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his Account provides perspective on the evolution of the rechargeable battery and summarizes innovations in the

development of these devices. Initially, | describe the components of a conventional rechargeable battery along with the
engineering parameters that define the figures of merit for a single cell. In 1967, researchers discovered fast Na* conduction at
300 K in Na ,4"-alumina. Since then battery technology has evolved from a strongly acidic or alkaline aqueous electrolyte with
protons as the working ion to an organic liquid-carbonate electrolyte with Li* as the working ion in a Li-ion battery. The invention
of the sodium-sulfur and Zebra batteries stimulated consideration of framework structures as crystalline hosts for mobile guest
alkali ions, and the jump in oil prices in the early 1970s prompted researchers to consider alternative room-temperature batteries
with aprotic liquid electrolytes. With the existence of Li primary cells and ongoing research on the chemistry of reversible Li
intercalation into layered chalcogenides, industry invested in the production of a Li/TiS, rechargeable cell. However, on repeated
recharge, dendrites grew across the electrolyte from the anode to the cathode, leading to dangerous short-circuits in the cell in the
presence of the flammable organic liquid electrolyte. Because lowering the voltage of the anode would prevent cells with layered-
chalcogenide cathodes from competing with cells that had an aqueous electrolyte, researchers quickly abandoned this effort.
However, once it was realized that an oxide cathode could offer a larger voltage versus lithium, researchers considered the
extraction of Li from the layered LiMO, oxides with M = Co or Ni.

These oxide cathodes were fabricated in a discharged state, and battery manufacturers could not conceive of assembling a cell
with a discharged cathode. Meanwhile, exploration of Li intercalation into graphite showed that reversible Li insertion into carbon
occurred without dendrite formation. The SONY corporation used the LiCoO,/carbon battery to power their initial cellular
telephone and launched the wireless revolution. As researchers developed 3D transition-metal hosts, manufacturers introduced
spinel and olivine hosts in the Li,/Mn,]O, and LiFe(PO,) cathodes. However, current Li-ion batteries fall short of the desired
specifications for electric-powered automobiles and the storage of electrical energy generated by wind and solar power.
These demands are stimulating new strategies for electrochemical cells that can safely and affordably meet those challenges.

1. Evolution of Strategies for Modern Re-
chargeable Batteries

Introduction’. Achieving a secure and sustainable en-
ergy supply for all people is, perhaps, the greatest technical
and societal challenge of our time. Civilization must find a
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way to reduce the imprint on air pollution of the internal
combustion engine and to generate and store efficiently
electrical energy generated by solar and/or wind power
with an affordable technology. The rechargeable bat-
tery and the electrochemical capacitor together can be a
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FIGURE 1. Representation of the C/LiCoO; cell.

portable or stationary store of electric power; but at what
cost? At what energy and power density? For how long and
how safely?

A battery is made up of one or more interconnected cells.
The output current / and/or time At to depletion of the stored
energy can be increased by connecting cells in parallel; the
voltage V for a desired power P = |V by connecting cells in
series. Here, we address only issues related to strategies for
individual rechargeable battery cells.

2. Electrochemical Cells

An electrochemical cell® (see Figure 1) consists of two
electrodes, the anode and the cathode, separated by an
electrolyte. Solid electrodes separated by a liquid electrolyte
are Kept apart by an electrolyte-permeable separator. The
chemical reaction between the anode and the cathode has
an electronic and an ionic component. The electrolyte con-
ducts the ionic component, referred to as the working ion,
inside the cell, but it forces the electronic component to
traverse an external electronic circuit. Current collectors at the
anode and the cathode deliver the electronic current of
large-area electrodes to/from posts that connect to the
external circuit. If the external circuit is disrupted (open
circuit), the working ion moves inside the cell, but it is not
charge-compensated by electrons, so the cathode becomes
positively charged and the anode negatively charged until
the electrochemical potentials in the two electrodes become
equal.

On discharge, electrons and ions flow from the anode to
the cathode; during charge, electrons and ions are forced by
an applied electric field to flow from the cathode to the
anode. During discharge, an internal resistance Ry, to the
ionic current J; reduces the output voltage Vg of a cell
relative to the open-circuit voltage V. by a polarization »
= iRy, (see Figure 2a); the voltage V, required to charge the
cell is increased by #, which then represents an overvoltage.
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FIGURE 2. (a) Typical V versus/curve. Loss (i) from the resistance to Li*-
ion transport across interfaces, (i) from the resistance to ionic current in
the electrolyte, and (iii) from slow diffusion of the working ion within the
host electrode. (b) Typical V versus t or g curves for fixed I4;. Note: A flat
section in region (i) signals the presence of a two-phase reaction (Gibbs
phase rule). (0 Typical capacity fade; cycle life terminates at 80% of the
initial reversible capacity.

Therefore, the discharge and charge voltages of a cell are
Vais = Voc — (G, lais) (1.1)
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FIGURE 3. Relative energies of ua and uc versus the LUMO—HOMO
window of the electrolyte; Vo = (ua - 1d/e, where e is the magnitude of
the electron charge.

Ven = Vocl@, Ien) + 7(q, Icn) (1.2)

where g represents the state of charge and Iy, Iy are,
respectively, the discharge and charge currents. The
percent efficiency of a cell to store energy at a fixed
current is

100 [“Vasla) da/ [} Vol dg (200

At Q
Q:A Idtzﬁ)dq

where Q is the total charge transferred by the current
I=dgq/dt on discharge or charge. Qis referred to as the cell
aapacdity; it depends on | because the rate of transfer of
ions across electrode—electrolyte interfaces becomes
diffusion-limited at high currents (Figure 2b). Moreover,
on charge/discharge cycling, changes in electrode vo-
lume, electrode—electrolyte chemical reactions, and/or
electrode decomposition can cause an irreversible loss of
capacity (Figure 2¢), known as capacity fade. The percent
Coulomb efficiency is as follows:

100Qqis/Qcn

(3.0)

(4.0)

Additional figures of merit of a rechargeable cell are its
density of stored energy, its output power P(q) = V(q) I(q)
for a given discharge current, its calendar life, and its
safety. The density of stored energy in a fully charged cell
may be obtained by measuring the time At= At(ly;) for its
complete discharge at a constant current Iy = dg/dt:

Energy density = /0 A IV(f) dt/wt = /0 . V(g) dg/wt (5.0)

where wt is the weight of the cell. This gravimetric energy
density (W h/kg or mW h/g) is dependent on Iy;s through
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(b)

FIGURE 4. Close-packed MXg,3 layers; interlayer bonding by H* in
NiOOH; van der Waals bonds in TiS,; Li* in LiCoO-.

Qll4is)- The volumetric energy density (W h/L) is of parti-
cular interest for mobile batteries, particularly those that
power hand-held or laptop devices.

The electrolyte of a cell may be a crystalline solid, a glass,
a polymer, or a liquid. With solid electrodes, a liquid or
polymer electrolyte is prefetred, since it is difficult to retain
a dose solid—solid electrode—electrolyte interface over
many charge—discharge cycles. The energy gap Eg between
the lowest unoccupied molecular orbital (LUMO) and the
highest occupied molecular orbital (HOMO) of a liquid elec-
trolyte is the window of the electrolyte. As illustrated in
Figure 3, the electrochemical potentials x5 and uc of the
anode and the cathode of a charged cell need to be matched
to the LUMO and HOMO of the electrolyte for maximum V(q)
of a stable cell. If the u,, i.e. Fermi energy of a solid anode, is
above the LUMO of the electrolyte, the anode will reduce the
electrolyte; and if the uc of a cathode is below the HOMO of
the electrolyte, the cathode will oxidize the electrolyte un-
less the energy of electron transfer across an interface
provides a kinetic stability; but normally, formation of a
solid-electrolyte interphase (SEI) passivation layer by an
electrode—electrolyte chemical reaction is needed to stabilize
a mismatched electrode.? Moreover, the SEI layer must be
electronically insulating and permeable to the working ion.
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Cells containing solid electrodes normally have liquid or
elastic-polymer electrolytes. Solid electrolytes are used with
liquid electrodes; a gaseous cathode encounters a liquid
electrolyte. We distinguish cells that use a liquid or polymer
electrolyte from those that use a solid electrolyte.

3. Aqueous Electrolytes

Traditional rechargeable batteries use an acidic, e.g. H>SOy,,
oran alkaline, e.g. KOH, aqueous electrolyte having a proton
conductivity oy = 1 S cm~'. However, an aqueous electro-
lyte has a window between its LUMO and its HOMO of only
1.23 eV, which means that the maximum stable open-circuit
voltage for a long shelf life is Voc = 1.5 V.

The cathode Ni(OH),_,Oy (0 < x < 1) allows reversible
intercalation of H" ions between the O—Ni—O close-packed
layers of Figure 4; the electrons operate on the Ni*>/Ni*"
redox couple. (Note: the superscripts on ions are used as a
convenient label; they do not represent the actual charge on
the ion.) Intercalation of the working ion between close-
packed MO, layers of a transition-metal compound is a two-
dimensional (2D) example of a reversible insertion reaction. In
a metal-hydride MH, anode, the H" ion is inserted reversibly
into a 3D interstitial space where it is charge-compensated
by formation of the metal hydride.

A reversible displacement reaction is also possible; it occurs
at the traditional Cd and Pb anodes as

Cd® + 2H,0 = Cd(OH), +2H" +2e~ (6.1)

Pb® + H,S04 = Pb(SO), +2H' +2e~ 6.2)

in the rechargeable Ni(OH),/KOH/Cd (nickel—cadmium)
and PbO-/H-S0O,/Pb (lead-acid) batteries. The nickel—
cadmium cell has a stable V.= 1.5V, but the Vo, =20V
of the lead-acid battery has a limited shelf life owing to a
slow, irreversible precipitation of solid PbSO,. In these
two examples, the large volume change associated
with the reversible displacement reaction at the anode
occurs at the surface of a metallic plate, where it can be
accommodated in the liquid electrolyte.

4. Solid #,4’- Alumina Electrolyte'*

The discovery in 1967 of fast 2D Na*-ion transport in
p-Al,03 by Kummer and Weber at the Ford Motor Co. and
their suggestion of the S/3-Al,0s/Na (sodium—sulfur) bat-
tery opened the door to consideration of nonaqueous
electrolytes.
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FIGURE 5. Schematic of a S/Na cell with a Na*-ion electrolyte tube.

The sodium—sulfur battery (Figure 5) uses molten sodium
as the anode, molten sulfur impregnated with a porous, soft-
carbon felt as the cathode, and a thin j,5"-Al;03 composite-
solid membrane as both electrolyte and separator; it oper-
ates at 300—350 °C with a Vo ~ 2.0 V. The electrode
reactions are as follows:

Anode:
2Na® = 2Na* +2e~ (7.1)
Cathode:

S+xNat +xe~ = Na, S on carbon (7.2)

The sodium—sulfur battery is now operational in Japan.®
Its development had two immediate consequences: it
stimulated (1) a search for oxide framework structures
that would support 3D Na'-ion conductivity” and (2)
consideration of molten-salt cathodes in place of
sulfur,® e.g.

2Na + NiCl; = 2NaCl + Ni (8.0)

to give a higher V,.=2.58 V at 350 °C. The NiCl,/3,5"-
Al;O3/ Na cell is referred to as the Zebra battery.

The sodium—sulfur battery has also opened the door to
consideration of other high-temperature battery configura-
tions, viz. a gaseous fuel-cell/electrolysis-cell cycle via an Fe/
FeO, oxidation/reduction, based on the solid-oxide fuel-cell
technology.®

5. Organic Liquid-Carbonate Electrolytes'®

A nonaqueous liquid electrolyte with a larger LUMO—HOMO
energy gap would enable design of a room-temperature cell
with a higher voltage, but the only known liquid in which
H™" ions are mobile is water. However, Li salts dissociate in



organic liquid-carbonate solvents, and those aprotic Li*
electrolytes, if containing an ethylene carbonate (EC) addi-
tive, form a passivating solid-electrolyte-interphase (SEI)
layer on a lithium anode. The availability of a liquid non-
aqueous electrolyte stable against lithium appeared to open
up the possibility of a Li-ion rechargeable battery, provided a
suitable solid cathode could be found.

Given the reversible intercalation of H* ions into a NiOOH
cathode and the pioneering work on Li intercalation into
layered transition-metal sulfides by Robert Schollhormn'! in
Germany and Jean Rouxel'? in France, intercalation of Li
into layered TiS, was suggested as a viable cathode for a
rechargeable Li-ion battery. The layered TiS, has van der
Waals bonding, rather than hydrogen bonding between the
TiS, layers; see Figure 4. In 1976, Whittingham'2 reported a
rechargeable TiS,/Li cell having excellent rate capability
with a Vo = 2.2 V. However, recharging the cell gives a
mossy Li deposit on the anode, and on repeated cycles, a
dendrite growth from the anode across the electrolyte
can short-circuit the cell with explosive or incendiary con-
sequences.'” Since a safe alternative anode would lower the
voltage to where the Li-ion battery would not be competitive
with aqueous-electrolyte rechargeable batteries or a Zebra
battery, the intensive effort on Li-ion rechargeable batteries
with sulfide cathodes was abruptly abandoned.

Since the energy of the top of the S-3p bands limits the
voltage of these sulfide cathodes to below 2.6 V versus
lithium, I decided to explore a reversible Li extraction from a
layered LiMO,. My group at Oxford reported a reversible
removal of Li from LiCoO, at a voltage V. = 4.0 V versus
lithium'>'® and showed that the Li-ion diffusivity in the
oxides was even higher than that in the sulfides.'”

Meanwhile, intercalation of Li into graphitic carbons was
being explored by chemists in several countries.'® Rachid
Yazami'® noted that reversible intercalation of Li into gra-
phitic carbon at a V= 0.2 V versus lithium was not plagued
by dendrite formation on slow rates of charge. This led Akira
Yoshino?° to make a LiCoO,/C rechargeable Li-ion battery
of high energy density that was safe provided the charging
voltage was not large enough to plate lithium on the surface
of the carbon. This battery was used by the Sony Corp. to
market the first cell telephone, a development that launched
the wireless revolution.

Reversible extraction of Li is limited to x < 0.55 in
Li; _xCoO, and to x < 0.8 in Li; _xNiO,; for larger values at
x, 05 is evolved from the electrode or H' is inserted from the
electrolyte on further Li extraction.?’ This phenomenon
occurs where the uc of the cathode is pinned at the top of
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FIGURE6. lllustration of pinning of uc at the top of the O-2p bands as an
active cation d” manifold moves down across the top of the O-2p bands.
At a critical O-2p component in the antibonding hole states, surface
peroxide ions (0,)?~ are formed.

Spinel Structure

A[B,]0, = B,(AO,)

FIGURE 7. Two quadrants of the structure of a cubic A[B]O4 spinel.

the O-2p bands; see Figure 6. This phenomenon has been
demonstrated for pinning of uc at the top of the S-3p
bands.?? It is important to distinguish the limiting reversible
voltage imposed by the HOMO of the electrolyte from the
intrinsic voltage limit imposed by pinning of uc at the top of
the anion-p bands, a limit that depends on the structure
and composition of the cathode. In addition, a limit for
extended cycle life may be imposed by an irreversible
reaction of the electrolyte salt with the carbon that is
commonly added to the cathode composite to improve
the electronic conductivity.?>2*

In 1981, Michael Thackeray came to my laboratory at
Oxford to explore the insertion of Li into the less costly
oxospinel Fe;0,. Since it is not possible to obtain a spinel
(see Figure 7), with interstitial cations, we quickly verified
from the X-ray data of Bill David®® that the inserted Li
displaced the tetrahedral-site Fe of Fe;0, into neighboring
empty octahedral sites to create a rock-salt structure with the
1053-1061

Vol. 46, No. 5 = 2013 ACCOUNTS OF CHEMICAL RESEARCH = 1057



Strategies for Modern Rechargeable Batteries Goodenough

FIGURE 8. Structure of the TiNb,O; framework of the anode
Li,TiNb>O5.

[Fe;]O, framework intact. Therefore, | suggested investiga-
tion of Li[Mn,]Og4, with the [Mn,]O4 framework having a 3D
interstitial space for Li"-ion motion. Thackeray subsequently
showed that Li insertion gives a V,c ~ 3.0 V?° and Li
extraction a Vo = 4.0 V*7 versus lithium despite working
on the same Mn**/Mn>" redox couple in the framework. In
Li; _x[Mn,]Qy, the Li* ions occupy tetrahedral sites, in Li; -
[Mn,]0O4, they occupy octahedral sites. The site shift from
tetrahedral to octahedral sites of the Li* changes the energy
of the Mn*"/Mn>" couple by 1 eV. The one-volt step limits
the capacity of the spinels to half a Li per framework cation.
Moreover, complications arising from Li*-ion ordering at x=
0.5 as well as from cooperative Jahn—Teller orbital ordering
on the Mn>" ions and the surface disproportionation reac-
tion 2Mn3" = Mn?" + Mn*" have plagued exploitation of
the V. = 4.0V of a Li; _,JMn5]O, cathode.?® Nevertheless, a
rapid and reversible 3D insertion of Li into the interstitial
space of a close-packed oxide-ion framework was estab-
lished, and Thackeray's group®® subsequently patented the
Li;_xILi,3Tis/3]O4 spinel as a stable anode witha Vo= 1.5V
versus lithium, a safe 0.4 V below the LUMO of the organic
liquid-carbonate electrolytes.

The energy of the top of the O-2p bands in a layered oxide
can be lowered by introducing stronger covalent bonding to a
framework cation. Ohzuku° of Osaka, Japan, reported acces-
sing two redox couples of Ni, Ni**/Ni**, and Ni**/Ni**, in the
layered oxide Li(Nip s Mng5)O- at about 4.7 V vs lithium with-
out a significant voltage step between them. Thackeray>' has
pointed out that addition of the layered oxide Li,MnOs, i.e.
Li(Li; ,3sMn5,3)O5, allows easier fabrication, but Li-MnO5 has an
intrinsic voltage limit of 4.5 V.32 Although a voltage V. = 4.7 V
appears possible in this phase and in the spinel Li;_,
[Nig.sMn; 51043 a capacity fade occurs above V=45 V.

These observations on oxide cathodes have revealed the
following;:

(1) Insertion of Li into the interstitial space of a close-
packed oxide-ion framework can be rapid. Different
1058 = ACCOUNTS OF CHEMICAL RESEARCH
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FIGURE 9. NASICON framework structure of hexagonal Fe,(SOg)s.

frameworks strongly bonded in 3D can also be envisaged;*
see Figure 8.

(2) Pinning of the uc at the top of the anion-p bands may
introduce an intrinsic limit to the voltage obtainable with a
cathode. On the other hand, as uc approaches the top of the
O-2p bands in an oxide cathode, the voltage difference
between two successive redox energies may disappear.

(3) Increasing the strength of the covalent components of
the anion bonding, as occurs on the isostructural substitution
of Mn** for Ni** in Li(Ni; _,Mn,)O,, lowers the energy of the
top of O-2p bands to allow realization of a higher cathode
voltage.

(4) The specific capacity of a cathode is limited to the
number of Li atoms that can be inserted reversibly into a
framework or layered host per cation of the host. This
limited capacity is reduced if, on an initial charge, Li atoms
are consumed irreversibly in an SEl layer formed on the
anode surface.

(5) With an organic liquid-carbonate electrolyte, a safe
fast charge requires an anode u, at least 0.5 eV below up of
lithium, a requirement that can be met with displacement-
reaction Li alloys buffered by carbon.3> However, formation
of an SEI layer on an anode with ux > LUMO reduces the
limited capacity of an insertion-compound cathode.

6. Oxides Containing Complex Anions (XO,4)"~

Frameworks containing (XO,4)"~ anions instead of oxide ions
can not only open up the interstitial space for fast Li*-ion or
Na*-ion transport but also provide the strong oxygen cova-
lent bonding needed to lower the top of the O-2p or, with
(XS4)", the top of the S-3p bands sufficiently to provide a V.
> 5.0 V versus lithium. In our earlier search for a framework
oxide giving fast 3D Na'-ion transport,” Henry Hong>®



FIGURE 10. FePO, framework structure showing the 1D tunnels for
Li*-ion motion; motion is blocked if there is a Li, Fe antisite exchange in
LiFePO,.

showed that Nay 3,Zr>(P;_,SixO4)s With x = /3 gives a
superior Na*-ion conductivity, which prompted colleagues
to call the M5(XOy4)s framework of Figure 9 the NASICON
structure, standing for NA superionic conductor. Therefore, |
suggested exploring Li*-ion insertion into Fe,(X0,); frame-
works with X = Mo, W, or S. Manthiram showed?>’ that the
voltage of these compounds jumps from V.~ 3.0 V with X=
Mo or W to 3.6 V versus lithium with X =S. This experiment
demonstrated the influence, through the inductive effect, of
the countercation X on the Fe3*/Fe*" redox energy. It also
prompted use of the NASICON structure to explore, in an
isostructural framework, the relative energies of redox cou-
ples with (SO,)*~ versus (PO4)3~ complex anions;*® every
redox energy was found to be stabilized by about 0.8 eV on
changing from (PO4)*>~ to (S04)*~. In the course of this work,
my student Ashoka Padhi,?® aided by my postdoc Kirakodu
Nanjundaswamy, discovered reversible Li insertion at a
Voc = 3.45 V versus lithium in the FePO,4 framework of the
ordered olivine LiFePO, (Figure 10). The group of Michel
Armand,*°® who was then at the University of Montreal,
Canada, subsequently showed that preparation of LiFePO,4
from FePO, particles in a reducing carbon atmosphere gives
full capacity at high charge/discharge rates. The voltage of
this carbon-coated cathode lies within the window of the
electrolyte, and workers with Karim Zaghib of the Hydro
Quebec Corp. have shown it can provide a safe, high-power
battery with a long cycle life.*' Yet Ming Chiang of MIT has
marketed successfully batteries with LiFePO, cathodes for
power tools and small electric vehicles through his A123 Corp.

Although these studies have resulted in a worldwide race
to develop safe power batteries of long cycle life for electric
vehicles and electrical energy storage, a strategy based on

Strategies for Modern Rechargeable Batteries Goodenough

Li-insertion cathodes, an anode of carbon-buffered Li alloy
or Li4TisO45 spinel, and an organic liquid-carbonate electro-
lyte is facing a frustrating limitation on the capacity of the
individual cell. A discharged carbon-buffered S cathode,
C—Li,S, represents an alternative to an oxide insertion
compound that can be used with a gel electrolyte,** but this
cathode needs to be used with a lithium anode.

Lithium Solid Electrolytes as Separators. The introduc-
tion of a solid electrolyte with a conduction band above and
a valence band over 5 eV below the u, of a lithium anode
would allow use of a high-voltage cathode and a lithium
anode without an irreversible Li loss from the cathode in
an anode SEI layer on the first charge. Elimination of the
irreversible Li loss from the cathode would increase the
capacity even with Li-insertion cathodes. However, this
strategy requires identification of a suitable Li*™-ion solid
electrolyte.

The volume changes of insertion-compound solid elec-
trodes on charge/discharge cycling make it unlikely that all-
solid-state batteries of long cycle life and large capacity can
be realized. However, we can envisage a battery containing
a Li*-ion solid-electrolyte separator with two different Ii-
quids on either side contacting a lithium anode on one side
and an aqueous solution on the other side; this configura-
tion would allow replacing the capacity-limiting insertion-
compound cathodes with other strategies.

The conventional flow-through battery has different re-
dox couples in aqueous solution as anode and cathode
separated by an H'-permeable membrane; it is being
explored'*® as a large-capacity battery, but the NAFION-
based membranes are expansive and short-lived; also, re-
dox couples leak across them. An alternative is to have a
solid Li* electrolyte as separator with only the cathode
operating in the flow-through mode. Yuhao Lu** has
demonstrated the feasibility of this concept; with the
Fe(CN)s>/Fe(CN)s*~ redox couple in a flow-through alkaline
solution as cathode, he has shown a reversible V,.=3.45V
with excellent Coulomb efficiency. Y.-M. Chiang of MIT** has
formed a company to explore an active-particle flow-
through cathode.

The Li/air battery, which uses gaseous O, as the cathode,
has also been proposed as a large-capacity alternative;*® it
relies on two catalytic reactions at the cathode, an oxygen
reduction reaction (ORR) on discharge, and an oxygen-
evolution reaction (OER) on charge. The efficiency of elec-
trical energy storage with this battery is low because the
two reactions occur at different potentials. Moreover, an
interesting voltage requires an anode with a ua close to that
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FIGURE 11. (a) A3B3C;01> cubic garnet structure, which contains a
B3C,0+> framework with a 3D interconnected interstitial space of
tetrahedral A sites bridged by an octahedral site. (b) The displacement of
a Li" ion in a bridging octahedral site having only one of its two
neighboring tetrahedral sites occupied by a Li™ ion (after O'Callaghan
and Cussen).>® (q) Interstitial space with ideal ordering of tetrahedral-site
vacandies for 7.5 Li" ions.

of lithium. The cathode does not cycle in an organic liquid-
carbonate electrolyte;*” but it can cycle with only a 0.3 V
separation between discharge and charge voltages in an
aqueous solution. This performance has been demonstrated
with a single bifunctional catalyst.*® A similar result has been
obtained by using two different catalysts.*® In each case, the
cell consisted of a lithium anode in a liquid-carbonate
electrolyte separated from an aqueous solution on the
cathode side by a Li*-ion solid electrolyte.

The challenge for these strategies is to identify a Li* electro-
lyte stable both on contact with lithium and with an alkaline
aqueous solution as well as having a room-temperature o; >
10-3S cm™". The strong covalent bonding in (XS,)"~ complex
anions provides a large enough electrolyte window, and sulfide
glasses are known®° to give a room temperature o;;> 107> S
am ', butif an aqueous alkaline solution is to be used, an oxide
Li*-ion solid electrolyte would seem to be required. The recent
report®” of a room-temperature o;; =12 x 107> San ' in
Li;0GeP5S1> and its use in an all-solid cell deserves a critical
evaluation. The gamet framework (Figure 11) of Li;_,LasZr,_,.
Ta,0;, offers an oxide Li*-ion electrolyte with a room-tem-
perature o;; = 1072 S cm™! for a nominal 0.4 < x < 0.6.>2

Until the problems with strategies for alternative large-
capacity cathodes are resolved, industry will continue with
efforts to increase safety and, at lower cost, the energy
density and cycle life of Li-ion power batteries having inser-
tion-compound cathodes. Fundamental studies of materials
chemistry and electrode morphologies will continue to
create alternative battery strategies.
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