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Review

Fast ion conduction materials

P. MCGEEHIN, A. HOOPER

Materials Development Division, AERE, Harwell, Didcot, Oxon, UK

A brief phenomenoiogical introduction to the important physical parameters involved
in ionic conduction in solids is followed by order of magnitude estimates of these quan-
tities for materials which can be considered to be fast ion conductors. Experimental
techniques are outlined, and a comprehensive compilation of currently available data on
fast ion conductors is presented. The conductivity and diffusion data are coupled with
additional criteria to indicate broad classes of materials which may show enhanced ion

conductivity.

1. Introduction

The property of fast ion conduction (FIC) in
solids is now well established, and it is found in
diverse groups of compounds. Such materials can
have important technological applications, ex-
tending and superseeding those areas traditionally
reserved for liquid electrolytes. A growing empha-
sis on energy conservation and alternative energy
sources has led to a good deal of research, especi-
ally to find better materials for battery and fuel
cell applications. These must be relatively inexpen-
sive, easy to fabricate, have good mechanical
strength, high chemical stability, and most im-
portantly, show FIC at near ambient temperatures.
With these ideas in mind, the research effort in this
area has increased quite dramatically over the last
few years. However, no new materials with im-
mediate technological applications have emerged,
but much of the work has indicated which kinds
of structures deserve further attention. The more
‘undamental aspects of FIC are also being exam-
ined in greater depth. Inevitably, some of the
attention has been focused on the p-alumina
compounds because of the immediate potential of
the sodium compound as solid electrolyte in the
sodium—sulphur battery.

The study of fast ionically conducting materials
is confused generally by the dearth of under-
standing of their basic properties and the difficulty
of performing adequate experimental tests on a
wide range of compounds. The purpose of this
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review is, therefore, to establish the background
for the study of fast ion conduction, including a
compilation of the available data, in the hope
that it may stimulate others to join a fast moving
area of science bridging the disciplines of solid
state chemistry and physics, and also encourage
those already at work in the field. A brief intro-
duction to ionic conductivity and diffusion is
followed by an extension to the idea of FIC.
General definitions of ““fast” ion conductors in
terms of the values of the conductivity, diffusion
coefficients and activation eneigies are proposed.
Common experimental techniques are also out-
lined, and the major part of the review comprises
a materials survey in which the classification is
based on the identity of the mobile species. The
present review contrasts with those recently
published by Huggins [1] and Steele and Dudley
[2], essentially discussing FIC from a phenomeno-
logical viewpoint and attempting to provide a
comprehensive compilation of currently available
data.

2. General theory [3—5]

The ability of a material to allow the movement
of ions through it can be gauged most readily from
a combination of conductivity data, diffusion
data, and motional narrowing of nmr lines, al-

.though the exchange of ions from aqueous or

molten salts is sometimes used as an additional
qualitative guide. The ionic conductivity of a solid,
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o0, can be measured using a.c. or d.c. techniques
with ionically blocking or conducting electrodes at
two, three or four points of contact. Analysis of
the results, particularly for a.c. measurements,
needs careful attention in order to separate elec-
trode and celectrolyte effects, and also the in-
fluence of grain boundaries in polycrystalline
material. The use of complex admittance or im-
pedance plots is gaining acceptance in these
respects. The ionic conductivity usually follows
an equation of the form:

0 = (0o/T) exp (—E4/kT) (D

and the objective of all the experiments is to deter-
mine the overall magnitude of the conductivity,
and E,, the activation energy for ionic motion.
The results are plotted as a graph of the logarithm
of the product oT versus reciprocal temperature,
and the activation energy can be determined from
the slope of the resulting straight line. Occasion-
ally the material under investigation shows con-
ductivity by more than one ion, or perhaps also
electronic conductivity, and in these cases it is
necessary to determine the transport number, £,
for each species: ¢ measures the proportion of the
total current being carried by each conducting
species.

For simple ionic conductors in which current
is carried by only one ionic species, the con-
ductivity can be described by

@

where N is the number of mobile particles per unit
volume, u their mobility (drift velocity in unit
electric field), and ze their charge. Simple thermo-
dynamic arguments show that if current is carried
via the creation of lattice defects, NV will depend
exponentially on reciprocal temperature, and if
the actual migration process involves an activated
state, so will u. The derivation of Equation 1 from
Equation 2 follows quite readily from these
considerations, but this merely illustrates how the
simplicity of Equation 1 obscures a great deal of
information. Since ze varies little from one ion to
another, the crucial factors influencing ¢ are NV
and u.

The diffusion coefficient D is the constant
which relates the diffusion flux J to the driving
concentration gradient. Fick’s law of diffusion
may be written as

o = N.zeu

J = —DVc 3)

where D is a measure of the ease with which thes-
mally activated ions move through a lattice. The
temperature dependence of D has the general
form:

D = Dyexp—E, kT @)

where E is the activation energy for the diffusion
process. Clearly, if diffusion and conductivity
proceed by the same mechanism and #,, =1,
E), will approximately equal £, in Equation 1.

Diffusion coefficients are most commonly
determined by radiotracer analysis. If the system
under investigation is at chemical equilibrium
throughout the process then Dy,,.e, equals the true
self diffusion coefficient (Dg) of the diffusing
species. This is also true for isoconcentration
diffusion of foreign species. For a non-equilibrium
situation Dy, cer is known as the chemical diffusion
coefficient (D). The theoretical expression for
D from the viewpoint of random jumps of the
diffusing species is D = I'r?/6 where I is the jump
frequency and r the jump distance. However, the
expression for Df contains a factor f such that

Dy = %FT"%f ()

f is known as the “correlation factor” and is a
measure of the extent to which successive jumps
are related to one another. For a truly random
situation f= 1.

A diffusion coefficient Dy may be calculated
from conductivity data via the Nernst—Einstein
Relation,

o/Dq = Ne*/kT. (6)

Following Equation 5, Dy may be expressed as

= 1p ;2
Dy = gTgrg.

Q)

Here the mobile current carriers are lattice defects
and f, equals unity since their motion is random.
The ratio D3/D, is commonly called the “Haven
Ratio” (Hg) and from Equations 5 and 7:

@)

In addition to the correlation factor, Hy contains
a term which is determined by the particular
mechanism of diffusion. Indeed a given mechanism
or combination of mechanisms leads to unique
values of Hyp and thus experimental determin-
ations or its value are of considerable diagnostic
value in identifying the mechanism operating in
any particular case. It should be remembered that



neutral defects will contribute to Di but not to
Dy and thus Hy will be larger than in their ab-
sence. Also Ay will be anomalously small in the
presence of any electronic conductivity. In the
case of the best ionic conductors, where the sub-
lattice of the conducting species can often be
regarded as being essentially liquid-like (i.e. where
there is a relatively large number of “defect”
sites to which each moving jon can jump), the
distinction between diffusion coefficients should
become unnecessary, and in any event, if only dif-
fusion data are available, a rough idea of the
conductivity can be gauged from Equation 6
assuming Hgy = 1. Reference [126] contains a
more detailed discussion of fast ion diffusion.

2.1. Values of ¢, D and £, for fast ion
conductors

For a material to be classified as a fast ion con-
ductor it should have an activation energy for
conductivity and diffusion of ~0.1eV (~2.5
kcalmol™!, ~10kImol™), ie. about one tenth
the energy needed to form a point defect in a
relatively close packed ionic solid. The resulting
shallow negative slope of the o, D versus 1/T plots
mean that Dy and ¢, (diffusion and conductivity
at infinite temperature) will have values of 107 to
105cm?sec (Dg) and 10 —1Q7'em™ (o¢).
Corresponding room temperature values would be
D~10"%cm?sectand 0~1072Q'em™, with
acceptable values one or two orders of magnitude
lower than these. Some materials with ions which
move with activation energies nearer the defect
formation energy have much larger Do and o0y,
relatively high conductivities at high temperature,
but lower D and o at room temperature, e.g.
oxygen transport in stabilized zirconia, sodium in
NaCl. In the latter material 6~ 102Q cm™ at
800°C, 0o ~10°Q 7 cm™! and E 4 ~1.86 eV whilst
D, for Na*?~ 10cm?sec ! and E, ~2.0eV [40].
Whilst the diffusion coefficient in FICs reaches
.the maximum values expected from simple calcu-
lations assuming every attempt is successful [1]
implications of the low value of o, found in FICs
can be considered. Using the normal random walk
formulation for defect transport outlined above,
Huggins [1] derives

’ = CBr2Ta(ze)?

kT ’ ©)

where C is the concentration of mobile ions, 8 the
defect concentration ie. the fraction of un-

occupied mobile ion sites, defining the fraction of
this species that is free to move, and « is a geo-
metric factor which is the reciprocal of the num-
ber of possible jump directions from a given site
(a=%for a close packed cubic lattice as above).
Of the terms in Equation 9, C, r, @ and ze do not
vary by the required orders of magnitude from
material to material, leaving only 8 and T' to
account for the low values of 0y. In normaily
defective solids,

g = (10)

where AGy is the free energy of formation of the
intrinsic defect pair. However, in FIC solids § is
found to be both temperature independent and
much larger than for solids obeying Equation 10.
Hence T'; the jump frequency provides the only
explanation. We may write

exp— AGF/kT

AG AS E
r= Foexp—]—c}— = I‘oexp(?)exp—ﬁ,
(11)

where AG is the free energy and E, the enthalpy
(activation energy) for migration, with AS the
associated entropy. The significant terms are I'y
and AS. AS is not known for FICs, but it is
reasonable to assume that it will be small since
the mobile ion sublattice is generally highly dis-
ordered, and motion of ions will not significantly
increase this disorder. I'y, the attempt frequency
for a jump, must also be smaller than for normal
solids, i.e. the phonon spectrum of the mobile
ions in FICs is scaled towards lower frequencies.
Some significant lattice dynamics experiments
confirming the latter are outlined in the following
section.

In Fig. 1 the variation of the conductivity of
ions in a few FIC and other compounds is plotted
against reciprocal temperature. The region of
major interest for large scale technological appli-
cations of these materials is delineated in the top
right-hand corner. It is within this region that the
conductivity of liquid electrolytes is typically
found. A 4M aqueous solution of NaCl has con-
ductivity slightly larger than and activation energy
close to that of RbAg,ls, as does the concentrated
sulphuric acid electrolyte found in the lead—acid
battery. Molten salt electrolytes also fall in this
range, with activation energy generally smaller.
This comparison with liquid electrolytes allows a
fruitful analogy to be drawn, in which the sub-
lattice of the mobile ion in FIC compounds is
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Figure 1 Typical ionic conductivity plot for a variety of
materials. After reference [5].

regarded as liquid-like, with the other atoms in
the crystal providing an essentially rigid network
through which the mobile ions move.

3. Experimental methods

The major techniques which have been employed
either in the selection or study of fast ion con-
ductors are:

(1) Electrical:
(a) a.c. (i) conductivity [6—10]
(ii) dielectric loss [11-14]
(b)d.c. (i) conductivity [15—16]

(ii) polarization cell measure-
ments [17, 18]
(iii) pulse methods {19]
(2) nmr/epr [20—23]
(3) Neutron diffraction [24]
(4) X-ray diffraction [25—27]
(5) Optical/infra-red spectroscopy [28—31]
(6) Tracer diffusion [11,12].
Each of the above has its own particular advan-
tages and disadvantages, and the choice of method
depends largely on the type of information re-
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quired. However, as interest in FIC materials
increases, more subtle experimental techniques are
being used to obtain detailed information about
lattice dynamics, mobile ions site occupancy,
elastic constants etc. For example, Allen and
Remeika [28] made direct measurement of the
attempt frequency in beta-aluminas using far-
infra-red techniques, whilst the dynamics of the
onset of disorder in solid electrolytes and elastic
constants have been studied using Raman and Bril-
louin light scattering [30]. Elastic constants have
also been measured by inelastic neutron scattering
[130]. Diffuse [131] and quasi-elastic [132] neu-
tron scattering have been applied to silver iodides.
X-ray diffraction studies have yielded information
on anharmonic vibration of mobile ions. [27] and
mobile ion site occupancy [25, 26, 133], whilst X-
ray diffuse scattering has given information on ion-
ion correlations in beta aluminas [134] . Ultrasonic
attenuation due to mobile ions has also been stud-
ied [135]. Of the more common techniques used
to identify good ionic conductors in programmes
aimed at new materials, nuclear magnetic reson-
ance and a.c. conductivity are extensively applied.
They are discussed at greater length in the follow-
ing two sections.

3.1. Nuclear magnetic resonance

As a guide to possible translational motion of ions
in a solid which have nuclei with magnetic mo-
ments, motional narrowing of nmr absorption lines
can be studied [125]. In the absence of motion of
the nuclei the absorption line is broadened by
anisotropic magnetic dipole and electric quadr-
upole interactions. These are averaged to much
smaller values when the jump rate of the nucleus
exceeds the frequency width of the “rigid lattice”
nmr line (~ 10 kHz). At about the same jump rate
there is an increase in the efficiency of the nuclear
spin-lattice relaxation, resulting in a minimum of
the characteristic relaxation time T;. T; can be
measured using pulse techniques by which it is also
possible, within a limited range, to measure D di-
rectly. Routine nmr measurements do suffer, how-
ever, from the disadvantage that they do not un-
ambiguously indicate the presence of translational
motion, since non centro-symmetric rotation and
rattling of the nucleus in the lattice gives rise to
the same effects. However, the activation energy
for such movement will typically be lower than for
the translational motion involved in diffusion or
conductivity.



3.2. Alternating current conductivity

In theory, a.c. measurements remove the need for
electrodes reversible to the ionic species of interest
by eliminating interfacial effects at sufficiently
high frequencies. Particularly for the case of super-
ionic conductors, however, this procedure is not
always straightforward and a more complicated
method of analysis may be needed to convert the
generally frequency dependent a.c. response which
is observed experimentally into meaningful bulk
parameters, e.g. ionic conductivity. Complex plane
plotting provides a method of representing the
observed a.c. response in such a way that it may be
analysed in terms of an R—C network, each com-
ponent of which will be linked to a particular
atomic process or mechanism within the assembly.
These fall basically into either interfacial or bulk
microstructural phenomena. This type of analytical
technique has been used by electrochemists for
over 30 years in the study of liquid electrolytes
[32], but has only recently been adopted for the
study of solid-state systems [33-38]. It involves
the plotting of the real and imaginary parts of a
complex electrical quantity against one another as
a frequency dispersion, the most common types of
plot being categorized below.

Name Symbol Real Imaginary
Impedance  Z* R, —1jwCy=1/T*
Admittance Y* Gp wCy

Permittivity E* Cp —Gplw = Y*[iw
Modulus M* 1/Cs  wRg= 1/E* = jwZ*

Gp, Cp, Rg and C; are the equivalent parallel or
series components as measured by the usual type
of experimental apparatus, e.g. bridge circuits.

For the case of ideal finite R and C, such
diagrams consist of a combination of semi<ircles
and vertical straight lines, the peak positions and
intercepts of which are simply related to the
appropriate network components. The intro-
duction of non-finite or non-ideal components
such as Warburg type impedances or lossy
capacitors, causes distortions in the plots and the
presence of similar value components in the net-
work will make the individual elements of the
plots less distinct. Above a certain complexity
many equivalent circuits may have similar com-
plex plane plots and the choice of the appropriate
circuit may be made easier by consideration of the
known physical properties of the experimental

assembly. For example, essentially parallel circuits
may be eliminated if several processes are known
to be working in series. The assignment of
individual components to particular physical pro-
cesses may be aided by a variation of sample geo-
metry since, for example, bulk and interfacial
effects vary as distinct functions of sample area
and length. A unique interpretation of the type of
processes which are occurring (i.e. dominating)
cannot easily be made. The choice of which type
of plot to use in a given circumstance is essentially
determined by the ease with which the information
can be extracted, but in the general case care must
be taken when using only one type of plot. This is
because each type of representation will highlight
a particular range of the dispersion and it is
possible to lose valuable information in a truncated
range of frequency by the use of an inappropriate
plot.

4. Preliminary survey of materials

In a recent publication on fast ion transport in
solids [4], over 300 different compounds or
classes of compounds were listed. Interest was
principally focused on group I of the Periodic
Table, since almost one quarter of the compounds
contained mobile alkali metal ions (group IA),
whilst a sixth were silver conducting compounds
(group IB). Experimental conductivity of diffusion
data were only presented for 80 compounds. Of
these, approximately one half exhibited metallic
or semi-conducting electronic  conductivity
(mainly transition metal oxides with overlapping
d-orbitals), leaving approximately 40 electronically
insulating compounds with measured ionic con-
duction parameters. In this final group, few
compounds exhibit fast jon conduction as defined
above, but of the 26 compounds with ¢> 1073
Q7tem™ (or D>107% cm? sec™!) at room tem-
perature, 15 were silver conducting compounds, 4
were copper conductors (same group as silver in
the Periodic Table), and the remaining 7 were
alkali ion conductors. Only the silver compounds
have conductivities approaching the truly fast (i.e.
liquid-like) limit. In direct contrast to the listed
compounds which have been examined experi-
mentally, several others were considered to be
potential fast<ion conductors. The criteria used to
anticipate the behaviour of these materials will be
discussed later, but it is worthwhile commenting
that of the 30 or so compounds falling into this
category, 16 compounds have active ions in group
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IB of the Periodic Table, and 12 in group IA.
Apart from zirconia, which exhibits 0% ion con-
duction, no other materials are mentioned as fast
anionic conductors. This is not surprising,
however, because the larger anions will not be able
to move as freely as the cations. Indeed, it is
usually the anions which, in the best ionic con-
ductors, contribute to the rigid atomic network
through which the smaller cations readily diffuse.

From this superficial survey it is possible to
draw two conclusions. Firstly, fast ion transport in
electronically insulating solids is more often antici-
pated than established. This indicates the need for
careful experimental programmes. Secondly, it
seems likely that ions in groups IA and IB will
move most easily in crystalline solids. This latter
point will be taken up in greater detail in subse-
quent paragraphs, but from the point of view of
battery applications of solid electrolytes, the
group IA ions will be most useful. Their low
electronegativity means they have cell reactions
with large emfs, consequently offering the
possibility of batteries with large energy and
power densities.

5. Silver and copper conducting compounds
In Table I some 33 silver ion conducting com-
pounds are listed. Of these, only 7 are not com-
pounds based on silver iodide, the classical fast ion
conductor. Below 149°C silver iodide exists in
several crystal modifications based on the zinc
blende or wurtzite structures, both of which
favour ionic diffusion by an interstitial mechanism
via face sharing polyhedra. Although these §-phases
have unexceptional ionic conductivities, a phase
change occurs at 149° C which gives silver iodide
anomalously high ionic conductivity: at the
melting point of the a-compound (555°C), the
ionic conductivity actually falls. Above the
transition temperature the anions are placed in a
b ¢ ¢ configuration, with two Ag* ions per unit cell
statistically distributed over a large number of
sites. Analysis of the conductivity of a-Agl has
involved the concept of a liquid-like cation sub-
lattice involving ions on three common types of
lattice site. However, van Gool [55] regards this as
unnecessarily restrictive, and suggests that many
other sites are involved. At any event, he suggests
that wherever the Ag" ions are located, they will
distort the rigid anion sublattice in such a way as
to produce some ordering over several lattice
dimensions, giving rise to domains in which par-
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ticular sites are preferentially occupied. His
particular suggestion is a tetragonal domain
structure, which is supported by the original X-ray
data [56] .

No matter what the detailed mechanism of
ionic conductivity in a-Agl may be, many
attempts have been made to stabilize the high con-
ductivity phase at room temperature, by sub-
stitution. The largest proportion of compounds in
Table I reflect this approach. Following Owens
[44] these attempts can be broadly classified as
follows:

(a) anion substitution using, for example, S?".
P03, P,07%, SO%~, WO?",

(b) cation substitution giving rise to both the
well documented MAg,Is class of compounds
with high conductivity over a wide temperature
range around room temperature, and +the organic
ammonium iodide-silver iodide electrolytes. These
latter compounds are double salts formed between
tetra-alkylammonium iodides and silver iodide in
mole ratio 1:6, or between polymethonium
iodides and silver iodide in the ratio 1:12. Best
values of Ag* conductivity are 6~ 1072 Q7! cm™
at 25°C. A few typical compounds are listed in
Table I, but there are a large number of others
which have been investigated [44, 57]. Certain
trends have been established, but these are not
fully understood. Furthermore, like many of these
Ag® compounds, they tend to be thermodyn-
amically unstable. Similar work has been per-
formed by Linford ef al. [58] onssilver sulphonium
iodide systems such as Agl-(CH);SI, Agl-
(CH; )4 SCH;3 1. Maximum conductivities fall in the
range 3x 103 Q' em™ t04 x 1072 Q7 em™ at
25°C.

(c) mixed ion substituted silver iodide; these in-
volving the ternary system Agl - Hgl, - Ag, S, with
the latter compound replaced by Ag,Se or Ag, Te,
and the compounds formed between Agl and the
group IA cyanides. Conductivities are quite good,
but stability is again a problem.

Also listed in Table T are a number of Cu™ con-
ducting compounds, which are mostly analogous
to the corresponding silver compounds. They
generally form the conducting phase at higher tem-
peratures than their silver analogues, and con-
ductivities are lower. In an investigation of a series
of double salts of substituted organic ammonium
halides with ring structures and cuprous halides,
Sammells et al. [59] found room temperature con-
ductivities in the range 1072 to 107 Q7' cm™



TABLE I Silver and copper conductors

Compound Range of stability lonic conductivity  Activation No. of Reference
of high ¢ form @ 'em™) energy dimensions
V) of
conductivity

AgCl ~150 —430°C 8X107°at200°C ~0.18 3 [41]
AgBr ~175 —400°C 8X10™at200°C ~0.15 3 [41]
aAgl 146 —mp 555°C 1at 150°C 0.05 3
aAg,S 179°C — 3.8at200°C 0.05 3
aAg,SI >245°C 1at250°C 0.04 3
BAg,SI <235°C 0.1 at 200° C 0.17 3 see [42]
Ag,SBr <300°C 2% 107*at25°C 0.23 3
aAg,Se 133°C - 3.6 at 220° C ~0.1 3
aAg,Te 150°C — 1at220°C ~0.1 3
aAg,Hgl,* 51°C 1073 at 60° C 0.36 3

51°C—172°C 9 x107%at60°C 0.33 3 [43]
Ag,HgSe, I, No data available [44]
Ag HeS, I <20—>100°C 0.07 at 25° C [44]
KAg415T —136 —-253°C 0.12at20°C 0.07 3 [42]
Ko 15 A0, 25 AL, 14 —139—~200°C  0.12at20°C 3 [45]
RbAg,I, —155—~200°C 0.12at20°C 0.07 3 [42]
NH, Ag, I, Data unreliable 3 [46]
KCN. 4 Agl <20—>150°C 0.14 at 25°C [44, 47]
RbCN. 4 Agl 0.18 at 25°C [44,47]
CsCN. 4 Agl 0.0009 at 25° C [44]
Ag,8e0,. 2Agl 0.002 at 25° C [48]
Ag WO, 0.047 at 25°C 0.156 [47, 49, 50]
Ag.1,PO, <25—-179°C 0.019at 25°C 0.165 [49, 50, 57]
Ag,, Me,N),I,, >50°C — 0.04 at 30° C 0.19 3 [53]
Ag, (Et,N),I 0.022 at 30°C 0.26 3 [53]
Ag 1, ;P,0, <25—147°C 0.09 at 25° C 0.143 [47, 49, 50]
(CH,),NAgI, 0—120°C 0.4 at 20°C 0.16 3 [42]
(CH,),(C,H,),NAg,I, 0.06 at 22° C 3 [44,45]
(C,H,),NAgI, 0.01at22°C 3 [44,45]
(C,H,NH)Ag, I # <200 —400K 0.13at 50° C (<50°C~0.5 3 (44, 51]

>50°C~0.21 ’

Ag,1,AsO, <20—>100°C 0.004 at 25° C 0.174 [541]
Ag,1,VO, <20—>100°C 0.007 at 25°C 0.174 [54]
(C,H NH) Ag, 1., <20—>100°C 0.008 at 25°C 0.21 2 [51,52]
AgAl,, 0,, very stable 6.4x107%at23°C  0.17 2 [12}
(silver g-alumina)
aCuBr >470°C ~0.3at470°C small 3
aCul >407° C ~0.1at450°C small 3
aCuS >91°C 0.2 at 400° C 3
(Cu deficient) 0.2at 130°C 0.25 3 see [42]
aCu, Se >110°C 0.1 at210°C 3
(Cu deficient) 0.12 3
aCu,Hgl, >767°C 107% at 67°C 0.60 3

*Both Ag* and Hg* conduct: tryg ~ 0.06.

{ Below 37° C begins to disproportionate slowly.

T Phase change at 50° C gives discontinuity in o T versus 1/ T plots.

and activation energies for Cu* motion ranging
between 0.12 and 0.29eV. Lowest activation
energy was for quinuclidine hydrobromide--CuBr
(87.5mol %) over the temperature range 50 to
—20°C.

The crystal structures of many of the com-
pounds listed in Table I have been determined, and

it has been possible to combine this information
with the conductivity and activation energy data,
allowing a few general features of all these com-
pounds to be suggested. Principally, these com-
pounds have:

(1) a large number of mobile ions (~10%cm™
in most cases);
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(2) a large number of available sites for each
mobile ion which have similar energy and approxi-
mately the same (low) co-ordination;

(3) a low potential barrier to the motion of the
ions;

(4) structures with continuous chains of face-
sharing octahedra and tetrahedra through which
the ions can diffuse, mostly in three dimensions.

Clearly, these points must be borne in mind
when considering other compounds as possible
ionic conductors. Van Gool [55] and Armstrong
et al. [42] have followed this procedure, parti-
cularly the latter for silver and copper compounds.
Of the compounds which they consider deserve
closer examination, concern about stability and
potential applications must cast some doubt on
their ultimate usefulness.

At this stage it is perhaps relevent to ask why
silver, and to a lesser extent copper, form solid
compounds with such unique properties. The
above criteria indicate that the answer lies partially
in the ability of these ions to form compounds in
which they have low co-ordination number and
flexible stereochemistry. The unhindered nature
of these compounds allows the cations to move
without colliding with other ions, and this ability
also appears to be linked to their facility in polar-
izing other ions. The outer d-electrons provide
ineffective shielding of the nuclear change, and so
they readily attract electrons. This allows them to
form bonds with covalent character at each inter-
mediate position through which they move,
thereby reducing the energy of this transition
state. In this context it is pertinent to comment
that the anions of these conducting solids are also
important. Examination of Table I shows the
majority of them to be highly polarizable; contrast

TABLE I1 Electrical properties of solid oxide electrolytes™

the conductivities of AgCl and AgBr with that of
Agl, which contains highly polarizable 1™ ions.

Of the silver compounds listed in Table I which
are not based on Agl, the other two silver halides
are unexceptional, and have been included mainly
for comparison purposes. Silver f-alumina will be
discussed together with its alkali—metal analogues
in a later section. The remaining compounds are
formed between silver and the highly polarizable
group VIB anions, illustrating again the impor-
tance of this concept.

In terms of potential applications, silver (and
also copper) conducting compounds suffer from
three main disadvantages. Firstly, as mentioned
above, they tend to be unstable, or form highly
conducting phases only at temperatures above
ambient. Secondly, the emfs of cells involving
Ag® and Cu* tend to be less than 0.7 V. This is a
severe disadvantage when potential battery sys-
tems are considered. Finally, they are expensive
for large scale, low technology applications.

6. Fast anionic conduction

Doped group IVA oxides give rise to high anionic
conductivities. These compounds, ZrQ,, HfO,,
Ce0, and ThO,, have high oxygen conductivities
when doped with either alkaline earth oxides,
Sc,03, Y03 0r rare earth oxides [60]. Doping
achieves two objectives. Firstly, in those materials
which do not normally have the fluorite structure
(Z10, and HfQ,), the dopants stabilize this phase.
Secondly, the presence of divalent or trivalent
cations on the cation sublattice causes the for-
mation of anion vacancies to preserve electrical
neutrality. Oxygen conduction occurs principally
via these vacancies. In Table II the electrical
properties of the most common solid oxide

Electrolyte % anion Ionic conductivity Activation
- vacancies at 1000° C (7 'em™) energy (eV)

Z10, + 12% CaO 6.0 0.055 1.1

710, + 9% Y, 0, 4.1 0.12 0.8

Z10, + 10% Sm,0, 4.5 0.058 0.95

Zr0, + 8% Yb,0, 3.7 0.088 0.75

Z10, + 10% Sc, 0,4 4.5 0.25 0.65

ThO, + 8% Y,0, 3.7 0.0048 1.1

ThO, + 5% CaO 2.5 0.00047 1.1

Ce0, + 11%La,0, 5.0 0.08 0.91

CeO, + 15%Ca0 1.5 0.025 0.75

HfO, + 8% Y,0, 3.7 0.029 1.1

HfO, + 12% CaO 6.0 0.004 1.4

La,O, + 15% CaO 2.7 0.024 0.88

*Reprinted with permission from Chemical Reviews 70 (1970). Copyright by the American Chemical Society.
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electrolytes are listed. Ionic conductivites at
1000° C are ~0.1 2 *cm™ at best, and activation
energies of ~1eV are typical. The main appli-
cations of these materials are in the measurement
and monitoring of oxygen activity, high tempera-
ture fuel cells, kinetic studies and thermodynamic
property measurements. A possible development
involves doping them with pentavalent compounds
such as Ta,05; or Nb,Os. Interstitial oxygen ions
would probably result, and they may be mobile.
However, it seems unlikely that the conductivity
of these materials will exceed those of the oxygen
deficient compounds.

Takahashi and co-workers [61—64] have stud-
ied BiyO3 doped with SrO, CaO, La,03, WO3,
Y,0; and Gd,05. In all cases, conductivities were
markedly superior to the zirconia-based electro-
lytes, but concern about the ease with which the
compounds form solid solutions casts a shadow on
their ultimate usefulness. Table III lists some
typical results. Up to ~25% dopant level there is a
phase transformation between ~ 600 and 700° C,
reminiscent of pure Bi,Os;, when o increases by
about three orders of magnitude and approaches
~1Q7 tem™ at 800° C. Above this level of doping
(up to ~50%) the conductivity varies continu-
ously with temperature, but falls with increase in
dopant. Activation energies in this range are ~0.8
ev. Only the low temperature forms of pure Bi, O3
and the low dopant WO3; compound show appreci-
able electronic conductivity. Different dopants
and the degree of doping give different crystal
structures, but all structures contain oxygen
vacancies. Another possible oxygen conducting
compound is LaOF, which Kleitz [65] suggests
may allow movement of oxygen by exchange of
sites with fluorine ions. If this is the case, however,
it scems reasonable to expect some F~ conduc-
tivity as well.

TABLE III Oxygen conductivities in doped bismuth
oxides

Conductivities
©Qtem™)

6 X 10(500° C),
2.5 X 1072(600° C),
2.2 X 1071(700° C)
~107(730° C)

1.2 X 107(500° C),
1.6 X 1071(700° C)
2—4 X 1072(600° )
4.5 X 1072(600° C)

Compound

(Bi,05),,5(Sr0),,
(sz 03)5.58-0.667(W03)0.2-0.333
(Bi,0,).75(Y205)0. 25

(BIZ 03)0.65 (Gd2 03)0.35
(Bi203 )0.9(Gd203 )O. 1

Apart from oxygen, the only other anion to be
consistently mobile is fluorine. Typical fluorides
cannot really be regarded as fast ion conductors
but in doped CaF;, conductivities can approach
1072Q em™ at 700° C, with activation energies
~1eV. CaF,is interesting in that doping with
NaF produces F~ vacancies, whilst doping with
Y3 leads to F~ interstitials, and both types of
material have similar fluorine conductivities [66].
Further work in this area involves the use of higher
YF; concentrations, possible use of YbF;as
dopant, and investigations of the ternary system
CaF,—CaYF,4—NaF. Derrington and co-workers
[67,68] have studied the ionic conductivity of
some alkaline earth halides with various structures
and distinguish three classes of behaviour. For
MgCl,, CaCl,, CaBr, and BaBr, there is an increase
in conductivity of several orders of magnitude on
melting, whilst BaCl, and BrBr, show a solid—
solid transition accompanied by a large increase in
conductivity with little subsequent change on
melting. CaF,, SrF,, BaF, and SrCl, have con-
tinuous conductivity plots as solids, and ¢ changes
very little on melting. However, at 700°C, ¢ <
1072Q7'em™ for all except SrCl, (~1071Q7
em™) and E4 ~2eV. These and other workers
have studied lead halides, both pure and doped
with potassium. For example KPb,F, has a phase
transition at 280° C and at ~300° C, ¢ is greater
than 107327 'cm™ [69]. Some work has been
done on a number of fluorides with tysonite-
related structures (LaFj, CeF3, YF,, ErF;). Best
amongst these is LaF; doped with 5% SrF,, when
0~10"Q  em™ at room temperature, rising to
1072Q7'cm™ at 400°C [71]. Koryta [70] re-
ports that the lanthanum fluoride solid electro-
lytes (and the silver halides) have been used in ion
selective electrodes for inorganic chemical analysis.
Applications of fluorine conducting electrolytes
include the Ca/CaF,/NiF,, Ni battery which has
an open circuit voltage of 2.78 V, offering potenti-
ally high energy densities. Mg can replace Ca as the
anode material, whilst FeF, or CrF, can be used
for the cathode [66].

Currently there is considerable interest in the
possibility of finding solid electrolytes which
conduct other anions, e.g. carbon, nitrogen and
sulphur. These would be used in electrochemical
probes for monitoring the elements in industrial
processes. The materials depend very much on the
exact nature of the application, but examples of
those tried are Na,CO;/Li,CO;, BaC,/BaF,,
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CaS/Y,S; and AIN. Other possibilities may be
found in some oxide systems (e.g. CaO exhibits
high C diffusion).

7. Hydrogen conductors

Applications of hydrogen ion conductors are easy
to envisage, and they would find immediate use in
low temperature fuel cells, etc. However, few
materials have been found which exhibit such
conductivity. This is associated with the instability
of the hydride ion, H™, in all oxidizing environ-
ments, and the ease with which the small proton
(H*) is trapped. The hopping mechanism of
proton conduction in aqueous systems has not so
far been found in solids. Only a small amount of
data is reported in the literature. Solid KHF,,
which in its low temperature a-modification ex-
hibits protonic conduction has a conductivity of
~1077Q 'em™ at 196° C [72], the temperature
at which it changes to the §-form. The a-phase has
a tetragonal cell unit in which alternating layers of
F—H-F dumb-bells and potassium ions occur
-perpendicular to the c-axis, whilst the §-phase has
the same structural units in the cubic NaCl array.
At 196° C the conductivity jumps by almost three
orders of magnitude, but now 75% of the current
is carried by F~ and 25% by K. The protonic
contribution in this phase could be the same as
in the a.phase. The ease with which hydrogen
bonds are formed will naturally impede hydrogen
mobility, but they can be the key feature in
interesting structures which may exhibit ionic
conduction. For example in KDP, KH,PO,,
infinite three dimensional networks of PO3™ anions
are joined to four neighbouring groups by hy-
drogen bonds between each oxygen atom on one
group and one oxygen atom on each of the neigh-
bours. All the hydrogen bonds in the lattice are
involved in these bonds. The potassium ions reside
in the interstices of the framework. Doping with a
divalent anion such as SO will form hydrogen or
K* vacancies which may allow diffusion, whilst
addition of, for example, PO; may also allow the
movement of hydrogen. (NH,),H3IOg4 has a simi-
lar structure [73]. Indeed, recent measurements
[74] of proton mobilities in KDP doped with
S0? and SiO3™ at the level of fractions of a mole
percent give values of oo~ 10 and E, ~0.6eV
(typically). Proton mobility has also been investi-
gated in hydrogen tungsten bronzes of formula
Hg .46 WO3, Hp 3o WO3 using pulsed nmr [75].
Activation energies of 0.14, 0.19eV and corre-
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lation time pre-exponential factors of 69 and 47 n
sec were obtained respectively.

8. Alkali ion conductors

The interest in materials which contain highly
mobile alkali ions stems from their possible
applications in solid-state battery systems and the
like, which at the present time are of considerable
technological interest. The highly electropositive
alkali ions provide the possibility of large cell
voltages and very high energy densities. In general
terms, a particular material will be required to act
as either an electrolyte or an electrode. Both appli-
cations require solids with a high ionic conduc-
tivity, preferable at ambient or relatively low
temperatures. For an electrolyte material the
restriction of low electronic conductivity must be
added. A mixed conductor is suitable for electrode
applications since it provides compatibility be-
tween the device (in which current is carried by
ions) and the external electronically conducting
circuit.

Data on alkali ion conductors is collected to-
gether in Table IV. Many of the compounds listed
in Table. IV have been selected for study using the
criteria for FIC outlined above. Broadly they
fulfil at least one of the requirements of (a) an
open framework of ions within which the alkali
ions can reside and (hopefully) move, and (b) an
excess of available sites over the number of mobile
ions actuvally present. The information presented
in Table IV is largely the result of the rapid recent
expansion in FIC research, and as such the experi-
ments have been performed in a variety of ways,
from the superficial level (as in materials screening
surveys) to the extremely useful and thorough
examination of just one particular compound.
Generally, it is fair to conclude that the data
presented here cannot be regarded as the last word
on any of compounds studied, and that further
and more detailed experiments will no doubt
provide additional useful information. Further-
more, some of the compounds mentioned in Table
IV may, in the pure form, have discouraging ionic
conductivities which can be greatly enhanced by
doping with other ions.

In the following two sections, some comments
on the contents of Table IV are made, primarily
with a view to outlining the major features. In
Fig. 6, some of the data presented in Table IV is
portrayed graphically, the shaded region being the
area of prime technological importance.
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8.1. B-alumina-type compounds

Compounds with the -alumina type of structure
have been extensively studied with particular
reference to FIC. They have the general formula
M,0.11 Al,O3 where M is an ion in group IA or
IB of the Periodic Table. In the most commonly
studied compounds M is Na or Ag, but all the
isotypes are readily formed by ion exchange. The
crystal structure (Fig. 2a), is basically hexagonal
and shows a layered formation perpendicular to
the ¢-direction. Blocks of aluminium and oxygen
ions in a spinel-like configuration provide the main
structure, but these are interspersed by layers
contajning oxygen and sodium* ions only. The
spinel blocks are separated by Al-O—Al “pillars”
and are mirrored in the Na—QO plane. The spacing

*In sodium g-alumina Na, 0.11A1, 0,

is such that motion of the Na ions is possible, in
two dimensions within the layer. No motion is
possible in the c-direction. The unit cell has a
c-dimension of 22.6 A and involves two spinel
blocks related by a two-fold screw axis. Several
modifications to the structure are found, the most
common being that of §"-alumina (M,0xAl,05:
x =~15 to 7). This has three spinel blocks in it’s
unit cell related by a three-fold screw axis. Any
samples of “B-alumina” generally consist of a
mixture of both the § and §” phases, but the
latter may be stabilized by the addition of, for
example, MgO or LiO,. This is advantageous in
some respects since the ionic conductivity of the
8" phase is higher, but in many applications this
has to be balanced against lower mechanical
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strength. In the mirror plane of the unit cell of
these structures the sodium ions can take up one
of two possible positions (Fig. 2b). A study of the
crystal structure indicates that these two sites are
equivalent in B"-alumina but non-equivalent in
B-alumina itself. In both cases there is insufficient
sodium present in the structure to provide full
occupancy of these sites and the transport proper-
ties are governed by the motion of the sodium ions
by some form of interstitial or interstitialcy
mechanism. Further and more detailed structural
information will be found elsewhere [26]. Al-
though the low site occupancy is a necessary
condition for fast ion transport to occur it is not
necessarily a sufficient one, and the precise mode
of transport in S-alumina type materials is not well
understood. In fact a study of the crystal structure
particularly from an electrostatic viewpoint does
not lead to the very low values of activation
energy for motion which are observed. Several
models have been put forward to explain FIC in
these materials, notably the domain theory [76] .
Sato and Kikuchi [77] discuss the problem in
terms of vacancy mechanisms in a cation-disor-
dered phase. They employ a mathematical path
probability method. A purely phenomenological
treatment of FIC is discussed in the free-ion model
of Rice [78] (See also [127] and [128]). A parti-
cularly significant calculation on the high mobility
in beta-alumina has been performed by Wang et al.
[136] . They determine potential energy curves for
various carrier ions taking into account Coulomb
potential energy, the short range repulsive Born—
Mayer potential, and the polarization energy. The
energy difference between the two alkali ion sites
in the mirror plane is found to be ~2eV in
stoichiometric crystals, but in (real) crystals,
containing an alkali excess, the extra ions may
form interstitialcy pairs whose in-phase motion has
a potential energy barrier comparable to experi-
mental activation energies. Attempt frequencies
and pre-exponential factors calculated using this
method also show good agreement with experi-
ment.

Many workers have studied this type of ma-
terial experimentally. In particular, the sodium
form Na,0O. xAl,0;3 has been prepared with a
range of values of x, but most commonly with

=11 () and x =5 to 7 (8"'). In these forms it
has been prepared as single crystals and as poly-
crystalline compacts by both sintering and hot
pressing [79]. The properties of the latter are
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strongly dependent on fabrication conditions. For
preparation details see for example [80, 81].
B-alumina has been investigated using most of the
techniques outlined in Section 2. Conductivity
measurements have been made using both a.c. and
d.c. techniques using either blocking platinum,
silver or gold electrodes or reversible electrodes
such as molten sodium or sodium salts, or solid
bronze type structures. The highest reported
conductivities for sodium beta alumina of 0.033
Q7 'em™ [12] and 0.014Q7'em™ [6] at 300K
were determined using single crystal samples with
current flowing perpendicular to the c-axis. The
former workers used indium electrodes at 1.5 MHz
and reported no frequency dependence. In [6]
reversible tungsten bronze electrodes were used at
10kHz. Additional references which cover in some
detail the many aspects of B-alumina type ma-
terials are [8, 11, 15, 19,20-23,29,82-97]. The
thesis of McGowan [88] contains 151 references
to f-alumina and related topics.

In addition to the different forms of S-alumina
materials, which include the replacement of
sodium by Ag, Li, K, Sr, etc, there also exist
materials in which aluminium is replaced by
gallium and iron. S-gallia and S-ferrite both have
the B-alumina structure and may also allow vari-
able concentration of a number of different
mobile ions. Little information is available for
f-gallia, but in many ways its properties appear
similar to f-alumina. Details of preparation of
polycrystalline samples are given by Boilot et al.
[22], who also measured the ionic conductivity
using a four-point a.c. technique with platinum
electrodes. They report a value of 3 x 1072Q7!
cm™' at 300° C and an activation energy of 0.25
eV. Chicotka [98] reports conductivity measure-
ments on sintered §-gallia, Na,O. xGa,03, with x
in the range 3.5 to 11. o was frequency indepen-
dent at greater than 10°Hz, and peaked in the
range 5.5<x<6.5. Forx=6,0=0.14Q'cm™!
at 300° C, E5 ~ 0.13¢V. Single crystals of 8-gallia
have been grown using an NaF flux [99]. 8-ferrite
is unique in that it is also an electronic conductor,
and so is a good candidate for electrode appli-
cations. In addition, it is relatively easy to change
the proportion of alkali ions in the lattice. Dudley
and Steele [100] have studied the ionic and
electronic conductivity of K B-ferrite. The elec-
tronic conductivity and its activation energy vary
with stoichiometry, and at 610K, ¢, =1.5Q7!
em™, 6;=23x102Q 'em™. Generally, the



ionic conductivity compares with K §-Al; O3, but
the electronic contribution is much greater.

8.2. Tunnel structures

The basic building block of a large number of tunnel
structures is the octahedral configuration of
oxygen ions around cations typically found in
ReOj; and TiO; (rutile) structures.

The ReOj structure is cubic, with the rhenium
atom at the cube centre surrounded by six oxygen
atoms arranged octahedrally at the face centres
(Fig. 3a). A closely related structure is that of
perovskite with the general formula ABOj, e.g.
CaTiO3. Here element B replaces Re and two
atoms of element A are added at the face-centred
positions not occupied by oxygen (Fig. 3b). This
structure is only stable for elements with ionic
radii obeying the equation:

Ro +Ro = t/2(Rg + Ro)with 0.9<¢< 1

(b)

{a)

and with ions of comparable size occupying A
and O positions. In a great number of compounds
with the perovskite structure, A is an alkali or
alkaline earth ion, and B is a transition metal ion.
The linking together of the oxygen octahedra
surrounding B at their corners leaves the A atoms
as interstitials in tunnels which run parallel to one
of the cube axes. In ABOj all of the A sites are
occupied, but series of nonstoichiometric com-
pounds exist with a lower occupancy of A sites.
These materials have the general formula A, B, O,
(0<x<1) where B,O, (x =0) is the highest
binary oxide of the element B and are known as
“bronzes”. The first compounds discovered with
this structure were the tungsten bronzes (A, WOs3).
Their structure is intermediate between the
AWO; perovskite and the WOj; structures, the
latter being a distorted (monoclinic) version of
ReQ; with the tungsten atom slightly off-centre
and alternately long and short W—W bonds. The

Figure 3 The structure of (a) ReQO, (b) perovskite and (c) rutile. The octahedra have oxygen ions at their vertices and
cations at the centres. Projections down the chains are also shown. In (¢) the single and double rutile chains are
illustrated as well as (lower) the rutile structure. Infinite lattices are generated by vertex sharing. After [129].
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Figure 4 001 projections of tetragonal 1 and cubic tung-
sten bronze structures.

symmetry of the crystal structure decreases with
the value of x and passes from cubic, through
tetragonal, to monoclinic and orthorhombic
forms. Hexagonal structures have also been des-
cribed. All the structures are based on the linking
of WOg octahedra by corner sharing, but the
particular structure adopted in each case is also
controlled to a considerable extent by the ionic
radius of A. This size constraint is not found in the
vanadium bronzes A, V,0s. The way in which the
octahedra may link is shown in the illustration of
the cubic tetragonal bronze structures (Fig. 4). In
the cubic form, rings of four octahedra produce
one type of tunnel with square cross-section.
However, in the tetragonal case, three-, four- and
five-membered rings lead to tunnels of triangular,
square and pentagonal cross-section. The tunnels
only run in one dimension and the size of the
A-type ion may limit its occupancy in the small
channels. Similar stability criteria exist for both
the bronze structures and the perovskites. Some
of the related compounds of vanadium, moly-
bdenum and niobium are more complicated than
those of tungsten. Several of these, including a
potassium molybdenum bronze, show a sheet
rather than tunnel structure.
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In the rutile (TiO,) structure (Fig. 3c), the
Ti atoms are in a body centred tetragonal forma-
tion with each atom surrounded by a slightly
distorted octahedral arrangement of oxygen
atoms. It is by both corner and edge sharing of
these octahedra that a tunnel structure similar to
ReQ; is formed. Here the tunnels are one octa-
hedron in width and length, extending infinitely
in a direction parallel to the c-axis.

A rearrangement in the linking of the oxygen
octahedra leads to other well-known structures.
Ramsdellite has tunnels which are two octahedra
wide and one long, whereas the tunnels of hollan-
dite (Fig. 5) are two octahedra in both width and
length. Tt is the hollandite structure .which is
therefore most able to accommodate atoms within
its tunnels and may be a suitable structure for
FIC. For many of the compounds found to exist
with this type of structure there is a partial re-
placement of the transition element (usually

{(a)

AN
2 AN

<
AR
%«&«

AU

Figure 5 The structure of (a) hollandite (b) ramsdellite
and (c) psilomelane, using the structural elements of
Fig. 3. These structures may allow fast cation motion
down the tunnels. After [129].



titanium) by other metals such as magnesium
or aluminium. The ion most compatible in size
with the typical width of the tunnels in hollandite
is potassium, and this should travel along the
channels with a low energy of migration. These
compounds also exist over a wide range of stoi-
chiometry which leads to low mobile ion site
occupacy. Typical compounds have the form
A B,/ Tig 2016 with A an alkali or alkaline
earth metal and B another metal. The range of
x is typically 1.5 <x <2.0.

All of the structure types described above
(discussed in greater detail in [129]), have parallel
tunnels in one dimension only. This is a disadvan-
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tage from the viewpoint of ionic conduction since
they may easily be blocked by impurity atoms,
for example, which will impede ionic motion.
The situation will clearly be helped by the presence
of interconnections between the tunnels which
will allow obstacles to be by-passed. We therefore
need to find a material with a two- or three-
dimensional interconnecting tunnel structure.

One group of compounds which exhibit such
a three-dimensional structure is the hexacyano-
ferrates A, BFe(CN)s with A an alkali metal and
B a divalent alkaline earth or transition (post-
transition) metal ion. The crystal structure is,
in fact, a distorted perovskite, with alternating
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B and Fe ions at cube corners and face centres
leading to a superlattice structure. The CN~
ions form the tunnel walls.

In addition to this group of compounds,
many other single materials (e.g. NaSbOs, Na,
Fe, Ti, _.04) are found to exist with multi-
dimensional tunnel structures, which are dis-
tortions of the previously described octahedral
configurations. Other materials falling into the
category, and particularly investigated by Good-
enough ef al. [101] are materials of the pyro-
chlore structure (which are well known to ion
exchange) and the analogues of NaSbOj; [118].
One particular compound of interest is NajZr,
PSi, Qy,, which is stable to molten sodium and
has conductivity comparable to f—Al, O3 in the
important temperature range. This compound
has corner shared oxygen octahedra and tetra-
hedra with some sodium ions octahedrally co-
ordinated to oxygen at the intersection sites
of continuous networks of three-dimensional
tunnels. Other sodium ions reside along the
tunnels, whose minimum diameter bottleneck is
large enough to allow ready diffusion of the
ions. This material, known colloquially as “‘nazir-
psio”, has stimulated a great deal of interest.
It competes directly with beta-alumina at the
operating temperature of the sodium—sulphur
battery, and appears to have the required
chemical stability. Furthermore, it indicates
to those involved in the search for new materials
that careful application of the principles of struc-
tural chemistry can bring its reward.

Solid electrolytes based on lithium sulphate
have been a fruitful area of research. Kvist, Lun-
den and co-workers have studied ionic conduct-
ivity and diffusion in a wide range of solid solutions,
and a representative collection of data is presented
in Table IV. Lithium sulphate itself has a phase
change to a highly conducting fcc structure at
572°C in which there are three available sites per
cation, There is appreciable conductivity of
~197 em™ at 600°C, and only a slight increase
in conductivity when the compound melts at
860°C. Some of these electrolytes have been
incorporated in small cells [124]. These materials
and their high conductivity, should provide a
precedent to encourage workers to examine other
apparently simple materials for anomalously high
ionic conductivity.

9. Conclusion

This review has attempted to present a compre-
hensive compilation of currently available FIC
data. In the case of the alkali ion conductors,
discouraging data on a number of materials is
listed, whilst others are essentially speculative
suggestions. It seems likely that the discovery of
new materials will continue on this ad hoc and
partly empirical basis, but steady progress over the
next few years should produce a greater degree
of understanding and consequently a better
insight into the properties required for improved
fast ion conductivities.
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