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Solid State Electrodes
for High Energy Batteries

D. W. Murphy and P. A. Christian

The current interest in the develop-
ment of more efficient and convenient
methods for the utilization of our energy
resources has prompted the study of sev-
eral new types of secondary (recharge-
able) batteries in laboratories throughout

ly related to that employed in the fabrica-
tion of traditional batteries. Their even-
tual utilization depends on improve-
ments in the cycle life of the zinc
electrode.

The sodium-sulfur battery has a liquid

Summary. A new class of electrode materials for high energy density, rechargeable
batteries based on topochemical reactions of lithium and transition metal compounds
is evolving. The physical and structural properties relevant to the ability of transition
metal oxides with framework structures to topochemically incorporate lithium are
discussed. Perovskite-related structures are particularly attractive hosts for lithium.

the world. Some of the applications envi-
sioned for these advanced batteries are
vehicle propulsion, off-peak electric en-
ergy storage, photovoltaic energy stor-
age, and self-contained power sources
for electronic devices. The predominant
types of batteries currently under devel-
opment include the following.

1) Advanced aqueous-based systems
such as nickel-zinc, zinc-bromine, and
zinc-air.

2) The sodium-sulfur battery.

3) Lithium-metal sulfide batteries with
molten salt electrolytes.

4) Ambient-temperature lithium bat-
teries.

These and related systems were re-
viewed by Cairns and Shimotake (7).
The ranges of energy and power density
expected from these battery systems are
summarized in Fig. 1.

The aqueous-based systems are attrac-
tive in that they utilize technology close-
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sodium anode and a molten sulfur cath-
ode separated by a solid electrolyte,
such as beta alumina, through which on-
ly sodium ions diffuse (2). This battery
must be operated at elevated temper-
atures (300° to 350°C) in order to keep
the electrode materials molten. Another
type of high-temperature (400° to 450°C)
cell employs a molten salt electrolyte
with an alloy of lithium and aluminum as
the anode and a metal sulfide (usually
FeS or FeS,) as the cathode (3). Both the
sodium-sulfur and the lithium-metal sul-
fide batteries require exotic structural
materials to resist the highly corrosive
polysulfides and molten salts. The high
temperatures required for these batteries
will probably restrict their use to the
largest and most controlled applications,
such as load leveling and perhaps vehicle
propulsion.

In this article we limit our discussion
to the fourth and newest type of battery
system, ambient-temperature lithium
batteries. The motivation for using lith-
ium as the anode material lies in the fact
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that it is the lightest metal and also the
most electropositive metal in the elec-
tromotive series. In our work, we are
concerned primarily with the factors that
lead to reversibility at the cathode. Some
of the trends observed are presented.

Intercalation

The reaction of lithium and most solid
inorganic compounds that might be con-
sidered for use as cathode materials is a
displacement reaction such as the hypo-
thetical one shown in Eq. 1

2MO, + 2Li —» M,0; + Li,O (¢))

where M is a general metal. These dis-
placement reactions, which involve ex-
tensive bond breakage, atomic reorgani-
zation, and formation of new bonds, are
generally not reversible near room tem-
perature. However, one type of reaction
that is generally reversible is the inter-
calation reaction. An ideal intercalation
reaction involves the interstitial in-
troduction of a guest species into a host
compound without structural modifica-
tion of the host. Such a reaction is re-
versible because similar transition states
are readily achieved for both the forward
and the reverse reactions, leading to
close compliance with the thermody-
namic principle of microscopic revers-
ibility. In an actual intercalation reac-
tion, the bonding within the host may be
slightly perturbed (for instance, a slight
expansion of the structure may occur).
Similar reactions which depend on the
structure of the host but result in some-
what larger structural modifications,
such as jeavage of certain bonds, are
termed topotactic or topochemical.
These reactions may be either reversible
or irreversible depending on the specific
nature of the structural changes. The
terms intercalation, topotactic, and topo-
chemical are, unfortunately, often used
interchangeably. Some recognized inter-
calation reactions include hydrogen dis-
solution in platinum group metals, bro-
mine complexation by graphite, water
absorption by clays, Lewis base incorpo-
ration into layered transition metal di-
chalcogenides, and reduction of graphite
or layered transition metal dichalcogen-
ides with alkali metals.
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Electrochemical Intercalation Reactions

The inherent reversibility of inter-
calation suggests its utility as a mecha-
nism for reversible electrode reactions
(Eq. 2),

A" + e + MY, 2 AMY, ()

where A and Y are a general alkali metal
and anion, respectively. Whittingham
and Huggins ¢) used Li,WO; as non-
blocking electrodes for measuring the
ionic conductivity of lithium beta alu-
mina. Several workers (5-7) recognized
the possibility of utilizing intercalation
reactions at the cathode of a galvanic cell
(Egs. 3 and 4)

Li* + e =2 Li

3

“4)

Whittingham (8) has shown that the dis-
charge mechanism of several cathodes
containing transition metal oxides (for
example, V,0; and MoO;) and sulfides
(TiS,) in nonaqueous lithium cells do in-
deed involve topochemical incorporation
of lithium into the compounds. Exten-
sive studies (9-72) have demonstrated
that high power densities as well as high
energy densities may be obtained for bat-
teries utilizing layered dichalcogenide
cathodes.

A number of authors (5, 6, 13, 14) have
proposed the following basic require-
ments for solid state cathode materials.

1) Large free energy of reaction, AG
(affording a high cell voltage).

2) Wide compositional range; that is,
x in Eq. 4 (resulting in high cell capaci-
ties).

3) High diffusivity of the guest species
in the host (allowing high power den-
sities).

4) Minimal structural change as a
function of composition (resulting in a
reversible reaction).

Additional desirable properties are:

1) Good electronic conductivity (to
minimize resistive heat generation and
eliminate the need for a conductive addi-
tive in the electrode).

2) Low solubility in the electrolyte (to
prevent self-discharge).

xLi* + xe- + MY, 2 Li,MY,

Van der Waals Bonded Structures

The reactions of compounds with two-
dimensional van der Waals bonded
structures such as graphite, the early
transition metal dichalcogenides, molyb-
denum trioxide, and transition metal
phosphotrichalcogenides with electro-
positive metals (especially lithium) have
been extensively studied. Graphite has a
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Fig. 1. Specific power and energy from some
present-day energy sources and projections
for the future based on (/).

small free energy of reaction with lith-
ium, which renders it unsuitable as a
cathode, but many of the other layered
compounds have sufficiently high free
energies of reaction. The van der Waals
gap between the layers of these com-
pounds provides sufficient vacant sites to
allow a wide composition range of inter-
calated lithium (up to approximately one
lithium per metal ion) and also a pathway
for facile lithium diffusion. Diffusion co-
efficients of 107 to 10~? square centime-
ters per second have been measured for
lithium in TiS, (I5, 16). True inter-
calation occurs in the system Li,TiS,
(0 < x =< 1), whereas most of the other
well-characterized layered compounds
exhibit some structural changes of the
host or phase disproportionation for
some lithium stoichiometries. Structural
distortions in layered VS, (/7) have been
associated with its limited capacity in
electrochemical cells. However, substi-
tution of other metal ions for some of the
vanadium suppresses these structural
distortions and allows the capacity to ap-
proach the expected value, which corre-
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Fig. 2. Resistivity versus unit cell volume for
rutile-related MO, compounds. Those with
values in the shaded region readily incorpo-
rate lithium.

sponds to one lithium per VS,. The one-
dimensional van der Waals bonded metal
trichalcogenides (8, /8, /9) and niobium
tetraselenide (20) also react topochemi-
cally with lithium in electrochemical
cells.

The reader is referred to several re-
views of intercalation reactions and elec-
trochemistry of van der Waals com-
pounds for a more detailed discussion
(3, 21-24).

Three-Dimensional Structures

Several factors have prompted us to
study the feasibility of using three-di-
mensionally bonded host lattices (frame-
work structures) as cathode materials
rather than van der Waals compounds.
One of these factors is the possibility of
using electrolyte solvents that are in-
compatible with van der Waals com-
pounds because these solvents form in-
tercalation compounds, either alone or
coordinated to lithium. The high ionic
conductivities of several solid elec-
trolytes with framework structures (25,
26) suggest that related materials be con-
sidered as hosts for lithium incorpora-
tion. Finally, compounds with frame-
work structures constitute a consid-
erably larger class of materials than do
van der Waals compounds.

Several examples of topochemical lith-
ium incorporation into framework com-
pounds have been reported. Besenhard
and Schoéllhorn (27) have reported topo-
chemical reactions of several chromium
oxides. Steele (28) has observed lithium
incorporation by bornite (Cu;FeS,) after
electrochemical removal of copper. Lith-
ium intercalation has been proposed as
the discharge mechanism of primary lith-
ium cells containing molybdenum oxides
with shear structures as cathodes (29).

In order to assess the influence of vari-
ous physical properties on the topo-
chemical incorporation of lithium by
three-dimensional framework transition
metal oxides, we initially investigated ru-
tile-related transition metal dioxides
(30). The presence of vacant channels in
the rutile structure affords potential sites
for lithium, as previously noted (5, 3/).
This large class of compounds provides
for a wide variation of potentially impor-
tant properties such as channel size,
electronic conductivity, and structural
distortions. Our results suggest that
topochemical incorporation of sub-
stantial amounts of lithium by these com-
pounds occurs readily provided the
channels are sufficiently large and the
host structure has metallic conductivity
(Fig. 2). Extended lithium ion diffusion
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in these compounds is contrary to the te-
net that macroscopic diffusion in one-di-
mensional channels will inevitably be
blocked by lattice defects. It is also im-
portant to note that the cross sections of
the channels in these compounds are sig-
nificantly smaller than the minimum bot-
tleneck proposed by Hong (26) for fast
lithium ion diffusion in solid electrolytes.
Thus, the extent of lithium incorporation
is greater in metallic rutiles, perhaps be-
cause of more effective screening of
Coulombic repulsion between lithium
ions. Although metallic conductivity fa-
cilitates lithium incorporation in rutiles,
substantial lithium incorporation does
occur with many compounds having
poor electronic conductivity, such as
anatase TiO, (32) and y-MnO, 33),
which are 10 and 16 percent less dense
than their rutile polymorphs.

Model Reactions

Several reactions may be used to mim-
ic the discharge (intercalation) and
charge (deintercalation) reactions of the
cathode in secondary lithium cells.
These reactions have proved to be of
great value in screening potential cath-
ode materials since they are rapid and
free from the element of art inherent in
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Fig. 3. Potentials of a variety of electrode ma-
terials and reagents for modeling cell reac-
tions relative to Li/Li*. The reduced form of
the reagent is shown; (R) denotes reversible
and (NR) denotes irreversible reagents. Other
abbreviations: DDQ, 2,3-dichloro-4,5-dicy-
anobenzoquinone; bzph, benzophenone; and
naph, naphthalene. The potentials of the rea-
gents may vary slightly with solvent, concen-
tration, and supporting electrolyte.
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the fabrication of electrodes. In addition,
these reactions have allowed the prepa-
ration of pure phases (many previously
unknown) present at various states of
charge in electrochemical cells. Studies
of physical properties of these phases
such as crystal structure, conductivity,
thermodynamics, magnetic susceptibil-
ity, and nuclear magnetic resonance can
yield valuable insight into the microscop-
ic nature of the cell reaction and may
suggest modifications of the materials to
improve cell performance.

Cell discharge involves addition of
lithium ions and electrons to the host
(Eq. 4). Although the direct reaction of
lithium with the host compound has been
used to prepare some lithium inter-
calation compounds (34, 35), it more of-
ten results in undesirable side reactions.
There are several alternative methods
for preparing lithium intercalation com-
pounds using milder conditions. Lithium
metal dissolved in liquid ammonia is an
improved reagent for many intercalation
reactions (36). Lithium salts of radical
anions such as naphthalide may also be
used. The easiest and cleanest reagent
for many lithium intercalation reactions
and for the screening of possible cathode
materials is n-butyllithium (n-BuLi) in
hexane (7, 37, 38).

The charging half-cell reaction corre-
sponds to reoxidation of the reduced
host (Eq. 4 proceeding to the left). Oxi-
dizing agents stronger than the host ma-
terial are capable of oxidizing the lithium
intercalation compound, resulting in the
removal of lithium ions and electrons
from the structure. Many reagents are
sufficiently oxidizing to accomplish this,
but some also cause undesirable side re-
actions, such as the hydrolysis of chal-
cogenides by aqueous reagents. Both the
oxidized and reduced forms of the re-
agent should be soluble in a nonreactive
solvent. A particularly useful reagent is
iodine in acetonitrile, which allowed the
first preparation of the layered VS, from
LiVS, (17).

The ideal reagents to model Eq. 4 are
themselves reversible oxidation-reduc-
tion couples. This reversibility allows a
couple to reduce some materials and to
oxidize others. For example, iodine oxi-
dizes LiVS, to VS,, but lithium iodide re-
duces V,0; to LiV,0;5 39, 40). Approxi-
mate potentials of selected redox
couples and cathode materials are shown
in Fig. 3. By a judicious choice of re-
agent, undesirable side reactions can be
avoided. For example, the reaction of
V.05 and Lil proceeds cleanly to give
LiV,0;, whereas additional irreversible
reduction occurs with the stronger re-
ducing agent n-BuL.i.

Solutions of organic radical anions
generated by the lithium reduction of
naphthalene  (naph), benzophenone
(bzph), and 2,3-dichloro-4,5-dicyano-
benzoquinone (DDQ) are intensely col-
ored. Since these couples span a range of
reduction potentials they can be used as
indicators to estimate the potential of
lithium compounds. If a compound Li-
MY, reduces naph to the green naph,
its potential versus Li/Li* is less than 0.5
volt. Reduction of bzph to the purple
bzph indicates a voltage below 1 V,
whereas formation of the blue bzph™ in-
dicates a voltage between ~1.5 and 1.0
V. For example, bzph is unaffected by
LiTiS,, reduced to the blue bzph™ by
LiMo0O,, and to the purple bzph * by
LiWO,. Reduction of iodine to the color-
less iodide indicates a voltage below 2.85
V. The red DDQ™ can be generated by
all LiMY,, with reversible potentials less
than 3.5 V versus Li/Li*. Both iodine
and DDQ are reduced by LiTiS,, LiVS,,
and LiMoO,. Other radical anions, in-
cluding those of substituted bzph and
naph compounds, could provide re-
agents (or indicators) at virtually any
electromotive force between 0 and 3.5 V
versus Li/Li*. The bzph and naph re-
agents are typically used in tetrahydrofu-
ran, while acetonitrile is preferred for the
more oxidizing iodine and DDQ.

Perovskite-Based Structures

Perovskite-type structures character-
istically contain cuboctahedron cavities,
which are often occupied by large cat-
ions such as Ca®", Ba?*, and less fre-
quently Na* or Li*. This cavity (Fig. 4a)
is vacant in a number of compounds typi-
fied by ReO; ¢1). Similar cavities with
one or more of the square faces capped

Fig. 4. Perovskite-like cavity of (a) ReO;, (b)
V,05, (c) V¢Oy3, and (d) VO,(B). Circles rep-
resent oxygen ions. Arrows indicate the direc-
tion of channels in the lattice for diffusion of
lithium ions.
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Fig. 5. Corresponding views of V,05, V0,5, and VO,(B) constructed from idealized MOy octa-

hedra.

by an additional anion are found in shear
structures derived from the ReO; struc-
ture. Idealized representations of the
cavities present in some vanadium oxide
shear structures are shown in Fig. 4, b to
d. All of these compounds contain an ex-
tended network of cavities generated by
the sharing of equivalent square faces of
the individual cavities. Assuming that
lithium can diffuse between cavities only
by passing through the square faces (Fig.
4), the potential dimensionality for lith-
ium diffusion through the structure is re-
duced by capping of these faces. The
small value for lithium ion diffusivity of
Li,WO; suggests that in this case consid-
erations other than the size of the bot-
tleneck may predominate. The results of
a neutron diffraction study of Li, 34WOs
(42) were too ambiguous to allow assign-
ment of the lithium ion positions precise-
ly, but it was inferred that the lithium
ions were most likely centered in puck-
ered cavities, each coordinated by four
coplanar oxygens. However, this type of
coordination for lithium is unprecedent-
ed. The same apparent position could al-
so result from a disordering of lithium
among 12 equivalent distorted square
pyramidal sites within the idealized cav-
ity, or as the average position of lithium
rapidly hopping among these sites. Lith-
ium ions occupy such distorted square
pyramidal sites in the bronze Li,;V,05
“3).

Lithiation of the metallic compound
ReO, with n-BuLi affords Li, ;ReO;, in
which the cubic symmetry of ReO; (unit
cell axis a = 3.751 A) is reduced to or-
thorhombic (unit cell axes a = 5.618 A,
b =4.984 A, ¢ =3.730 A), presumably
resulting in an elongation of the cuboc-
tahedral cavity in one direction and a
contraction in another. This makes the
faces of the cavity inequivalent and may
also affect the dimensionality of lithium
diffusion. Although Li, sReQ; is readily
reconverted to ReO; by oxidation with
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I,, the corresponding electrochemical
lithiation and delithiation reactions are
sluggish. The presence of more than one
lithium per cavity (Fig. 4a) necessitates
occupation of sites other than that in the
center of the cavity.

An idealized V,0; structure may be
derived from the ReOj; structure by re-
moving oxygens from every second (200)
plane and closing the structure along the
shear vector '/2[101]. The resulting shear
structure ¢4, 45) (Fig. 5) consists of dis-
torted VOg octahedra joined by edge
sharing among themselves along [001] in-
to single zigzag chains linked together by
corner sharing to form single sheets. The
sheets are joined by means of additional
corner sharing into a three-dimensional
structure. Alternatively, the coordina-
tion of vanadium may be viewed as
square pyramidal with the corner-shared
V-0 bonds along [010] forming asym-
metric V=0O---V units @6, 47). Al-
though the actual structure of V,0; is
highly distorted, it may be viewed as
containing bicapped perovskite-like cav-
ities with two opposite square faces
capped with oxygens (Fig. 4b). This cap-
ping restricts the potential lithium mo-
tion to the (100) plane. Also, capping
produces two additional square pyrami-
dal sites with the capping oxygens at the
apexes. As in Li,;ReOy, the cavity in
LiV,0; is elongated compared to that in
V,0;. In LiV,0; the number of lithium
ions equals the number of cavities. Inter-
calation of lithium into V,0; has been
viewed as involving the separation of
weakly bonded two-dimensional layers
8) analogous to the metal dichalcogen-
ides. The failure of V,0; to incorporate
the larger cations Na* and Me,N* under
mild conditions suggests that V,O5 is
more appropriately viewed as a frame-
work host rather than a van der Waals
host (40).

The V¢0,; structure may be regarded
as a shear structure of V,0; ¢4, 45, 48).

The V4O, structure (Fig. 5) contains dis-
torted VO4 octahedra joined by exten-
sive edge sharing into both single and
double zigzag chains running parallel to
[010]. Both the single and double chains
are linked by additional edge sharing into
single and double sheets, respectively,
both lying parallel to the (100) plane. The
sheets are interleaved and joined togeth-
er by corner sharing to form the three-
dimensional framework. This structure
contains tricapped perovskite-like cav-
ities (Fig. 4c) joined through shared
square faces. The three open faces of the
cavity should permit lithium ion diffu-
sion along [010] with the possibility for
exchange between pairs of adjacent
channels. There are two cavities and 30
square pyramidal sites (not all equiva-
lent) per V40,3 formula unit. The maxi-
mum lithium stoichiometry attainable
with n-BuLi is LigVgOy; ¢9). Lithium in-
corporation results in elongation of the
unit cell in the direction of the channels.
Virtually all of the incorporated lithium
may be removed from LigV;O,; by treat-
ment with DDQ.

Another vanadium oxide, the metasta-
ble VO,(B), is thought to have a struc-
ture related to those of V,0; and VO,
44, 50-52). The structure proposed for
VO,(B) (Fig. 5) may be visualized simply
as that obtained by removing the sheets
of single chains from the V40,5 structure
described above. The resulting structure
is closely related to that of Na, ,TiO, de-
scribed by Andersson and Wadsley (53).
Such a structure can also be derived
from the ReO;-type lattice by a double
shear (44). The VO,(B) lattice contains
perovskite cavities with four faces
capped (Fig. 4d), leaving only the possi-
bility of uniaxial lithium diffusion parallel
to [010].

Although ReQO;, V,0;, V4O, and
VO,(B) readily incorporate lithium topo-
chemically at room temperature, none
incorporate sodium or larger cations at
significant rates. This is especially signif-
icant for V,0j5, and leads to the conclu-
sion that weak vanadium oxygen bond-
ing between layers persists in LiV,0s.

Lithium incorporation by each of the
above compounds results in a pre-
dominantly uniaxial expansion of the
perovskite-like cavity. The strength of
the bonding in the direction of expansion
appears to be a major factor in determin-
ing the extent of lithium incorporation
before the catastrophic rupture of M-O
bonds. Linear, asymmetric V=0---V
linkages are the only bonds present in
V,0; in the direction of elongation. The
longer V---0O bonds are easily ruptured,
allowing mica-like cleavage of V,O;
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crystals parallel to (010). Some elonga-
tion of this linkage on formation of
LiV,0; is tolerated, but further reduc-
tion below 2.5 V undoubtedly leads to
additional stretching and eventual cleav-
age of the V---O bonds followed by a
major structural reorganization. Both
V0,5 and VO,(B) are completely edge-
shared in the direction of expansion,
thus increasing their resistance to bond
cleavage. The reversible reduction of
V,0; corresponds to the incorporation of
one lithium per cavity. However, eight
lithium ions can be reversibly incorpo-
rated per V¢O,; formula unit, corre-
sponding to four lithiums per cavity.
Similarly, VO,(B) reversibly incorpo-
rates about 3.5 lithiums per cavity.

Electrochemical Cells

Use of V,0; as a cathode material in
nonaqueous lithium secondary batteries
was originally reported by Walk and
Gore (54). However, there are some sig-
nificant limitations to the use of V,0s;, in-
cluding low electronic conductivity, the
oxidation of organic electrolyte solvents
at the high voltages necessary for charg-
ing, the finite solubility of V,Oj in organ-
ic solvents, and the irreversible reduc-
tion of V,0; at potentials only slightly
below that for the reversible reaction.

The use of the metallic compound
V0,5 as the active cathode material ¢9)
results in lower cell voltages (2.8 to 2.2
V) than for V,0; cells (3.3 to 3.0 V), thus
minimizing electrolyte oxidation. In ad-
dition, V40,3 is virtually insoluble in or-
ganic solvents. The most significant im-
provement is that irreversible reduction
with lithium does not occur above 1 V
(that is, with n-BuLi), and cells with a
lithium anode and a lithium hexafluoro-
arsenate in propylene carbonate elec-
trolyte (Li/LiAsFg, PC/V4O;;) may be
temporarily short-circuited without irre-
versible reduction. There are several dis-
tinct breaks in cell voltage as a function
of the state of charge as well as subtle
differences between discharge and
charge, suggesting complexities in the
Li-V40,; phase diagram. Small test cells
with V40,3 cathodes maintain their volt-
age characteristics and capacities with
cycling better than those made with any
other cathode material we have studied.
Typical behavior is illustrated by the
voltage curves in Figs. 6 and 7. Based on
a limiting stoichiometry of LigV,0,; and
an average cell voltage of 2.2 V, the the-
oretical energy density of the Li/V4O,;
system can be estimated as 800 watt-
hours per kilogram.
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The results of several experiments
suggest that lithium ion diffusivity de-
creases with increasing lithium ion con-
tent in V40y;. For 10- to 50-micrometer
particles, the extent of lithiation by n-
BulL.i and in electrochemical cells (Fig. 6)
corresponds to approximately Li,V4Oys.
With 1- to 5-um particles under similar
conditions, treatment with n-BuLi af-
fords LizV¢0,; whereas electrochemical
cells exhibit capacities corresponding to
LigV¢O,3. The additional capacity pro-
vided by the use of the smaller particles
of V¢O,, results in a plateau at ~2.2 V.
The capacity of this plateau decreases
when the cell is operated below 20°C
(Fig. 7). Conversely, additional capacity
is obtained at 2.2 V for cells having the
larger particles of V¢O,; by heating them
to 80°C. To obtain the maximum capac-
ity from V¢O,; cells an electronically
conductive material must be added to the
cathode, since highly lithiated V4O, is a
poor electronic conductor. As is the case
for rutile-related oxides, a reduction in
lithium ion mobility may result from a
decrease in electronic conductivity.

Although VO,(B) is structurally very
similar to V40,5, Li/LiAsFg,PC/VO.(B)
cells exhibit lower voltages (2.8 to 1.5
V), lower capacity, and poorer recharge-

xin LiyV02167

05

ability than those with V¢O,;. Treatment
of VO,(B) with n-BuLi results in the in-
corporation of approximately 2/3 lithium
per VO,(B) formula unit, whereas less
than 1/2 lithium per VO,(B) can be
cycled in the electrochemical cells.

Future Prospects

Although the deliberate search for
topochemical electrode materials was
initiated only recently, several classes of
promising compounds have already been
identified. The rate at which new elec-
trode materials are being reported sug-
gests that even more promising materials
will follow. An empirical understanding
of the factors influencing the lithium in-
corporation process is evolving con-
currently with the identification of these
new electrode materials. The use of
model reactions and simple test cells al-
lows easy screening of potential elec-
trode materials. The only electrode ma-
terial utilizing lithium intercalation for
which serious engineering projections
for large-scale applications have been
made is TiS, (1, 12). However, on the
basis of results obtained with small labo-
ratory test cells, several other new elec-
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Fig. 6. Cycle data from a cell containing 8.5 milligrams of 10- to 50-um V0,,. The electrolyte
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trode materials appear to be promising
candidates as well, most notably V4O,
and NbSe,; (55).

Although we have restricted this dis-
cussion to cathode materials, more than
a good cathode material is required to
make a practical battery. The lithium
electrode, which functions by a metal
stripping and plating mechanism, pre-
sents a cycle life problem because of
poor stripping efficiency. Improvements
in lithium plating efficiency have been
achieved through the use of lithium-
aluminum alloy as the source of lithium
(56), electrolyte solvents such as dioxo-
lane (/2) or 2-methyltetrahydrofuran
(57), and solutes such as lithium hexa-
fluoroarsenate or lithium tetraorgano-
borates (58, 59). There are also a myriad
of other considerations, such as safety
and the effects of overcharging or cell re-
versal, which must be evaluated in a de-
velopment program before the full poten-
tial of these new, high energy battery
systems can be assessed.
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