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Fast Ionic Transport in Solids

Crystalline solids with liquid-like ionic conductivities

are revolutionizing solid-state electrochemistry

Gregory C. Farrington and Jacqueline L. Briant

In 1967 Yao and Kummer (/) reported
that the crystalline solid sodium beta alu-
mina has a sodium ion conductivity at
25°C comparable to that of aqueous
NacCl (0.1 molar). Their discovery stimu-
lated a revolution in battery technology
and kindled interest in the general phe-

fundamental mechanisms of ionic migra-
tion in crystalline solids. We then dis-
cuss alkali ion and proton transport in
two closely related fast ionic conductors,
beta and beta” alumina, and also the
properties of TiS,, which supports both
ionic and electronic conductivity. Final-

Summary. The discovery of inorganic solids with ionic conductivities comparable to
those of aqueous electrolytes has revolutionized solid-state electrochemistry. Sodium
beta alumina, a Na* conductor, and Li, TiS,, an intercalation compound with simulta-
neous Li* and electronic conductivity, are two of the best and most versatile fast ionic
conductors. A wide variety of cations can replace Na* in beta alumina and Li* in
Li,TiS, and change the properties of the materials. Sodium beta alumina and Li, TiS,
are currently used in the development of high-energy density batteries for electric
vehicles and electrical utility load leveling. Current research in solid ionic conductors
is exploring new intercalation compounds, solid polymer electrolytes, and alkali ion

and proton transport in crystalline solids.

nomenon of fast ionic transport in solids.
Solids with high ionic conductivities,
such as RbAg,I; (2, 3), had been known
previously. However, none had sodium
beta alumina’s combination of high so-
dium ion conductivity, low electronic
conductivity, and chemical stability nec-
essary for practical application in bat-
teries. From the initial discovery of so-
dium beta alumina has grown a diverse,
multidisciplinary investigation into the
science and applications of solids with
high ionic conductivities. Such com-
pounds are often called superionic con-
ductors ).

In this article we briefly review the
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ly, we review several solid electrolyte
applications currently being developed,
including high-energy density batteries
for electric vehicle and load leveling ap-
plications, novel chemical sensors, and
miniature solid-state batteries and dis-
plays.

Ionic Transport Mechanisms

Simple alkali salts, such as LiCl, KCI,
and LiF, have long been known to have
measurable ionic conductivities (5).
Frenkel (6) and Schottky (7) developed
the classic microscopic models showing
how ionic hopping among vacant or in-
terstitial lattice sites can result in long-
range ionic migration in a rigid lattice
(Fig. 1). Frenkel defects, ions promoted

0036-8075/79/0629-1371$02.00/0 Copyrighy © 1979 AAAS

SCIENCE

to interstitial sites from normal lattice
positions, are found, for example, for
cations in alkaline-earth halides. Schott-
ky defects, anion-cation vacancy pairs,
occur typically in alkali halides and alka-
line-earth oxides. Both Frenkel and
Schottky defects can arise from intrinsic
and extrinsic sources. Intrinsic defects
occur in thermodynamic equilibrium
with the crystal lattice. The driving force
for their creation is the lattice disorder
produced. Extrinsic vacancies occur to
compensate the charge of impurities of
different valence. For example, Ca?*
substitution for Na* in NaCl must be ac-
companied by one additional Cl~ or a
Na* vacancy. Often the number of de-
fects is dominated by impurities at lower
temperatures and intrinsic equilibrium at
higher temperatures.

ITonic transport in crystals is described
classically by the vacancy, interstitial,
and interstitialcy models (Fig. 1). The
vacancy mechanism involves the motion
of a vacancy through a lattice by succes-
sive ion hops in the direction opposite to
vacancy motion. In the interstitial model
an ion moves through a series of inter-
stitial sites. The interstitialcy mechanism
involves cooperative motion in which a

lattice ion hops to an interstitial site and

an interstitial ion fills the remaining va-
cancy. An additional model often applied
to proton transport is the Grotthuss mod-
el. According to this mechanism, a pro-
ton tunnels from a site associated with
one Lewis base to a site associated with
another. This transfer is followed by the
rotation of one or both bases to allow the
process to be repeated.

For all these mechanisms, ionic con-
ductivity, o, in crystals can usually be
described by an Arrhenius equation

o =T exp (~EkT)
in which o, is a function of the ionic
charge, concentration of mobile ions,
and their attempt frequency and the
jump distance; E, is the activation ener-
gy for defect formation and motion; and
k and T are the Boltzmann constant and
temperature, respectively. Ionic conduc-
tivity is extremely sensitive to the value
of E,. In many materials, such as the al-
kali halides, conductivity falls into in-
trinsic and extrinsic temperature re-
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gimes, depending on the dominant mech-
anism of defect formation (see curve for
KCl in Fig. 2). Simple alkali halides have
intrinsic activation energies between 1.2
and 2.2 electron volts; extrinsic activa-
tion energies vary between 0.4 and 1.5
eV. Their conductivities become appre-
ciable, 107* to 10~® (ohm-cm)~!, only
near their melting points, 600° to 900°C
®).

Ionic conductivity in solids covers a
continuous spectrum of values. The sol-
ids RbAg,I; (2) and sodium beta” alumina
(8) have the highest known ionic con-
ductivities at 25°C, 2 x 107! (ohm-cm)~!;
values as low as 107!' (ohm-cm)~! have
been measured for H,O* beta alumina
(9). For comparison, the conductivity of
0.1M NaCl in water is 1.1 X 102 (ohm-
cm)™! and the electronic conductivity
of copper is 6 X 10° (ohm-cm)~! at
25°C.

For a solid to have high ionic con-
ductivity at temperatures much lower
than its melting point, it must have three
characteristics: a high concentration of
potential charge carriers, a high concen-
tration of vacancies or interstitial sites,
and a low activation energy for ion hop-
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ping from filled to unfilled sites. Crystal
chemistry has identified many structures
that meet the first two criteria, but the
prediction of a low activation energy —
essential .for a compund to have high
conductivity at 25° to 300°C—has been
generally unsuccessful. The search for
fast ionic conductors has proceeded by
identifying structures that meet the first
two criteria and by experimentally as-
sessing the third.

Crystalline solids in which fast ionic
conductivity is observed include stoichi-
ometric compounds, such as Agl (5) and
RbAg,;, and nonstoichiometric com-
pounds, such as sodium beta alumina.
Some compounds, like Li,TiS,, support
both ionic and electronic conductivity.
Ionic motion can take place in one, two,
or three dimensions, depending on crys-
tal structure. One-dimensional ionic con-
ductivity is found in compounds such as
LiAlSiO, (beta eucryptite), which has a
hexagonal structure in which lithium
ions are found in channels parallel to the
¢ axis (/10). However, one-dimensional
ionic motion can be easily blocked by a
small concentration of crystal imperfec-
tions or impurities. Two-dimensional

Interstitialcy

Fig. 1. (a) Frenkel (interstitial) and Schottky (vacancy) models of lattice defects that can result
in ionic conductivity. (b) Three classical mechanisms for ionic conductivity in crystalline solids.
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conductivity occurs in compounds that
crystallize in layer structures, as do
many oxides and sulfides. Examples in-
clude sodium beta alumina and Li,TiS,
(11). Three-dimensional conductivity is ob-
served in the simple compound Li;N (/2) as
well as in complex structures of interlock-
ing polyhedra such as Na;Zr,PSi,O,,
(13). Figure 2 summarizes the properties
of a number of fast ionic conductors
@, 8, 10, 12-18).

In this article we have chosen to dis-
cuss the properties and applications of
the alkali and protonic beta and beta”
aluminas and also of TiS,. Among fast
ionic conductors, beta alumina remains
one of the best and most versatile. Its
structure is host to many cations, includ-
ing Li*, K*, Ag*, TI*, Rb* (/), and NO*
(19) as well as H* (20), H(H,0).* 1),
and NH,* (20). Divalent ions such as
Ca?* and Ba?* also replace sodium in
beta alumina (22). The beta alumina
isomorphs illustrate how structure and
conductivity change as different ions are
substituted in a common framework.
Like beta alumina, TiS, accommodates a
variety of guest species intercalated into
its structure. It is an excellent example
of a solid-state ionic-electronic con-
ductor. Both sodium beta alumina and
TiS, are close to commercial application.
Readers interested in more extensive or
more specific reviews of solid elec-
trolytes may consult several recent pub-
lications (23-25).

Sodium Beta and Beta” Alumina

Sodium beta alumina is a nonstoichio-
metric compound of the general formula
(1 +x)Na,O-11AL,0,. It was first re-
ported in 1916 by Rankin and Merwin
(26), who, failing to detect the Na,O con-
tent, considered it a modification of
Al,O;. The misnomer has persisted de-
spite later demonstration that it is a non-
stoichiometric sodium aluminate con-
taining excess Na,O over the 1:11 com-
position (I, 27, 28). Yamaguchi (29) first
reported a variant of sodium beta alumina
with the general formula Na,0-5Al,0;
and designated it as sodium beta” alumi-
na. In Western literature, Thery and
Briancon (30, 31) first discussed sodium
beta” alumina in 1962. Sodium beta”
alumina is generally synthesized as a
ternary oxide in which MgO or Li,O is
added to stabilize the structure. We first
discuss sodium beta and beta” alumina,
then the alkali and silver isomorphs,
and finally the protonic forms. For each
compound, we review composition,
structure, and conductivity. We at-
tempt to show how the properties of
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the isomorphs vary as the size and
chemical nature of the substituting ion
change. Since the chemistry of the pro-
ton forms is extreme, it is discussed
separately.

Both beta and beta” alumina contain
excess sodium beyond the ideal formula
Na,O-11A1,0,; or NaAl;;O,;. According
to the most widely accepted evidence
(32), the general formula of beta alumina
is Na,; ,Al;;O,7, .- The range of x is un-
determined. Values up to 0.3 in single
crystals have been reported (27). A typi-
cal composition is 1.24Na,0-11AL0,.
The excess sodium ions are com-
pensated by oxygen ions, which occupy
specific interstitial sites in the crystal
structure. In beta” alumina, Mg?** (or
Lit*) substitutes for specific Al atoms in
framework sites. To maintain charge
neutrality, one additional sodium ion en-
ters the structure for each Mg?*; the gen-
eral formula is Na,, ,Mg,Al;;_,O,,. The
full range for x in beta” alumina is not
known; a typical value is 0.67, which
corresponds to a composition of
0.84N2a,0:0.67Mg0-5.2A1,0;.

Beta and beta” alumina crystallize in
layered structures (Fig. 3) 27, 33, 34).
The sodium ions are found in relatively
open conduction planes, which alternate
with close-packed Al-O spinel-type
blocks, named for their correspondence
to the spinel (MgAlL,O,) structure. So-
dium icns can diffuse rapidly in two di-
mensions within the conduction planes.
Each conduction plane is bounded by
two close-packed layers of oxygen atoms
held apart by Al-O-Al columns. The cen-
ters of the column oxygens define the
conduction plane, a term that also refers
to the entire region between the close-
packed oxygen layers.

One critical difference between beta
and beta” alumina that influences ionic
conductivity is the structural relation-
ship of the two close-packed oxygen lay-
ers (Fig. 4). In beta alumina, the layers
are superposed and the conduction plane
is a mirror plane. In beta” alumina, the
spinel blocks are rotated 120° with re-
spect to each other, the close-packed ox-
ygen layers are staggered, and the con-
duction plane is not a mirror plane. The
result is that beta” alumina is a roomier
structure for ionic motion.

One additional difference between the
structures of the conducting planes in
beta and beta” alumina is the presence in
beta alumina of interstitial oxygen ions
locked in site 2 by aluminum ions in
Frenkel defect sites. The discovery of
the Frenkel defect by Roth et al. (32)
provided convincing evidence that inter-
stitial oxygens are the primary mecha-
nism of charge compensation for the
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Fig. 2. Conductivities of various fast ionic
conductors. For each compound except
CaO-ZrO, (0*) and RbAgJ; (Ag®), the
mobile ion is the first element in the formula.
Formulas in parentheses represent the parti-
cular compositions measured for materials
having a range of compositions. References:
RbAgI; (2); Na,0-MgO-5A1,0, (0.84 Na,O-
Na,0-5Ga,0,
(1.14 Na,O-5 Ga,0;) (/4); Na,0-11A1L,0;, (1.16
Na,O-11 ALO;) (15); Na,Zr,PSi,0,, (13); Li;N
(12); LiygZr, gTay,Ps0y, (16); LiAlSiO4 (10);
Ca0-ZrO, (0.151 Ca0-0.849 ZrO,) (/7); and
KCl1 (18).

nonstoichiometric excess sodium in beta
alumina. Charge compensation in beta”
alumina occurs by Mg?* substitution for
AP in one of four tetrahedral aluminum
sites in the spinel block. This sub-
stitution stabilizes the structure by re-
lieving local strain.

Three crystallographically distinct
sites are available for mobile ion occupa-
tion in beta alumina. They are given the
names Beevers-Ross (BR or 1), mid-oxy-
gen (mO or 2), and anti-Beevers-Ross
(aBR or 3). The most favored site for so-
dium occupation is BR; the least favored
aBR (27, 32). In stoichiometric beta alu-
mina, one sodium ion would occupy
each BR site. Excess sodium occurs as
mO-mO split interstitial pairs. At high
temperatures the differences in site ener-
gies become less significant, and the
sodium density is distributed almost
evenly along the hexagonal pathways. In
1.24Na,0-11A1,05, 38 percent of the
total of sites 1 and 3 are vacant. Ionic dif-
fusion takes place by zigzag ion hopping
around the column oxygens. Sodium
ions move along the plane defined by the
centers of the column oxygens. The
smallest gap for ion motion is in the aBR
site, in which a sodium ion must move
between two oxygen ions, one directly
above and one directly below. This gap
between the oxygen ions is 2.0 ang-
stroms, sufficient for sodium ion (1.94 A

in diameter) but somewhat small for
larger ions.

Beta” alumina has three ion sites cor-
responding to those in beta alumina.
However, sites 1 and 3 are equivalent,
although inverted with respect to each
other, and are referred to as BR-type
sites. These sites have equal occupation-
al probabilities and contain all of the
sodium ions. In 0.84Na,0-0.67MgO-
5.2A1,04, 17 percent of the BR-type sites
are vacant. Sodium ion motion is undula-
tory with equilibrium positions 0.17 A
above the plane in site 1 and 0.17 A be-
low the plane in site 3. An important fea-
ture of the beta” alumina structure is that
the smallest gap for ion motion is not 2.0
A as in site 3 of beta alumina, but 3.0 A
in site 2, where an ion moves between
two column oxygens. As a result, ions
larger than sodium are more mobile in
beta” alumina.

Sodium ion conductivity in beta and
beta” alumina single crystals is ex-
ceptionally high. Values for sodium beta
alumina at 25°C vary from 0.030 (ohm-
cm)™! (35) to 0.014 (ohm-cm)~! (/5), de-
pending on the method of crystal growth.
For sodium beta” alumina, single-crystal
conductivities as high as 0.18 and as low

.as 0.014 (ohm-cm)™! (8, 20) have been

measured at 25°C, again depending on
the method of crystal growth. The acti-
vation energy for conductivity in sodium
beta alumina is constant over an extraor-
dinarily wide temperature range, at least
—150° to 820°C (/5). Specific values of
activation energy range from 0.158 to
0.165 eV. For sodium beta” alumina con-
siderable variation is observed in the Ar-
rhenius plots of crystals grown under
slightly different conditions. In every
case the activation energy decreases
with increasing temperature (8, 20). The
curvature may result from crystalline de-
fects, which alter the microscopic dif-
fusion pathway or the concentration of
charge carriers as a function of temper-
ature. Because ionic diffusion in both
structures is defect-controlled, neither
has a unique conductivity or activation
energy. Both will vary with stoichiome-
try and the arrangement of defects. No
detailed investigation of the influence of
stoichiometry on conductivity in single
crystals of either structure has appeared,
although the variation of conductivity
with stoichiometry in polycrystalline
samples has been studied (36).

Wang et al. (37) have presented one of
the most successful theoretical treat-
ments of ionic motion in beta alumina.
They found that the energy barrier for
sodium ion hopping from a filled BR site
to a vacant aBR site is about 2.7 eV.
However, the energy barrier for motion
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of one sodium from a mO-mO interstitial
pair through the aBR site is lowered to
0.26 eV, close to the range of activation
energies measured. They conclude that
conductivity in sodium beta alumina oc-
curs by a low-energy interstitialcy mech-
anism, as suggested by Whittingham and
Huggins (/5). This implies that sodium
ions in stoichiometric beta alumina
would be trapped in deep potential wells
at BR sites and ionic diffusion would be
very slow. No comparable calculations
have appeared for sodium beta” alumina,
in which conductivity presumably oc-
curs by a vacancy diffusion mechanism.
The activated step is passage across the
relatively low (less than 0.2 eV) potential
barrier in the mO site.

Alkali and Silver Beta and Beta” Aluminas

In this section we discuss how the
properties of beta and beta” alumina
change when sodium is replaced by other
alkali ions or silver. The patterns illus-
trate how ion size, ionic bonding within
the conduction plane, and intercalated
water influence fast ion motion. We first
examine structure and conductivity in
the beta alumina isomorphs, then in the
beta” isomorphs.

The simplest change that occurs in

both beta and beta” alumina on ion ex-
change is a slight swelling or contraction
of the distance between the close-packed
oxygen layers bounding the conduction
plane (/). When sodium is replaced by
larger alkali ions, the interplanar spacing
increases. If the Al-O-Al bridging bonds
did not constrain the movement of the
oxygen layers, lithium exchange would
be expected to decrease the spacing. But
the oxygen layers cannot move close
enough for Li* to sit in the middle of the
plane and bond to each layer simultane-
ously. The Li* is deflected about 1 A to-
ward either of the close-packed layers,
which move apart because of weakened
interlayer bonding (38). The Ag* ion, al-
though slightly larger than Na*, causes a
small contraction of the lattice.

Wide variation in the ionic distribution
in the conduction plane as a function of
ion type is seen in beta alumina. Even
more than sodium ions at 25°C, potas-
sium (39) and rubidium “0) ions pre-
dominantly occupy the BR sites, rather
than the mO and aBR sites, as is consis-
tent with their larger sizes. Silver ions
preferentially occupy the BR site (1), al-
though significant occupation of the aBR
site occurs. Lithium positions have not
been determined for pure lithium beta
alumina, but in 1:1 Li-Na beta alumina,
the lithium ions are in the mO sites de-

flected toward either oxygen plane, as
previously noted, and the sodium ions
are found primarily in the BR sites (38).
All ions distribute more evenly in the
conduction plane with increasing tem-
perature.

The conductivities of the beta alumina
isomorphs depend largely on E,, since
the preexponential factors (o) are nearly
equal (Table 1). An ion’s size and ten-
dency to bond to oxygen atoms in the
conduction plane greatly affect its activa-
tion energy: E, increases with increasing
ionic size from Na* to Rb*, as passage
through the small aBR site requires in-
creasing energy. The activation energy
for Li* conductivity is higher than for so-
dium because of the extra energy re-
quired to overcome its off-plane bond-
ing. Divalent ions, such as Ca?* and
Ba?*, probably have very high activation
energies for diffusion in beta alumina (/)
as the result of strong local bond forma-
tion with the lattice. The activation
energies for Na*, K*, Ag*, and Rb* mo-
tion are constant over wide ranges of
temperature, but the Arrhenius plot for
Li* transport has been reported to have
several distinct regions of differing
slopes (42). Whether this is intrinsic to
lithium motion or reflects more complex
ion interaction within the conduction
plane is not yet known.

Fig. 3 (left). Beta alumina structure showing alternating conduction planes and spinel blocks. Large gray circles are oxygens; small gray circles

are aluminums; black circles are sodiums.

Fig. 4 (right). Sodium beta” (a) and sodium beta (b) alumina conduction planes. The dotted circles

are oxygens in the lower close-packed plane, the open circles are oxygens in the upper close-packed plane, and the crosshatched circles are
column oxygens within the conduction plane. The smaller crosshatched circles are sodium ions, which diffuse along a zigzag 1-2-3-2-1 pathway.
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Relatively little is known about the
properties of the beta” alumina iso-
morphs. X-ray data show that the inter-
planar spacing increases on K* exchange
but decreases for Ag™, as in beta alumina
8). However, detailed structures have
not been determined for isomorphs other
than sodium (43) and potassium (44).
Single-crystal conductivities of K* and
Ag™ beta” alumina have been measured.
The conductivity of potassium beta” alu-
mina is comparable to that of sodium
beta” alumina (Table 2) and is more than
100 times greater than that of potassium
beta alumina at 25°C (8). This qualita-
tively agrees with the prediction that
ions larger than sodium will diffuse more
rapidly in beta” alumina than in beta alu-
mina. The significantly lower conductivi-
ty of silver ions (8) compared to sodium
and potassium must result from a de-
crease in the preexponential factor, per-
haps reflecting different site occupation.
The activation energies for sodium, po-
tassium, and silver beta” alumina all de-
crease with increasing temperature (8).
An understanding of these observations
awaits further investigation.

Finally, water can intercalate into the
conduction plane of these beta and beta”
alumina isomorphs (20, 45). The extent
of hydration increases from sodium to
lithium beta alumina (20, 45). In hydro-
gen beta alumina, the extreme of the al-
kali series, water plays an essential role
in conductivity, as will be discussed be-
low. Potassium, silver, and rubidium
beta alumina appear to absorb no water
at all (20, 45). The alkali beta” aluminas
absorb more water than the correspond-
ing beta aluminas (45). The water con-
tent of sodium forms is desorbed around
200°C. Nuclear-magnetic-resonance
(NMR) data show that water in sodium
beta alumina is present as relatively
fixed molecules that do not undergo rap-
id translation or proton exchange even at
150°C (46). Intercalated water decreases
the local motion and ionic conductivity
in sodium beta alumina (¢7). Other small
molecules, particularly those capable of
hydrogen bonding to the oxygen frame-
work, such as CH;0H and H,S, may al-
so intercalate, although to our knowl-
edge no one has reported such observa-
tions.

The preceding discussion illustrates
that beta and beta” alumina are not single
compounds, but families having compo-
sitions with widely varying properties.
General patterns of how the crystal
chemistry determines ionic mobility in
each structure are apparent. Sodium ap-
pears to have the optimum size for con-
duction in beta alumina. Ions larger or
smaller have higher activation energies
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Table 1. Conductivity in beta alumina.

Tempera-

Radius E4 o, a(25°C) Refer-
Ton (A) eV) (ohm-cm)~! K (ohm-cm)~! turc(aogi)n ge ence
Lit 0.68 0.19 5.4 x 10! 1.3 x 10~ —100to 180 “2)
0.37 9.7 x 10° 9.2 X 1073* 180 to 800 “42)
Na*t 0.98 0.16 2.5 x 10 1.4 x 1072 —150to 820 (15)
Agt 1.26 0.17 1.6 x 10° 6.7 x 1073 25 to 800 28)
H,0t 1.32 0.78 8.1 x 10¢ 1 x 101 2510200 )
1.3 5.9 x 108 9 X 10~1* 250to 500 9)
K* 1.33 0.30 1.5 x 10 6.5 X 10 —70to 820 “2)
T+ 1.47 0.36 6.8 x 102 2.2 X 1078 —20to 800 42)
*300°C.

and lower conductivities. Larger ions
tend to be more mobile in the beta” alu-
mina structure than in beta alumina. Ions
with high charge-to-radius ratios tend to
become trapped in local bonds with adja-
cent oxygens and hence have lower con-
ductivities. The amount of intercalated
water increases with decreasing ion size.

Proton Conductors

We have reserved until this point a dis-
cussion of the protonic beta and beta”
aluminas, an intriguing and largely unin-
vestigated group of compounds in which
sodium has been replaced by HT,
H(H,0),*, and NH,*. Several composi-
tions show promise of fast proton con-
ductivity; others are poor conductors.
Although much less is known of their
structures and properties, they are fasci-
nating if only because fast proton con-
duction in inorganic solids is rare.

Many solids have measurable proton
conductivities, but most are very low.
Exceptions include H,0CIO, [10~* (ohm-
cm)~! at 25°C] (48) and newly discovered
HUO,PO,-4H,0 [107® (ohm-cm)~! at
25°C] (49). Fast proton migration in each
depends on a H,0-H,O* network
through which protons diffuse by proton
tunneling from one molecule to the next
(Grotthuss mechanism). The transfer is
followed by the rotation of one or both
groups to allow it to continue. Therefore,
fast proton transport in solids generally
requires a closely linked network of do-
nor/acceptor groups, such as the H,O-
H;0* network. Few hydrated solids
have high proton conductivities at ele-

vated temperatures because dehydration
destroys their conduction networks.
HUO,PO,-4H,0 dehydrates to a poorly
conducting phase somewhat above 80°C.
Most other solid proton electrolytes
(which have much lower conductivities
at 25°C) dehydrate by about 100°C to
compositions with conductivities less
than 10~® (ohm-cm)~'.

The potential rewards of discovering a
high-conductivity proton solid electro-
lyte are as enticing as the compounds are
rare. A solid proton electrolyte with low
electronic and high protonic conductivi-
ties between 100° and 400°C could have a
major technological impact in new de-
signs for fuel cells and water elec-
trolyzers. No beta or beta” alumina com-
position has yet been shown to have high
proton conductivity from 100° to 400°C.
However, NMR screening and initial
conductivity measurements have sug-
gested several that might (50). We do
know that the protonic beta aluminas,
while less stable than their alkali
isomorphs, are far more stable than most
hydrated inorganic proton electrolytes.
The basic layer structure and substantial
water content are retained to at least
750°C in the protonic beta aluminas (27)
and at least 450°C in the beta” aluminas
(50). We present here brief summaries of
what is currently known about the com-
position, structure, and conductivity of
ammonium beta alumina, proton beta
alumina, and hydronium beta and beta”
alumina.

One of the simplest protonic beta alu-
minas is ammonium beta alumina,
1.24(NH,),0-11A1,0;. Nuclear-magnetic-
resonance data show that fast proton ex-

Table 2. Conductivity in beta” alumina.

25°C 300°C
Ton o E, oy o E, Ty Refer-
(ohm-cm)™!  (eV) (ohm-cm)™!'K (ohm-cm)™* (eV) (ohm-cm) 'K ence
Na* 1.8 x 107! 0.18 6.9 x 104 2.2 0.10 1.0 x 10¢ 8)
K+ 1.4 x 107! 0.18 3.9 x 10¢ 5.3 x 107! 0.09 1.7 X 108 &
Ag* 1.9 x 103 0.22 3.3 x 10° 3.2 x 1072 0.18 6.8 x 102 &)
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Fig. 5. Intercalation of Li* into TiS,.

change within individual ammonium ions
takes place even at —96°C. Above
—10°C, evidence of longer-range proton
or ammonium ion diffusion is seen (46).
No evidence of fast proton conductivity
is observed (51).

Between 425° and 475°C ammonium
beta alumina dissociates into hydrogen
beta alumina (1.24H,0-11Al,0,) and free
ammonia, which diffuses out of the
structure (50). Neutron diffraction data
show that each resulting proton is bound
to a column oxygen in one of six equiva-
lent sites at 4.5 K (52). The NMR experi-
ments have shown that protons are pres-
ent as OH groups (50). According to both
techniques, protons are disordered
above about 150°C, although the con-
ductivity is not greater than 107> (ohm-
cm)™! at 300°C. Hydrogen beta alumina
is stable until a partial and irreversible
dehydration at 750°C.

When crystals of Monofrax sodium beta
alumina are heated in concentrated sulfuric
acid at 295°C for 2 to 3 weeks, the entire
sodium content is replaced by protons and
associated water (2/). At 25°C the product
corresponds to a hydronium (H;0+) com-
position, 1.24(H;0),0:11A1,0, or 1.24H,0-
11AL,0,2.5H,0(53, 54). Upon heating,
a partial and reversible water loss oc-
curs between 180° and 250°C, yielding
1.24H,0-11A1,0,-1.2H,0. Complete de-
composition takes place around 800°C
(21, 54). Other compositions have been
reported for hydronium beta alumina,
perhaps reflecting differing starting mate-
rials and exchange techniques (2/, 55).
X-ray data, obtained on samples of un-
certain composition, show an oxygen ion
in each BR site deflected about 0.25 A
toward a neighboring column oxygen.
The column oxygen is shifted about 0.35
A toward the BR site, distorting the Al-
O-Al angle from 180° to 157.6°C (56).
A proton presumably forms a strong
hydrogen bond between the two oxy-
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gens. The NMR data at —96°C on
1.24H,0-11A1,04-2.5H,0 are consistent
with water molecules and more isolated
protons in the planes, all of which rapid-
ly exchange above 60°C. No water mole-
cules are detected in the spectra of
1.24H,0-11A1,0,-1.2H,0. All protons
are in OH groups, tightly bound from
—96° to 180°C (50).

The conductivity of 1.24H,0-AlO;:
2.6H,0 is 107'° to 107! (ohm-cm)™! at
25°C (9), 10° times smaller than that of
sodium beta alumina. An even lower
conductivity at 25°C is reported for
1.24H,0-11A1,0,-1.3H,0 (9). Conductiv-
ity for these compositions increases
with temperature with activation ener-
gies of 0.78 and 1.3 eV, respectively.

Trigonal prismatic sites

Octahedral sites

Both activation energies are extremely
high for beta alumina. They reflect
strong hydrogen bonding in the con-
ducting plane and result in low con-
ductivities between 25° and 400°C.

Hydronium beta” alumina is quite dif-
ferent (50, 57). The sodium content of so-
dium beta” alumina can be replaced by
protons and associated water molecules
by exposure to aqueous acids, but the
exact amount of water in the conducting
plane is not well established. At least 1
and perhaps up to 1.7 water molecules
per exchanged proton have been report-
ed. The composition of hydronium beta”
alumina is 0.84H,0-0.67Mg0-5.2A1,0,-
xH,O where 0 < x < 2.8 (50). Like hy-
dronium beta alumina, hydronium beta”
alumina undergoes a partial and revers-
ible dehydration at 200° to 300°C. A sec-
ond partial and irreversible dehydration
occurs at 450°C. The crystal chemical
bases of these dehydrations are not well
understood.

We do know that ion transport, wheth-
er by H* or H;O* motion, is more rapid -
in hydronium beta” alumina than in hy-
dronium beta alumina. At —96°C, the
NMR spectra for hydronium beta and
beta” alumina are similar and consistent
with water molecules and isolated pro-
tons in the planes. However, line nar-
rowing, as the result of rapid proton ex-
change, occurs by —40°C in hydronium
beta” alumina, 100° lower than in hydro-
nium beta alumina (50). Direct measure-
ments find the conductivity of small
crystals of hydronium beta” alumina to
be 107 to 1077 (ohm-cm)~! at 25°C (57,
58).

Too little is known about hydronium
beta” alumina to understand why it be-
haves so differently from hydronium
beta alumina. A key difference may be
that an interconnected H,O-H;O%-col-
umn O network can form in the beta” alu-
mina structure, providing a low-energy
H* diffusion pathway. To create a close-
packed H,0O-H;O*-column O network,
each mO site must be filled with either
H,O or H;0*. The hydronium beta
alumina composition that corresponds
is 0.84H,0-0.67Mg0-5A1,052.8H,0,
which is at the upper range of composi-
tions reported. Investigations of both
composition and conductivity in hydro-
nium and also ammonium beta” alumina
are under way in an attempt to resolve
these questions.

Fig. 6. Octahedral and tetrahedral coordina-
tion sites for intercalation ions in TiS,. Dif-
fusion pathways are shown by bold arrows.
The dotted circles are sulfur atoms in the
lower close-packed layer and the open circles
are sulfur atoms in the upper layer.
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Titanium Disulfide

Considerable interest in the field of
fast ionic conductors at present is direct-
ed toward ionic electronic conductors,
particularly intercalation compounds
such as Li,TiS,. Titanium disulfide ex-
emplifies a broad class of layered com-
pounds with the general formula MX,, in
which M is a transition metal from
groups IVB, VB, and VIB and X is a
chalcogen such as S, Se, and Te (59).
The compounds crystallize in layered
structures, as shown in Fig. § for TiS,.
The transition metal atoms reside in oc-
tahedral or trigonal prismatic sites be-
tween two hexagonally close-packed
chalcogen layers (Fig. 6). The MX, lay-
ers are held together by strong covalent
bonds, but adjacent chalcogen layers are
bound to each other only by weak van
der Waals forces. A large variety of neu-
tral guest molecules—Lewis bases such
as NHj, and pyridine—as well as cations
such as Li*, Na*, and Ca?* can inter-
calate between the weakly bound chalco-
gen layers of the host lattice. The ionic
derivatives resemble beta alumina in
that fast ionic motion takes place in
the two-dimensional intercalation planes.
Unlike beta alumina, the dichalcogenides
are both ionic and electronic conductors
with strongly anisotropic semiconducting
or metallic electron transport in the
MX, sandwiches.

Although intercalation compounds of
graphite with halogens and alkali metals
had been known for many years (60),
Rudorff and Sick (6/) and Rudorff (62)
first reported the dichalcogenide inter-
calation compounds in 1959. Gamble et
al. (63) later found them to be a new
class of electronic superconductors.
Broadhead and Trumbore (64) suggested
them as host lattices for halogen *‘inter-
calation’’ for use in lithium battery cath-
odes. Whittingham (//) and Winn et al.

(65) focused attention on Li,TiS, as a-

fast Li* conductor that can function as
an excellent lithium battery cathode. We
will concentrate on discussing the prop-
erties of the disulfides, particularly
Li,TiS,, and leave the broader class of
compounds to more general reviews
©9).

Different transition metals and dif-
ferent guest species alter the layer struc-
ture of the MS, compounds. When M is
Mo or W, the close-packed sulfur layers
of the MS, sandwich are superposed,
and the transition metal occupies a trigo-
nal prismatic site. With Ti, Zr, Hf, V, Cr,
Re, Sn, Pb, and Pt the chalcogen layers
are not superposed, and M is in an oc-
tahedral site. Separate disulfides with
each symmetry are formed by Nb and
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Ta. Likewise, the intercalated species
can occupy trigonal prismatic, tetrahe-
dral, or octahedral sites, depending on
the stacking of the MS, sandwiches.

During intercalation, the chalcogen
layers move apart to accommodate the
guest species, and the distance between
the transition metal layers increases. No
strong interlayer bonds, as found in beta
alumina, constrain the movement of the
MS, sandwiches with respect to each
other. For a single cationic series, such
as Lit to K*, the Ti-Ti spacing increases
linearly with ionic diameter (59). The Ti-
Ti spacing is as large as S0 A in
H,.(H,0),TiS, (66). The chalcogen layers
also can easily slip along the weakly
bonded van der Waals gap. Packing
within the intercalated plane depends on
stoichiometry and the nature of the guest
species, and may even vary within a
single composition and yield a poorly de-
fined unit cell. The compound Li,TiS, is
a highly crystalline single phase for
0 <x <1 (67), in which Li* is found in
octahedral sites (Fig. 6) (59). In contrast,
Na,TiS, forms several phases depending
on the sodium content, and sodium ions
are found in octahedral or trigonal pris-
matic sites (68).

The first preparation of Li, TiS, was by
reduction of TiS, in Li solutions in liquid
NH; at —40° to —50°C 6/, 62). During
the reaction NH, intercalates with the
Li*, but it can be removed by gentle
heating in vacuum. Alternate syntheses
include reduction with n-butyllithium
(Fig. 5) (69) and electrochemical reduc-
tion in the presence of lithium ions (66).
Many neutral polar solvent molecules
can simultaneously intercalate during re-
ductive lithiation or by subsequent ab-
sorption to form a class of two-dimen-
sional polyelectrolytes of the general for-
mula Li,B,TiS, (59, 70). The stronger
the electron donor properties of B, the
greater its reactivity.

Although Li in Li,TiS, is highly ion-
ized, alkali metals in graphite inter-
calation compounds are not. The free en-
ergy of formation is large for Li, TiS, (67)
but small for the alkali-graphite com-
pounds (7/). Whereas Li,TiS, behaves
chemically as a lithium salt, the alkali-
graphite compounds react similarly to
the parent alkali metals. For example,
CgK reduces H,O, but Li,TiS, (0 <
x < 0.5) forms stable cointercalates with
water (63).

Little is known about the effect of cat-
ion type, stoichiometry, and the pres-
ence of cointercalated neutral molecules
on the rate of ionic diffusion in M,TiS,.
The simplest variable is the diffusion
pathway—a network of trigonal prismat-
ic sites if the chalcogen layers are super-

posed, or of alternating tetrahedral and
octahedral sites if the layers are stag-
gered (Fig. 6). In both structures there
are twice as many ion sites as are filled in
a 1:1 MTiS, composition. The com-
pound LiTiS, crystallizes in an octahe-
dral-tetrahedral array with a lithium ion
in each octahedral site and the tetrahe-
dral sites empty. Diffusion requires Li*
hopping through the tetrahedral site,
which is somewhat smaller than the
octahedral site. The chemical diffusion
coefficient of Li* in LiTiS, has been
found to be very high, 10% square
centimeters per second (25°C) (72), com-
parable to that of Li* in beta alumina.
The compound Na,TiS, crystallizes in
the trigonal prismatic configuration for
0.4 <x<0.6 and the octahedral-tet-
rahedral configuration for 0.8 < x < 1.0
(61, 62). The Na* diffusion coefficient is
about 1077 cm¥sec (25°C) for x = 0.42
(65), but is much smaller in the octahe-
dral-tetrahedral phase, perhaps reflect-
ing a high activation energy for hopping
through the constricted tetrahedral sites.

Cointercalated neutral molecules may
have opposing effects on the rate of M+
diffusion in MTIiS,. They may decrease
the rate of diffusion by filling vacant ion-
ic sites as well as increase the rate of dif-
fusion by spreading apart the sulfur lay-
ers, increasing the size of the ionic sites,
and shielding mobile ions from strong
interactions with the sulfur layers. Nu-
clear-magnetic-resonance experiments
show that both H,O molecules and Na*
ions are in rapid motion at 25°C in Na, 3
(H,0),TaS,. Lithium ions and H,O in
Li,(H,0),TiS, rapidly exchange with
other ions and neutral Lewis bases if the
H,O is originally present as a cointerca-
late. Water diffusion into anhydrous
LiTiS,, in contrast, is very slow (59). In
the absence of NH;, which expands the
van der Waals gap, the maximum com-
position of Na,TiS, corresponds to x =
0.8, whereas a composition of x = 1.0
can be formed when NH; is present. All
of these observations suggest that the de-
crease in activation energy as the result
of spreading apart the sulfur layers (act-
ing through the exponential term) in-
creases the rate of ionic diffusion much
more than potential blockage of diffusion
pathways (affecting the preexponential
term) decreases the rate of diffusion. The
prediction from this, that pulling togeth-
er the sulfur layers should decrease the
ionic diffusion rate, is true. When TiS, is
synthesized with a slight excess (6 per-
cent) of Ti, the layered structure is re-
tained and excess Ti atoms sit between
the sulfur layers and hold them together;
the Li* diffusion rate decreases dramati-
cally (59).
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Applications

Most applications of solid electrolytes
are electrochemical: sensors, batteries,
and solid-state displays. Here we discuss
several devices that show promise of
commercial realization.

A very simple application of solid elec-
trolytes is in chemical sensors. If a mem-
brane in which the ion, M, is mobile sep-
arates two chemical compositions with
different activities of M, a potential is set
up across the membrane that can be pre-
cisely related to the difference in the
chemical activities. By fixing the activity
on one side, an unknown activity on the
other can be determined. In this way, the
F~ conductor LaF, and its doped deriva-
tives are used to make F~ ion-specific
electrodes (23). Larger-scale application
is envisioned for a novel O, sensor,
which uses the O?>~ conductor CaO +
ZrO, (CSZ) in a Ni-NiO/CSZ/Pt sand-
wich in which the Ni/NiO fixes the oxy-
gen activity on one side of the electrolyte
(73, 74). Normally, oxygen sensors con-
taining CSZ are sluggish in response at
temperatures less than about 700°C be-
cause of low ionic conductivity in the
membrane. However, by depositing CSZ
films 10° to 10¢ A thick, sensors are being
developed with fast response at temper-
atures as low as 30° to 40°C. Thin-film
CSZ sensors are currently being devel-
oped for automobile exhaust monitoring
to optimize fuel consumption and mini-
mize pollutant emission. Major problems
are in producing reliable, long-lived, in-
expensive sensors for use in a highly cor-
rosive environment.

Of all the technologies that solid elec-
trolytes may affect in the next decade,
the most radical change may be in stor-
age batteries. In any battery, two reac-
tants, an oxidant and a reductant, each
connected to an electronically con-
ductive electrode, are separated by an
ionically conductive, electronically in-
sulating electrolyte. The object is to con-
vert the free energy of the cell reaction,
normally manifested as heat, into electri-
cal energy. The cell is rechargeable if its
initial chemical state can be readily re-
stored by applying a reverse voltage and
current. The electrolyte must be chem-
ically inert to both cell reactants to avoid
self-discharge. The stalwarts of conven-
tional rechargeable batteries are the
aqueous cells PbO,/Pb, NiIOOH/Cd, and
NiOOH/Fe. Use of aqueous electrolytes
restricts the design of new batteries to
electrodes that will not react with water
and eliminates many attractive can-
didates such as Li and Na. The amount
of energy that can be stored in a given
weight and volume in aqueous cells is
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Fig. 7. Diagram of Na/Na* beta alumina/S
electrochemical cell.

therefore limited. Values of 40 to 60
watt-hours per kilogram and 0.3 and 0.6
watt-hour per cubic centimeter are typi-
cal for aqueous batteries.

Batteries that could store two to three
times as much energy per unit weight
and volume as present aqueous cells and
use less expensive reactants could make
electric vehicle propulsion and off-peak
electric power storage (load leveling)
with batteries practicable. Replacement
of aqueous electrolytes with more stable
solid electrolytes, as in the Na/beta alu-
mina/S cell, or organic liquid electro-
lytes, as in the Li/dioxolane/TiS, cell, are
two approaches to developing high-ener-
gy density batteries.

The Na/beta alumina/S cell (Fig. 7)
uses two liquid reactants, Na and S, sep-
arated by a polycrystalline membrane of
beta alumina. Sodium beta alumina has
all the properties necessary for an elec-
trolyte membrane in the cell. It is chem-
ically stable to sodium as well as to sul-
fur, ionically conductive, electronically
insulating, and its composition does not
change with sodium passage. The reac-
tants, Na and S, are cheap and abundant.

To keep both Na and S molten, the
Na/S cell operates between 300° and
350°C. During discharge, Na is oxidized
to Na* at the Na/beta alumina interface.
The Na* migrates through the beta alu-
mina to the sulfur compartment. Con-
current sulfur reduction ultimately pro-
duces Na,S; as the discharge product.
The entire reaction sequence can be re-
versed by applying a reverse voltage and
current.

Discovered initially in the Ford Labo-
ratories, Na/S cells are in active develop-
ment in Japan, Europe, and the United
States. The goals of Na/S cells for load
leveling are formidable: 10-year life and
200 cycles per year at 75 percent mini-

mum energy efficiency. Practical cells of
the same energy and power are four
times lighter and two times smaller than
Pb/Pb0O, cells. Current challenges are in
developing simple and inexpensive tech-
nology for cell manufacture. '

The Li/TiS, cells are another approach
to high-density energy storage. They op-
erate in a temperature range, 0° to 100°C,
somewhat more appropriate for small
consumer application and electric ve-
hicle use. The use of TiS, is an elegant
solution to the problems of the non-
aqueous cell cathode. It has both elec-
tronic and ionic conductivity, a wide
range of composition without phase
change, relatively small volume change
(10 percent) over the range of use, and it
is a good oxidizing agent (//, 75). Labo-
ratory Li/TiS, cells using a liquid elec-
trolyte have achieved energy storage of
100 W-hour/kg at acceptable rates of dis-
charge. The critical problem in any large-
scale application of Li/TiS, cells is in
long-term Li electrode stability. In a
practical system, Li must be plated and
stripped 10 to 100 times for small appli-
cations and 100 to 1000 times over the
lifetime of an electric vehicle battery
without sloughing off the electrode or re-
acting with the solvent. A lithium elec-
trode/nonaqueous electrolyte combina-
tion satisfying these criteria has not yet
been reported. Considerable efforts to
solve the problems of lithium cycling are
under way in many laboratories.

Finally, early in the development of
fast ionic conductors, there was much
enthusiasm for developing ionic analogs
of solid-state electronic devices for
memory and logic functions. Little of
practical interest has come about, partly
because electronic devices are so versa-
tile, fast, and inexpensive. But two areas
in which solid electrolytes might make
unique contributions are in solid-state
optical displays and miniature solid-state
batteries.

Green and Kang (76) have exploited the
electrochromic properties of Na, X
WOQO;, a compound that is blue in the
Na,WO; form and pale yellow as WOj;.
By appropriate thin-film techniques, they
prepared an all solid-state electrochro-
mic display that can change color in a
fraction of a second. Further develop-
ment may produce a truly practical solid-
state display. '

In a similar technology, miniature sol-
id-state batteries have been proposed .
(77) in which two solid ionic/electronic
conductors with different activities of a
common mobile ion, M, are separated by
a solid ionic conductor of M. This solid-
state analog of conventional batteries
might be used for very low current (10~¢
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to 107° ampere) applications, such as for
memory retention in electronic circuitry.
The concept is intriguing, but the prob-
lems of maintaining fast ion transfer
across a solid/solid interface while one
solid is changing composition are not
trivial.

Current Research

The current challenges in the field of
fast ionic conductors are in identifying
and designing new fast ionic conductors
and in understanding the nature of indi-
vidual and collective ionic motion in sol-
ids. A major goal is to understand how a
solid electrolyte’s structure and its acti-
vation energy for ion motion are inter-
related. These studies involve character-
ization of structure, ionic bonding, and
ionic motion by neutron and x-ray dif-
fraction, solid-state NMR, diffusion and

conductivity measurements, and Raman -

and infrared spectroscopy, among other
techniques. Stoichiometric compounds
in which conductivity is intrinsic, such
as Agl and RbAg,l;, are more easily un-
derstood than compounds that exist over
ranges of composition. Beta and beta”
alumina are examples of the latter, non-
stoichiometric compositions, in which
extrinsic factors control ion motion. Spe-
cific topics being explored include the ef-
fect of ion-ion, or coionic, interactions
on ionic distribution and conductivity in
mixed Lit-Na* beta alumina and Na*-K*
gallate. Recent reports discuss con-
ductivity (78, 79), structure (38), and lo-
cal ion motion and bonding in Lit-Na*
beta alumina (80) and conductivity in
Na*-K* gallate (8/). Similar investiga-
tions are under way with TiS,.

Of all the potential new solid elec-
trolytes, the discovery of a compound
with high H" or 0%~ conductivity, low
electronic conductivity, and excellent
chemical stability from 100° to 400°C
could have the greatest technological im-
pact. With such a material, entirely new
fuel cells and water electrolyzers might
be designed that would make energy
storage and transport in the form of hy-
drogen economical. Research character-
izing and extending the temperature
range of fast proton transport in
HOU,PO,-4H,0 and its derivatives is
under way. All of the protonic forms of
beta and beta” alumina are also being
studied.

The study of intercalation compounds,
stimulated by research on TiS,, is active.
One object is to identify compounds like
TiS, that intercalate Li over a wide range
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of composition and simultaneously have
fast ionic transport, high electronic con-
ductivity, and a high free energy of reac-
tion with Li. Such materials are in de-
mand as electrodes in high-energy den-
sity lithium batteries.

An exciting new direction in fast ionic
conductor research is in ionic con-
ductivity in polymers. Armand et al. (82)
recently found, for example, that poly-
ethylene oxide-LiSCN complexes have
conductivities greater than 10~> (ohm-
cm)~! above 40° to 80°C. The use of solid
polymer ionic conductors, as both elec-
trolytes and electrodes, may ultimately
lead to successful all solid-state bat-
teries. Understanding ionic motion in ar-
tificial polymers should also illuminate
the mechanism of ionic conductivity in
biochemical membranes.
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