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Abstract The challenges for rechargeable batteries are cost,
safety, energy, density, life, and rate. Traditional rechargeable
batteries based on aqueous electrolytes have good rate capa-
bilities but limited energy density because the voltage for a
long shelf-life is restricted to 1.5 V. The discovery of fast Na
ion conductivity in β-alumina in 1967 introduced the novel
concept of a solid oxide electrolyte and molten electrodes: the
sodium–sulfur battery operates at 350 °C. Interest in recharge-
able batteries with aprotic electrolytes was further stimulated
by the first energy crisis in the early 1970s. Since protons are
not mobile in aprotic electrolytes, the Li+ ion was the logical
choice for the working ion, and on-going work on reversible
Li intercalation into layered sulfides suggested the TiS2//Li
cell, which was shown in 1976 to have a voltage of V≃2.2 V
and good rate capability. However, the organic liquid carbo-
nates used as electrolytes are flammable, and dendrites grow-
ing across the electrolyte from the lithium anode on repeated
charge/discharge cycles short-circuited the cells with disas-
trous consequences. Safety concerns caused this effort to be
dropped. However, substitution of the layered oxides LiMO2

for the layered sulfides MS2 and reversible intercalation of Li
into graphitic carbon without dendrite formation at slow
charging rates gave a safe rechargeable lithium ion battery
(LIB) of large-enough energy density to enable the wireless
revolution. Although carbon-buffered alloys now provide
anodes that allow a fast charge and have a higher capacity,
nevertheless a passivation layer permeable to Li+ forms on the

anode surface, and the Li+ in the passivation layer is taken
irreversibly from the cathode on the initial charge. Since the
specific capacity of a cell with an insertion-compound cathode
is limited by the latter, strategies to increase the specific
capacity for a LIB powering an electric vehicle or storing
electricity from wind or solar farms include a return to con-
sideration of a solid electrolyte.
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Introduction

Electrical energy is stored as chemical energy in the electrodes
of a rechargeable battery. Cost, safety, the amount of energy
stored, battery life, and the power outputP 0 IVof a battery are
constraints on the commercial application of batteries.

The output of a battery on discharge is a current I 0 dq/dt
at a voltage V for a time Δt corresponding to a stored
energy:

Z Δt

o
IV ðtÞdt ¼

Z Q

o
V1ðqÞdq ð1Þ

where the total charge stored

Q ¼
Z Δt

o
Idt ¼

Z Q

o
dq ð2Þ

is the battery capacity. For portable batteries, specific or
volumetric energy density (Wh/kg 0 mAh/g) is a critical
parameter. Battery life includes not only shelf-life but also
cycle life, defined as the number of charge/discharge cycles
before the capacity fades to 80 % of its initial value, i.e.,
Q/Qin00.8.
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The internal resistance Rb of a battery introduces a volt-
age polarization loss of IdisRb on discharge and an over-
voltage η 0 IchRb on charge, i.e.:

Vdis ¼ Voc � η q; Idisð Þ ð3Þ

Vch ¼ Voc þ η q; Ichð Þ ð4Þ

where Voc is the open-circuit voltage. For stationary storage
of electrical energy generated from wind or radiant-solar
energy, the storage efficiency:

Z Q

o
V ðqÞdisdq=

Z Q

o
V ðqÞchdq ð5Þ

is also important.
A battery consists of a stack of cells connected in series

to increase Vdis and in parallel (or electrode area) to increase
Idis and/or Δt(Idis). Of interest for the designer of battery
components, particularly the two electrodes and the electro-
lyte, is the individual battery cell since the parameters of the
cell determine the number of cells required for a given
application and hence the cost of manufacture and battery
management.

Aqueous electrolytes [1]

Figure 1 illustrates the principles of a traditional recharge-
able cell having an aqueous electrolyte. The anode is a
reductant, the cathode is an oxidant, the separator is an
electronic insulator permeable to the electrolyte, and the
electrolyte conducts H+ ions but is an electronic insulator.
The separator prevents physical contact between the electro-
des inside the cell. The chemical reaction between the anode
and the cathode has two components, electronic and ionic.
The electrolyte and separator allow the ionic current to flow
inside the battery, but they force the electronic component to
flow outside the battery through a load resistance RL where
it does useful work. On open circuit, the working ions H+

flow from the anode to the cathode to charge the cathode
positively and the anode negatively until the electrochemical
potentials of the two electrodes are equal; Voc is the resulting
voltage difference between the two electrodes. On dis-
charge, electrons and H+ ions flow from the anode to the
cathode until the chemical reaction is complete; on charge,
these current flows are reversed by the application of a
charging voltage Vch > Vdis.

The Voc of a rechargeable battery is determined by the
“window” of the electrolyte. As illustrated in Fig. 2, the
electrolyte window is the electron energy gap Eg 0 LUMO −
HOMO, where LUMO is the energy of the lowest

unoccupied molecular orbital of the electrolyte and HOMO
is the energy of the highest occupied molecular orbital. An
anodic electrochemical potential μA > LUMO can reduce
the electrolyte; a cathodic electrochemical potential μC <
HOMO can oxidize the electrolyte. In an aqueous electrolyte,
Eg 0 1.23 eV separates the H2O/H2 LUMO and the O2/H2O
HOMO. However, a kinetic stability, owing to an energy barrier
for electron transfer between electrode and electrolyte, can allow
a room-temperature Voc≃1.5 V where μA and μC are well-
matched, respectively, to the aqueous LUMO and HOMO. For
example, the nickel–cadmium rechargeable cell has an alkaline
electrolyte (KOH) and a Voc01.5 V. The anode undergoes the
displacement reaction:

Cd0 þ 2H2O ¼ Cd OHð Þ2þ2Hþþ2e� ð6Þ
and the cathode the hydrogen insertion reaction:

NiOOHþHþ þ e�¼ Ni OHð Þ2 ð7Þ

On the other hand, an electrode with a μA > LUMO or a
μC < HOMO may be stabilized by an electrode–electrolyte
reaction that generates a passivating layer on the surface of
the electrode that does not block cation migration through it.
For example, the lead acid cell has an acidic electrolyte
(H2SO4) and a Voc≃2.0 V. In this cell, the anode and the
cathode reactions are:

Pb0þH2SO4¼ PbSO4þ2Hþþ2e� ð8Þ

PbO2þH2SO4þ2e�¼ PbSO4þ2H2O ð9Þ

followed by slow dissolution of the passivating PbSO4

layer. Removal of the passivation layer is responsible for
the limited life of the lead acid battery.

Solid electrolytes

Since the volumes of the two electrodes change during
discharge and charge, a solid–solid interface between a solid
electrolyte and a large-capacity solid electrode generally has
a limited life. Therefore, a solid electrolyte in a large-
capacity rechargeable battery is best used with liquid or
gaseous electrodes. Moreover, a relatively large enthalpy
of ion motion in a solid has restricted use of solid electro-
lytes to high-temperature electrochemical cells compatible
with molten or gaseous electrodes.

The discovery in 1967 of fast 2D Na+ ion transport in
ß-Al2O3 by Kummer and Weber [2] and their suggestion of
the sodium–sulfur battery marked a turning point in the
strategic thinking about rechargeable batteries. The cell of

2020 J Solid State Electrochem (2012) 16:2019–2029



a sodium–sulfur battery [3] (Fig. 3) uses molten sodium as
the anode and molten sulfur impregnated with carbon felt
for electron transfer as cathode; it operates near 350 °C with,
as electrolyte, a solid ceramic composite of ß,ß”-Al2O3

toughened by incorporation of particles of ZrO2. The devel-
opment of the sodium–sulfur battery, now operational in
Japan, stimulated work on the Zebra battery [4], which
replaces the molten sulfur cathode with molten NiCl2 and
is fabricated in the discharged state with Ni dispersed in
molten NaCl2. Where the reaction Na + S 0 NaS gives a
Voc02.0 V, the reaction 2Na + NiCl202NaCl + Ni gives a
Voc02.58 V at 350 °C.

A solid oxide fuel cell uses an oxide ion solid electrolyte
that transports oxide ions from the cathode to the anode
during discharge. The anode catalyzes the oxidation of H2

by the reaction

H2 gð ÞþO2� sð Þ¼H2O gð Þþ2e� ð10Þ
The cathode catalyzes the oxygen reduction reaction

1=2O2 gð Þþ2e�¼O2� sð Þ ð11Þ
The operating temperature 600 °C < Top<1,000 °C for

a desired output power depends on the electrode and

electrolyte materials used. In an electrolysis mode, all
the reactions would be reversed with the cathode catalyz-
ing the oxygen evolution reaction. The cell becomes a
solid oxide electrochemical cell (SOEC) when used in
the fuel cell mode on discharge and the electrolysis
mode on charge. The group of Kevin Huang [5] has
recently demonstrated a novel solid oxide redox flow
battery (SORFB) of potential for grid energy storage that
uses existing SOEC technology and, though operating at
higher temperature, can compete economically with the
sodium–sulfur and Zebra batteries. The SORFB (Fig. 4)
consists of a SOEC coupled to an Fe/FeOx or other
redox bed through which the product gases of the anode
of the SOEC are circulated. During discharge, steam
from the anode reaction (10) reacts with Fe in the redox
bed:

FeþxH2O ¼ FeOxþH2 ð12Þ
to continue feeding H2 to the anode until nearly all the
Fe is converted to FeOx. The SOEC is then switched to
the electrolysis mode where reactions (10) and (12) are
reversed to recharge the redox bed from FeOx to Fe.
With reaction (11), the overall chemical reaction of the

Fig. 1 Traditional rechargeable
cell and layered NiOOH
structure

Fig. 2 Electrode electrochemical potentials versus window, Eg, of the
electrolyte Fig. 3 The sodium–sulfur cell
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SORFB becomes

Feþ x

2
O2
 Charge

Discharge! FeOx ð13Þ

A nearly 92 % cycle efficiency has been demonstrated.
Among the several advantages of this scheme are a Nernst
potential controlled by the two-phase thermodynamic Fe/
FeOx equilibrium, self-sustaining thermal management, and
a free-standing redox displacement reaction having its volume
changes decoupled from the structured components of the
SOEC.

Organic liquid electrolytes [6]

An aprotic liquid electrolyte with a larger window than
water would enable the design of a room-temperature
cell with a higher voltage, but the only known liquid in
which H+ ions are mobile is water. The Li+ ion is, like
H+, small and light; moreover, lithium offers the high-
est anodic electrochemical potential energy μA. Lithium
salts can be dissolved dissociatively into relatively non-
viscuous organic carbonates to give a Li-ion conductiv-
ity σLi > 10−2 S cm−1. With an ethylene carbonate
additive, these Li+ carbonate electrolytes form a solid
electrolyte interphase (SEI) layer on lithium that is
permeable to Li+ ions [7]. The availability of an aprotic
Li+ liquid electrolyte stable against a lithium anode
appeared to open up the possibility of a Li-ion re-
chargeable battery provided that a reversible cathode
could be found.

Layered sulfide cathodes

In the early 1970s, Schöllhorn [8] in Germany and Rouxel
[9] in France were exploring the chemistry of reversible Li
intercalation into the Van der Waals gap of layered transition
metal sulfides (Fig. 5). Both TiS2 and VS2, for example,
have cations in alternate octahedral-site layers of a hexago-
nal close-packed sulfide-ion sublattice; the strongly bonded
layers of edge-sharing octahedra are held together by weak
Van der Waals bonding. Given the reversible proton inser-
tion between the NiO2 layers of the NiOOH cathode of the
nickel–cadmium cell (Fig. 1), the layered sulfides became
natural cathode candidates for a rechargeable Li-ion battery.
In 1976, Whittingham [10] reported a rechargeable TiS2//Li
cell having an excellent rate capability and a capacity com-
parable to that of the nickel–cadmium cell with a Voc≃2.2 V.
However, the SEI layer on the lithium anode causes a mossy
Li deposit during charge, and on repeated cycling, dendrite
growth from the anode across the electrolyte began to short-
circuit cells with explosive or incendiary consequences.
Since a safe alternative anode would lower the voltage to
where a battery with a layered sulfide cathode would not be
competitive with existing rechargeable batteries, this effort
to develop a Li ion rechargeable battery was abandoned.

Layered oxide cathodes

By 1978, it was apparent to me that the problem with the
layered sulfides as cathodes was an energy of the top of the S-
3p bands that was too high to allow a Voc>2.6 V versus
Lithium, which is not competitive if the anode μA needs to
be lowered from that of lithium. However, the top of the O-2p
bands would be at a lower energy than the top of the S-3p

Fig. 4 The solid-oxide redox-
flow battery: a discharge, b
charge modes
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bands. Although layered oxides similar to the layered sulfides
do not exist, I also knew that the oxides LiMO2 can order Li

+

and M3+ ions into alternate (111) planes of a face-centered-
cubic oxide-ion sublattice. Therefore, I assigned a visiting
scientist, Koichi Mizushima, to work with my postdoc Phillip
Wiseman and a student P.C. Jones to explore the extent of
reversible extraction of Li from layered LiMO2 oxides as
opposed to reversible Li insertion into MS2 sulfides [11]. In
1980, we reported a Voc≃4.0 V for Li1−xCoO2 in the compo-
sitional range 0≤×≤0.5.We followed [12] with a similar result
at a Voc≃3.8 V for Li1−xNiO2. We also showed [13] that the
Li+ mobility in the oxide was superior to that in TiS2. How-
ever, in the absence of a safe discharged anode, no battery
company was interested in our layered oxide cathodes.

At the same time, chemists were interested in intercala-
tion of Li into graphite [14], and in 1983, Yazami and
Touzain [15] reported a reversible Li intercalation into a
graphite anode. At low charging rates, this anode is not
plagued by Li plating on the anode surface with subsequent
dendrite growth on repeated cycling. Yoshino [16] then
realized that charging the graphitic anode with Li from a
discharged LiCoO2 cathode would give a safe, high-energy-
density Li-ion rechargeable battery. SONY Corporation of
Japan used this cell (illustrated schematically in Fig. 6) to
market the first cell telephone and launch the wireless
revolution.

The Li1−xCoO2 cathode is preferred over the Li1−xNiO2

cathode because LiCoO2 has a better ordering of the Li
+ and

Co3+ ions. However, the top of the O-2p bands about 4 eV
below μA of lithium limits the capacity of Li1−xCoO2 to 0≤ x
≤0.55 and of Li1−xNiO2 to 0 ≤ x ≤0.8. For larger x, peroxide
ions are formed on the cathode surface with subsequent loss
of O2 and/or insertion of hydrogen atoms from the electro-
lyte [17]. The loss of O2 from the cathode reflects the
intrinsic voltage limit of these layered oxides; the insertion
of hydrogen appears to reflect the presence of some water in
the electrolyte. On the other hand, electrolyte decomposition
above 5 V versus lithium [18] is initiated at voltages V>
4.0 V, but kinetic stability at an oxide cathode is generally
found for V<4.5 V versus lithium, which makes difficult the
definition of the HOMO energy within the range 4.0<HO-
MO<4.3 eV below μA (Li0).

Electrode limitations on energy density

The capacity of an insertion-compound electrode is limited
by the solid-solution range of the guest Li in the host
structure. Moreover, if the anode has a μA above the elec-
trolyte LUMO, it must be stabilized by the formation of an
SEI passivation layer that is permeable to Li+ ions. In this
case, an irreversible loss of Li from the limited capacity of
the cathode is encountered on the initial charge of a battery
assembled with a discharged cathode.

As shown in Fig. 7, the LUMO of a carbonate electrolyte is
located about 1.1 eV below μA (Li0). Therefore, a graphite
anode, which has a μA≈0.2 eV below μA (Li0), is passivated
by an SEI layer, for example. Moreover, a fast charge may
require a Vch high enough to plate lithium on the surface of the
carbon more rapidly than Li+ ions can permeate the SEI layer,
which is why the rate of charge is limited with a graphite
electrode. On the other hand, introduction of an alloy with a
μA>0.5 eV below μA (Li0) can both increase the anode
capacity and allow fast charge [19], but a good cycle life then
requires buffering the large alloy volume change with carbon.
Nevertheless, an anode with a μA > LUMO will rob Li
irreversibly from the cathode on the initial cell charge.

Limitations on the cathode voltage are imposed by the
electrolyte HOMO if not by an intrinsic limitation. The
voltage of the TiS2 cathode can be seen in Fig. 7 to be

Fig. 5 Layered TiS2: structure
and one-electron energy densi-
ties N(E)

Fig. 6 The LiCoO2//C cell
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poorly matched to the carbonate HOMO; in a recent study,
we [20] have demonstrated that the intrinsic voltage limit of
a layered sulfide is about 2.6 eV below μA (Li0). The μC of
Li1−xCoO2, on the other hand, is better matched to the
carbonate HOMO, but the intrinsic voltage limit restricts
the capacity. The intrinsic voltage limit of a cathode occurs
where μC is pinned at the top of the anion-p bands [21]. This
phenomenon is illustrated in Fig. 7 for Li1−xCoO2. As the
energy of the d-electron redox couple is lowered across the
top of the O-2p bands, holes introduced by oxidation of the
couple occupy antibonding states at the top of the bonding
O-2p states. The holes occupy states that retain the symme-
try of the cation d-electron states, but the fraction of anion-p
character in the hole states increases as the redox couple is
lowered and/or the hole concentration increases; the O-2p
character of the states becomes dominant where the couple
crosses the top of the O-2p bands. At a critical fraction of
anion-p character, the holes become trapped in surface dia-
nion molecules, e.g., peroxide (O2)

2− on an oxide surface.
The peroxide ions readily lose gaseous O2 in the reaction:

2ðO2Þ2� ¼ 2O2�þO2 " ð14Þ

Spinel hosts

In 1981, CSIRO of South Africa sent Michael Thackeray to
my laboratory at Oxford to explore the insertion of Li into
the less costly oxospinel Fe3O4. I knew that it is not possible
to introduce interstitial cations into a spinel. As can be seen
from the structure (Fig. 8), the interstitial 16d octahedral
sites share common faces with the tetrahedral 8a cation
sites, making the cation–cation Coulomb interactions across

a shared face too strong for stability. Nevertheless, Thackeray
did insert Li into Fe3O4, and we quickly learned from the
X-ray data of my postdoc Bill David that the inserted Li
displaced in a cascade all the tetrahedral-site Fe of Fe3O4 into
the interstitial 16d octahedral sites to form a semi-ordered
rock-salt structure with the [Fe2]O4 spinel framework intact
[22]. With the realization that the [M2]O4 array of a spinel
offers an oxide host with a 3D interstitial space in which Li+

ions are mobile, I told Thackeray to insert Li into the spinel
Li[Mn2]O4. He subsequently showed reversible Li insertion
into Li[Mn2]O4 with a Voc≃3.0 V versus lithium [23], and on
his return to South Africa, he showed that Li extraction gives a
Voc≃4.0 V despite working on the same Mn4+/Mn3+ redox
couple [24] (see Fig. 8). The shift of the Li from
tetrahedral to octahedral sites changes the energy of
the Mn4+/Mn3+ couple by 1 eV, which halves the useful
capacity. Nevertheless, a rapid and reversible 3D inser-
tion of Li into a spinel framework was established, and
Thackeray’s group [25] subsequently patented the spinel
Li1+x[Li1/3Ti5/3]O4 as a stable anode with a Voc≅1.5 V
versus lithium, a safe 0.4 eV below the LUMO of the
carbonate electrolytes.

A more subtle change in the V(x) curve of Fig. 8 occurs at
x00.5 of Lix[Mn2]O4. The tetrahedral 8a sites form a
diamond-like sublattice consisting of two interpenetrating
face-centered-cubic subarrays. At x00.5, the Li+–Li+ inter-
actions stabilize an ordering of the Li+ ions on one of the
two subarrays to create a Li-poor and a Li-rich two-phase
region in the interval 0<x<0.5. The flat V(x) 03.0 V in the
range 1<x<1.8 is caused by a cooperative Jahn–Teller or-
bital ordering on Mn3+ ions that stabilizes a Li-rich tetrag-
onal phase and a Li-poor cubic phase. Complications arising
from Li+ ion ordering at x00.5 as well as from cooperative

Fig. 7 a Electrode energies and
liquid-carbonate electrolyte
window versus lithium. b Illus-
tration of pinning of μC of Co
(IV)/Co(III) at top of O-2p
bands
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Jahn–Teller ordering and the surface disproportion reaction
2 Mn3+0Mn2+ + Mn4+ followed by dissolution of Mn2+

into the electrolyte have plagued exploitation of the Voc≈
4.0 Vof a Li1−x[Mn2]O9 cathode [26]. However, mixing into
the spinel a compound containing only Mn4+ ions, e.g.
Li(Ni0.5Mn1.5]O4, disrupts ordering at x00.5, dilutes the
Mn3+ concentration in the bulk, and suppresses dispropor-
tionation at the surface to give an acceptable cycle life.

Interestingly, the substitution Mn4+ + Ni2+02 M3+, not
only in the spinel but also in the layered structure, stabilizes
the top of the O-2p bands to 4.8 V to allow oxidation of all
the nickel from Ni2+ to Ni4+ in the range 4.6<4.8 V versus
lithium with no significant voltage step between the Ni3+/Ni2+

and Ni4+/Ni3+ couples [27]. The O-2p fraction in the hole
states of both redox couples is sufficient to make the holes
itinerant. Above 4.8 V, oxygen is evolved. On the other hand,
the substitution Ti4+ +Ni-2+02 M3+ has an opposite effect; it
suppresses access to even the Ni3+/Ni2+ couple [28].

Frameworks with (XO4)
n− anions

The discovery of 2D Na+ ion transport in ß-Al2O3 led me to
search for 3D Na+ ion conduction in framework structures
[29]. The best of these, Na1+3xZr2(P1−xSixO4)3 with x≈2/3,
was developed with Henry Hong [30] in 1976 while I was at
MIT Lincoln Laboratory; its framework has the hexagonal
Fe2(SO4)3 structure of Fig. 9. The compound was later
identified by colleagues as NASICON, i.e., a NA SuperI-
onic Conductor. In 1988, I suggested to my new postdoc,
Arumugam Manthiram, that he investigate Li insertion into
the hexagonal Fe2(XO4)3 frameworks with X0S, Mo, or W.
Manthiram [31] showed that the voltage of these com-
pounds jumps from Voc≈3.0 V with X0Mo or W to 3.6 V
versus lithium with X0S. This experiment demonstrated the
influence, through the inductive effect, of the counter cation
X on the energy of the Fe3+/Fe2+ couple just as shifting of
Li+ from tetrahedral to octahedral sites at x01.0 in Lix[Mn2]
O4 changes the energy of the Mn4+/Mn3+ redox couple by

1 eV. This observation led me to give as a dissertation topic
to my Ph.D. student, Ashoka Padhi, a comparison of the
redox energies of different redox couples in NASICON
frameworks with (SO4)

2− and (PO4)
3− anions. With my

postdocs, Kirakodu Nanjudaswami and Christian Masque-
lier, and a visiting scientist, Shigeto Okada from Nippon
Telephone and Telegraph of Japan, mapping of the redox
energies [32] showed a general lowering of about 0.8 eV of
all the redox energies on charging from (PO4)

3− to (SO4)
2−.

The Fe3+/Fe2+ couple in Li3+xFe2(PO4)3 gives 2.8 V versus
lithium as against 3.6 V in LixFe2(SO4)3, for example. In this
framework, the couples are not sensitive to the Li+ concen-
tration. The V4+/V3+ couple of hexagonal Li3−xV2(PO4)3
gives 3.7 V versus lithium. While exploring the M3+/M2+

redox energies in the spinels V[LiM2+]O4, Padhi found that
he could not access Fe2+ in these spinels. When I explained
to him that the Fe3+/Fe2+ couple has a higher energy than the

Fig. 8 a Two quadrants of the
cubic spinel structure, b V(x)
profile Lix[Mn2]O4

Fig. 9 The M2(XO4)3 NASICON framework structure
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V5+/V4+ couple, he decided to substitute PO4 for VO4,
which gave him the ordered olivine LiFePO4 of Fig. 10 [33].

LiFePO4 has only 1D channels for Li+ transport and a
small but first-order deformation of the FePO4 framework
between LiFePO4 and FePO4, which gives a flat V(x)0
3.45 V profile versus lithium in the range 0<x<1. Although
the electronic conductivity is poor and the Li+ move in 1D
channels, small particles form as flat plates with the 1D
channels perpendicular to the plate surface [34]. Moreover,
the group of Michel Armand [35], while he was at the
University of Montréal, Canada, showed that lithiating
small particles of FePO4 with a carbon precursor gives a
carbon coat permeable to Li+ that provides the needed
electronic conduction. The voltage of this carbon-coated
cathode lies within the window of the carbonate electrolytes;
in a review, Karim Zaghib et al. [36] have provided evidence
that it can provide a safe, high-power battery with long cycle
life. Batteries with LiFePO4 cathodes have been successful-
ly marketed. Moreover, from the mapping of redox energies
in the NASICON framework, it was shown that LiMnPO4

has a Voc≃4.1V versus lithium and it has been possible to
predict that LiCoPO4 should have a Voc≈4.8 V and LiNiPO4

a Voc≈5.3 V versus lithium, but rapid extraction of Li from
LiMnPO4 and LiCoO4 has proven to be challenging because
of a different face of the particle platelets, and the cost of
cobalt as well as a voltage outside the window of the
carbonate electrolyte has prevented extensive work on
LiCoPO4.

Although these studies with the liquid-carbonate electro-
lytes have resulted in the wireless revolution, the present
worldwide race to develop inexpensive rechargeable power
batteries of high energy density and long cycle life for

electric vehicles and for large-capacity storage of electric
energy generated by wind and/or solar energy confronts a
major challenge, viz: how to increase the cell capacity
beyond what is possible with an insertion-compound
cathode.

Return to solid electrolytes

High-capacity batteries have been demonstrated with a solid
Na+ ion electrolyte and molten electrodes operating at 350 °
C as well as with an oxide ion solid electrolyte with flow-
through gases over a redox bed operating above 600 °C.
These batteries show that alternatives to solid cathodes into
which Li is inserted reversibly can give higher cell capaci-
ties and that solid electrolytes can enable these strategies.
Moreover, the observation of fast Li insertion into solid
cathodes with close-packed oxygen or sulfur arrays indi-
cates that Li+ ion solid electrolytes having a 3D Li+ con-
ductivity σLi>10

−3 S cm−1 may be achieved in crystalline
sulfides as well as in sulfide glasses and, perhaps, also in
crystalline oxides. Whereas an all-solid-state battery of high
capacity does not appear to be feasible, a solid–solid inter-
face between a Li anode and a solid electrolyte might be
reversible. Moreover, a cell with a Li+ ion solid electrolyte
as separator can be envisaged as cartooned in Fig. 11. A
lithium anode could then be used with a liquid-carbonate or
gel electrolyte on the anode side of the separator; the Li+ of
the SEI layer formed on the anode would come from the
anode itself, not the cathode, and dendrites would be
blocked by the solid electrolyte separator. On the cathode
side, a liquid or gaseous cathode could be used as well as a

Fig. 10 The structure of the
ordered olivine LiFePO4
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solid insertion compound, and with a solid cathode, an
alternative to the liquid-carbonate electrolyte having a
HOMO > 5 eV below μA (Li0) could be used to allow a
higher cathode voltage than 4.5 V without an SEI layer.

As an alternative to an insertion compound on the cath-
ode side, a room-temperature liquid like bromine in metallic
foam could be used as the cathode just as is molten sulfur in
a carbon felt in the sodium–sulfur battery. A solid displace-
ment reaction on the cathode side would need to be buffered
by carbon to accommodate the large volume charges on
cycling as has been demonstrated for a solid sulfur cathode
assembled as discharged Li2S in carbon. Massoun and Scro-
sati [37] have documented reversible cycling with this cath-
ode in a liquid-carbonate gel electrolyte, but with this
cathode, a lithium anode is needed to give an adequate
voltage.

Other strategies could involve an aqueous solution on the
cathode side, but these strategies require an oxide Li+ ion
solid electrolyte. For example, an air cathode is not reversible
with an organic electrolyte [38], but in an alkaline aqueous
electrolyte with proper oxide catalysts, reversible air

electrodes have been demonstrated with only 0.3 V separating
one oxygen reduction reaction on discharge and the oxygen
evolution reaction on charge [39]. In another direction, we
have demonstrated the feasibility, in principle, of a liquid
flow-through cathode consisting of the Fe(CN)6

3−/Fe(CN)6
4−

couple in an alkaline aqueous solution [40]. However, the iron
cyanide solution does not retain a strongly alkaline pH on
cycling, so this strategy may require an acidic host to prevent
competition between Li+ and H+ for occupancy of the elec-
trolyte host framework.

The strategies outlined above depend upon the identi-
fication of a suitable Li+ ion solid electrolyte. Kamaya et
al. [41] have reported a room-temperature σLi≃1.2×
10−2 S cm−1 in the sulfide Li+ ion conductor Li10GeP2S12,
but matching the anode μA to the LUMO will need to be
explored as its HOMO is expected to be below μA (Li0).
At the present time, the most promising Li+ ion solid
electrolyte has a garnet framework [42] as host with a
room-temperature σLi≃10-3 S cm−1, but this framework is
basic, requiring the retention of a pH>12 if an aqueous
cathode is used.

Fig. 12 a–c Interstitial space of
the garnet framework
containing 7.5 Li+ ions/formula
unit: blue, ordered vacancies on
24 d; white, occupied 24 d sites;
pink, octahedral-site Li+ dis-
placed from 48 g to 96 h
positions

Fig. 11 A possible configuration for a cell having a Li+ ion solid electrolyte separator
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The cubic garnets A3B3C2O12 contain a B3C2O12 frame-
work of eight coordinated B cations and six coordinated C
cations. The interstitial space, shown in Fig. 12, consists of
the tetrahedral A cation sites 24 d of space group Ia–3d that
are bridged by octahedral sites 48 g sharing faces on oppo-
site sides with two 24 d sites. As in the spinel structure, Li+–
Li+ interactions across a shared face are too strong to permit
a Li+ in a 48 g site to bridge Li+ ions in both near-neighbor
24 d sites. O’Callaghan and Cussen [43] have shown that
one of the two neighboring 24 d sites must be empty and
that Li+–Li+ interactions across the shared face on the
occupied side displaces the octahedral-site Li+ from the
48 g position to a 96 h position close to the opposite face
of the octahedron as illustrated in Fig. 12b. It follows that
the maximum occupancy of Li+ in the garnet framework is
7.5 per formula unit and this occupancy is possible only if
the vacant interstitial sites are all 24 d sites ordered as shown
in Fig. 12. Firing in an alumina crucible results in adventi-
tious Al3+ entering 48 g sites to create Li+ ion vacancies and
stabilize the structure to a temperature near 1,150 °C with
nominal Li7La3Zr2O12. A nominal Li+ ion occupancy at 6.4±
0.1 per formula unit appears to give the highest value of σLi.

Conclusion

Li ion rechargeable batteries based on liquid-carbonate elec-
trolytes and insertion-compound cathodes have reached a
mature stage in which cell capacity is limited by the number
of Li+ guest ions that can be accepted reversibly into the
transition metal host structure. This limit is further reduced
where the anode μA is above the electrolyte LUMO at about
1.1 eV below μA (Li0) because Li+ ions are incorporated
irreversibly into an anode-passivating SEI layer on first
charge. Moreover, the cathode voltage is restricted by the
electrolyte HOMO to be less than 4.5 V versus lithium even
if the intrinsic voltage limit imposed by pinning of μC at the
top of the O-2p bands is lowered to below 4.8 V versus
lithium. Realization of a 4.75-V cathode in a carbonate
electrolyte requires the formation of a passivating SEI layer
on the cathode particles that is stable to volume changes on
cycling and is permeable to Li+ ions. These passivating
layers must either be fabricated, as has been demonstrated,
or developed intrinsically by suitable doping. Alternatively,
a liquid electrolyte having a HOMO > 5.0 eV below μA (Li)
on the cathode side of a solid Li+ electrolyte may enable the
realization of a specific energy density sufficient for a com-
mercially viable electric vehicle.

Affordable rechargeable stationary batteries for extensive
storage of electrical energy feeding the grid await alternative
strategies. The fabrication of a robust, thin, flexible Li+ solid
electrolyte separator with a σLi≃10−3 S cm−1 that can block
dendrites from a Li anode represents a challenging new

direction that opens up the possibility of new strategies for
cells of significant energy density. The ability to replace a Li
ion battery with a Na ion battery of comparable performance
would lower cost and alleviate concerns about the availability
of lithium.
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