the first discharge, high temperature carbons, e.g., graphite,
This loss is due mainly to the formation yield high capacities, near x = 1 in LixC 6,
of a passivating layer, or solid electrolyte and have fiat discharge curves near 0.1 V
interface (SEI), on the surface of the vs. lithium. However, electrolyte
carbon as a result of electrolyte selection must be made carefully to
decomposition reactions. This loss is a minimize irreversible loss of capacity.
__hnctionof both the carbon and the

electrolyte since the lithium ions are The disorder in some carbons is
solvated and the solvent molecules tend not readily removed by heat-treatment.
to co-intercalate with lithium. Insertion Materials made from a polymer precurser
of this large aggregate into the graphite have been described that show high
causes exfoliation and the generation of capacity approaching LiC6, but are
more surface area which then becomes disordered and exhibit sloping discharge
passivated. This effect can be reduced by curves (7). A structural model has been
the use of certain cosolvents or developed which accounts for reversible
complexing agents, e.g., 12-crown-4 capacity stored in the unorganized
ether. The crown ether alters the nature regions, as well as the graphitic regions.
of the solvation sheath around the lithium Therefore, the simplistic view discussed



above must be supplemented by more ii) Lithium nickel oxide. In the
complicated models as we learn more intercalation/deinterealationof lithium
about the relationships between carbon ions, the reactivity ofNi +4, like the
structure and its properties. Co+4, again limits the reaction to 0< x _<

0.5:

b) Cathode materials '
6C + LLNi02 ¢_ LixC6 + Lit_xNiO 2

Layered lithium metal
ehalcogenides of the formulaLiMX2 and Assuming an average discharge voltage
lithium spinel-type materialshave been of 3.5 V, the theoretical energy density
the focus of much attention as lithium of the C/LiNiO2 system is ~350 Wh/kg
insertion cathodes for use with lithium (0 < x _ 0.5). This should lead to
intercalated carbon anodes. The only practical cells of~80 - 100 Wh/kg (10).
cathode materials presently known to
intercalate lithium ions reversibly at iii) Lithium manganese oxide.
voltages >3.5 V vs. Li are the layered The discharge reactions in manganese
materials LiCoO2 and LiNiO2 and the oxides involve the insertion of lithium
three-dimensional spinel LiMn204 (8). ions into the host structure and diffusion
LiTiS2 has been investigated as a cathode through a network of face-sharing
in lower voltage (~2 V) systems (9). tetrahedra and octahedra with a

corresponding reduction of the
i) Lithium cobalt oxide. The manganese ions. The lithium can be

LiMO2 compounds have a layered, rock removed reversibly from LiMn204 to

salt structure with lithium and transition yield _,-MnO2 at a potential of 4 V vs.
metal cations occupying alternate layers Li, or a second lithium can be reversibly
of octahedral sites in a distorted cubic inserted at 2.9 V (11). Therefore, the
close packed oxygen-ion lattice: The cell reaction utilizing the plateau near 4V
layered MO2 framework provides a two- is:
dimensional interstitialspace allowing
lithium ions to be easily removed. In the 6C + LiMn204 ¢:>LixC 6+ Li__:Mn20, ,
overall reaction:

For practical systems, charging at a
6C + LiCoO 2 <:> Li,,C 6+ Li__xCo02 constant voltage will allow the removal

of 0.73 Li. The theoretical energy
x can vary between 0 < x _ 0.9. density for this couple is --330 Wh/kg (0
However, in practical cells, the instability < x _<0.73), assuming an average
of Co+4 causes the process to be limited discharge voltage of 3.9 V. This should
to the range 0 ___x < 0.5, which yields lead to an energy density on the order of
--400 Wh/kg at 3.9V for the C/LixCoO2 100 Wh/kg in practical cells.
couple (10). In commercial lithium-ion
D size cells, an energy density of 115 Several defect spinels have also
Wh/kg has been demonstrated at an been studied as cathodes for lithium ion
average voltage of 3.0 V (78 Wh/kg in a cells. The general formula for these
AA cell), materials is Li20.yMnO 2. Lithium-ion

cells containing d_fect spinel cathodes



have demonstrated excellent and LiCIO4exhibitgood conductivity,
rechargeable behavior. Stable capacities practical systemsavoid these salts
of> 130 mAh/g have been obtained from because of toxicity and safety
button cells with both Li2Mn409 and considerations. Therefore, researchers
Li4MnsO12(y = 4 andy = 2.5) cathodes havelooked to the imideandLiPF6salts
at0.5 mA/cm2 (12). asthe solutesof choice. However,

studiesshow thatcorrosionof the

iv) Lithium titanium disulfide, positivecollectorsubstrate,particularly
InTiS2, the Ti atomsareoctahedrally AI, canlimitapplicabilityof the imide
surrounded bytwo layers of S atomsin a (14). Furthermore, LiPF6is very
hexagonallyclose-packed arrangement, reactiveand, therefore, difficult to
The S-Ti-S sandwiches are stacked,and synthesizeand handle. Recent tests of an
lithiumions can diffuse into the two- experimentalmethide salt LiC(CFaSO2)3
dimensionalgaps between the layers look promising (14, 15).
where they occupy octahedral sites.
Lithium titanium disulfidehasgood The carbon capacity and cyclability
electronic conductivity in both the are dependent on the electrolyte. For
charged and discharged states, example,PC decomposes on graphite
eliminatingthe need to use a conductive electrodes unless a co-solvent or
additive in the fabrication of cathodes, complexingagent is present (5, 6). The
Experimentalcells havebeen developed electrochemicalstability window of most
yieldingan energy density ofg0 - 130 liquidelectrolytes is borderline for use in
Wh/kg in the AA size. Average a 4V cell; those that are stable at the Li
discharge voltage is 2.1 V in a sloping potential invariablydecompose at the
profile, cathode potential. Solid polymer

electrolytes are being developed to
c) Electrolytes eliminatethe reactivity issues of the

liquidelectrolyte. One of the most
Liquid electrolytes for lithium-ion commonly studiedmaterials is

cells frequently employ a binarymixture poly(ethyleneoxide) (PEO) with various
of solvents. In order to maximizethe lithiumsalts added (16, 17, 18, 19). Gel
electrolyte conductivity, one of the systemshavebeen investigated more
solvents generally has a high dielectric recentlyas a means of improving the
constant, e.g. propylene carbonate (PC), room temperature conductivity of the
and the other has a low viscosity, e.g. polymer electrolytes. The gels are
1,2-dimethoxyethane(DME). The formed by adding a solution of lithium
lithium salts that are stable and soluble in salt in nonaqueous solvent, e.g., LiCIO4
these mixtures includeLiAsF6,LiPF6, in PC, to a polymer network, e.g., PEO,
LiCIO4,LiBF4, LiCF3SO3(triflate), and etc. (20). These systems are
LiN(CF3SO2)2(imide). A study of the dimensionallystableand have
conductivityof solutionsof thesesalts in conductivitiesapproachingthose of
PC/DMEmixturesshows thatLiBF4and liquidorganicelectrolytes.
triflatehavethe poorestconductivity
and,thus,are not the saltsof choicefor
practicalbatteries (13). WhileLiAsF6



capacity of--600 mMt/g. This work
State of the Art suggests that the theoretical geometric

consideration of one lithium per six
There is much research in carbons is not limiting. As a greater

progress on lithium-ion systems understanding of substituted carbons is
worldwide. However, only a handful of attained, specialty carbons may result in
companies are producing these batteries, significantly improved lithium-ion cell
Most of the production is specifically performance, making this technology the
designed for electronic devices, e.g., system of choice for many military and
cellular telephones and camcorders, and consumer applications.
therefore little performance data is
available. The Sony cell, however, is References
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