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Abstract. In recent years, considerable interest has been focussed on developing solid
electrolyteswith high ionicconductivities.One of the latest techniquesis the dispersion of a
non-conducting and chemicallynon-interactingphase in the solid electrolyte.These dectrolytes have beenreferredto as dispersedsolid-electrolytesystems.The present paperbriefly
reviews the characteristic features of dispersed solid-electrolytesand the mode of ion
conduction in these systems.
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1.

Introduction

One of the reasons for developing solid electrolytes is the need to minimize irreversible
losses arising from the high internal resistances in traditional electrochemical devices
with aqueous electrolytes. The reduction of internal resistances will assist in the
attainment o f high reaction rates and good transport conditions. One obvious way to
reduce these resistances would be to operate the electrochemical devices at high
temperatures. This, however, necessitates the use of ceramic materials having suitably
high specific conductivities for ions which can take part in electrochemical processes.
The development of such materials, called fast ion-conductors, has contributed to a
breakthrough in electrochemical technology. In the literature (Rickert 1982), substantial amount of research and development work has been reported to achieve
industrially viable fast ion-conductors. Starting from the discovery of high ionic
conductivity in ~-AgI (Strock 1934, 1935) during the 1930s, AgaSI (Reuter and Hardel
1961, 1965), RbAg4I 5 (Bradley and Greene 1966, 1967; Owens and Argue 1967)and/~alumina (Weber and Kummer 1967) in the 60s, Nasicons (Goodenough et al 1976) and
Lisicons (Hong 1978) in the 1970s, the present day endeavours are in developing
dispersed solid-electrolyte systems, wherein an ionically conducting matrix is dispersed
with a chemically non-interacting and electrically non-conducting phase. Such solid
electrolyte systems have been reported to exhibit significantly higher ionic conductivities in relation to pure host solid electrolytes. The present paper highlights some
important facets of these solid-electrolytes.

2.

Historical background

The development of dispersed solid-electrolytes could be linked to the observation
made during the beginning of this century (Jander 1929) that the conductivity of two1"CommunicationNo. 352 from the Solid State and StructuralChemistry Unit.
* To whom all correspondenceshould be addressed.
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Figure 1. Enhancements in ionic eonductivities for various mixtures as a function of
temperature: (a) CaF2-CeO2 (2 m/o. 0-01/an), Co)CaFz-A120~ (2 m/o, ~02/an), (c) AgIAIzO3 (30 m/o, 0-06/~m), (d) Agl-AgBr (20 m/o), (e) AgCI-AI20 a (3 v/o, 0-3/am), (0 CuC1A120a (10 m/o, 0-06/an), and (g) Agl-flyash (t3.5 w/o) (m/o = mole %; v/o = volume ~ ;
w/o = weight %).

The factors which produce such as enhancement in ionic conductivity of these
dispersed solid electrolytes are:
(a) Temperature: As is evident from figure 1, the relative enhancements in ionic
conductivity of the dispersed solid electrolytes, with respect to their pure phases, are
substantially higher at low temperatures. Also, a decrease in activation energies for ion
migration with respect to pure phases have been observed as shown in table 2. The
conductivities of the dispersed solid-electrolytes and those of the pure phases become
almost the same at high temperatures in many systems like AgCI-SiO 2 (Maier 1985a),
LiI-AI20 3 (Liang 1973) and CuC1-A120 3 (Jow and Wagner 1979). However, for the
systems CaF2-A12Oa and CaF2-CeO2 (Vaidehi et al 1986) there is a break in the
conductivity of the dispersed phase. For all temperatures where measurements have
been made, the conductivity of the dispersed electrolyte in these systems is higher than
that of pure CaF2. Difference between the conductivities of the dispersed and pure
phases has also been observed upto the melting point for the AgI-AgBr system (Shahi
and Wagner 1982b), in which there is solid solubility of the dispersed phase in the
matrix.
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Table 2. Summary of electrical transport data.

Material/composition
AgI (pure~
Agl + 30 m/o hydrated AIzO3a
AgI + 10m/o SiO2*
AgI + 13.5w/o flyasha
AgC1a
AgCI+ 13rn/o A1203a
AgCI + 11 v/o SiO2a
AgBr*
AgBr+ 10v/o Al2Oaa
CaF2b
CaF2+ 2 m/o A1203b
CaF~ + 2 m/o CeO2b
Lila
Lil +40m/o A1203a

Defect
Defect formation energies (eV)
migration
energies (eV)
Vacancy
Interstitial
0.56
0.26
0.29
0.26
0.8
0-31
0.30
0.75 to 0'8
0-35
0'91
0-71
0.66
0.8
0-42

0"3

0.14

0.29

0.045

0.33

0.14

0.51

0.92

a After Maier 1985b; bafter Vaidehi et al 1986.

(b) Concentration of the dispersoid: The ionic conductivities of dispersed solidelectrolytes generally exhibit a maximum at a certain concentration (see figure 2), A
broad break, covering a large range of concentrations, has also been observed in HgI 2AI20 3 (Pack 1979; Pack et al 1980), and AgI-predried A1203 (Shahi and Wagner
1982a). It is noteworthy that unlike the case for solid electrolytes dispersed with
hydrated alumina, the enhancements in the conductivities o f solid electrolytes
dispersed with predried alumina are insignificant. The role of hydroxyl ions in
enhancing the ionic conductivities of the dispersed solid-electrolytes is hence not ruled
out.
(c) Particle size of the dispersoid: The enhancement in ionic conductivities is a strong
function o f the particle size of the dispersoids. Figure 3 shows the variation of ionic
conductivity with particle size for CuCI-10 mole ,% A120 3 (Chang 1978) at 373 K. The
conductivity decreases with increase in particle size. Similar behaviour has also been
reported (Shahi and Wagner 1982a) for other systems also. As is evident from figure 3,
the conductivity enhancements for a given concentration of the dispersoid are large for
small particles. Probably, the large dispersoid particles block the path for ion
conduction in these solid electrolytes.
(d) Method of preparation: A dispersed solid-electrolyte system is prepared by mixing
the two c o m p o n e n t s - ionic conductor and insulator- followed by sintering. When the
particle size of the dispersed solid is much smaller than that of the host matrix, the
dispersed solid-electrolytes prepared by the powder method would contain most of the
dispersoids along the grain boundaries. The sintering temperature is found to influence
the conductivity of dispersed solid electrolyte. Figure 4 illustrates the variation of
conductivity with calcining temperature for CaF2-AI20 3 (Fujitsu et al 1985) which
exhibits a maximum at 1773 K. Jow and Wagner (1979) have reported similar results for
CuCI-AI203 system.
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Figure 2. Variation of ionic conductivity with concentration of dispcrsiod for various
dispersed so|id-cir
(a)AgI-hydratcd A1203 (25~ 0.06/ml), (b) LiI-Al20 3
(c) Agl-predried A120 3 (25~ 0.06/an), (d) Ag]-flyash (24~
and
(25 + 2~
(e) CaF2-AI20 3 (500~ 0.06 ]Jrrl).

4.

Mode of conduction

In order to explain the conductivity behaviour of biphasic mixtures of materials several
theoretical models have been advanced in the literature (Rayleigh 1892; Lichtenecker
1924; Landauer 1952; Maxwell 1965; Wagner 1972; Crosbie 1977, 1978; Pack 1979; Jow
and Wagner 1979; Stoneham et al 1979; Maier 1984; 1985a, b). A number of different
shapes and arrangements of the mixture can be visualized. Conductivities of a
bimetallic mixture frequently expressed in metallurgical literature (I_andauer 1952) are
PM = x l P l + x2p2,

(1)

where PM is the resistivity of the mixture; x t and x 2 are volume fraction of materials 1
and 2 respectively; pl and P2 are their respective resistivities. This would be correct if the
materials were arranged in alternate layers, perpendicular to the direction of current
flow. In such a model, the current cannot avoid the regions of high resistances, as it will
do if the regions are mixed at random. Also, the approximation is adequate only if the
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Figure 4. Effect ofcalcining temperature on conductivity for CaF2-20 m/o AI20 a of 0-3/an
particle size,

two phases are passive. Therefore, (1) will give an upper limit for the resistivity. If
the layers are parallel to the direction of current flow, then the total conductivity of
the mixture, au, will be given by
a u = xt~rl + x 2 a 2 .

(2)

Equation (2) will give an upper limit for the conductivity. The current can therefore
flow straight through the regions of low resistivity preferentially, without having to
follow a warped course, as will be the case in a random mixture.
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Another approximation, which agrees better with the measured values of the
resistance of metallic mixtures was put forth by Lichtenecker (1924):
(3)

PM = P~P~.

Equation (3) may be considered as an improvement over (1) as it incorporates the nonpassive components of the two chemical phases to a certain extent. In comparing the
results of existing theories with experimental results it becomes apparent that all
methods of interpolating between a I and ~2 or between Pl and P2 give good results if
the two conductivities are of the same order of magnitude. The ~'alidity of such theories
can only be critically tested by considering the case where the conductivities al and az
differ appreciably. It can easily be seen that (3) does not meet this requirement. If there
is only a very small amount of material 2 with Pz = 0, (3) gives PM = 0. Actually, a few
small particles of perfect conductor would not alter the conductivity of a medium
appreciably, since most of the current's path would still be in a medium of finite
conductivity. Similarly a small trace of 2 with P2 = oo would give PM = oowhich is
unreasonable.
Rayleigh (1892) treated the electrical conduction in biphasic systems by considering
that material 2 exists in the form of spheres or cylinders, forming a rectangular array
which is embedded in material 1 (figure 5). In this model, there exist lines of current flow
which stay entirely within material I and are never interrupted by meeting an obstacl~
of material 2. On the other hand, current can never flow from a piece of material 2 to
another piece of the same material without traversing a region of material 1. Therefore,
even if there are equal volumes of 1 and 2, it will primarily be the conductivity of
material 1 that predominates. Rayleigh's treatment is accurate only if the amount of
material 2 is small compared to that of 1 or if the situation is one in which material 1
always envelops material 2. Physical arrangement in real systems rarely corresponds to
the idealization in Rayleigh's model.
Wagner (1972) attempted to explain the conductivity behaviour of biphasic
semiconductor-metal mixtures, such as Zn-metal dispersed in ZnO. Having found the
existing theories to be inadequate, he introduced the concept of the existence of the
space-charge region at the interface, caused by the charge density gradient (or potential
gradient) due to the non-passive nature of the different components present in the
mixture, at the interface. Following Wagner, Crosbie (1977, 1978) studied the electrical
conduction in TiO2-SiO2 mixtures and explained the data using the equation:
a(dispersed solid)/a(host) = { 1 + 0-83 alz

I

(4)

Here, ~ (dispersed solid) is the conductivity of the biphasic mixture, a (host) is the

@'@|
@'@@:@
Figure 5. Rayleigh'smodel for two-phasesystems.
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conductivity of the pure host matrix; # is a structural factor 20; Z is the effective charge
on the defects created; V~is the volume fraction of dispersoid in the mixture; r 1 is the
radius of the dispersoid particle and 2 is the Debye length given by

2 = (8~e2c(oo)/ekT) 1/2,

(5)

where e is the dielectric constant of the medium at temperature T, k is the Boltzmann
constant, c ( ~ ) is the defect concentration in the bulk and e is the fundamental charge.
Jow and Wagner 0979) have extended this approach to explain the enhancement of
ionic conductivity in CuCI-A120 3. Akin to Wagner's approach, these authors also
propose that ultrafine dispersoids (phase-A) form well defined space-charge regions in
contact with the host electrolyte (phase-MX). Sphericity of the dispcrsoid particles
assumed in the model (figure 6) gets support from the electron microscopy studies
(Shahi and Wagner 1982a). An increase in defect concentration in this space-charge
region enhances the ionic conductivities of the electrolyte. The total conductivity of the
biphasic mixture including the contribution from the space-charge (sc) region ~sc, and
neglecting the conductivity of insulting phase-A, is given by
o" = a o + asc

(6)

crsc, the space-charge region contribution, is calculated between distances r I and r 2 as
shown in figure 6(c). In the spherical polar coordinates asc will amount to:

.

[n I (r) -- n~(oo)'] r z dr sin 0
jo

"'--"

(7)

..

x

MX

(a)

'i~

lllj~--Sp~r-chargeregion
MX

(b}

\, ~ _ . . / / . /
MX

X

Figure 6. (a) Particle of A-phase embedded in MX-mater'ml and bearing a space-charge
layer around it, (b) spherical approximation to the shape of A-phase particle, and (c) .schematic
cross-sectional view of a single A-phase particle of radius, rt, in the matrix, MX.
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Substituting in (6) for O'sc from (7) gives for the total conductivity

{f ll f ,2 fi.[n,(r)_n,(oo)]r2drsinOdOde/)}
i

,

f

f'j
/'!

[:r2drsin0d0d~b
I,

(8)
Here, /~ is the mobility of the ith defect species; n~(r) and nl(oo ) are the defect
concentrations at a point r and in the bulk, respectively. The summation runs over all
the different defect species. For 2 ,~ rt, that is when the space-charge layer is much
smaller than the size of the dipersoid particles the excess defect concentration in (8) is
taken to be the arithmetic mean, ( An~ >, of the defect concentration at the surface and
the bulk. Thus, ~sc reduces to
trsc = • e#, < Ani > 4r~r~ 2/(4~/3)(r~ - r~).

(9)

l

Assuming that (rl/r2) 3 = Vv the volume fraction of the dispersoid, (9) becomes
trsc = 3 ~ e#, (An i > (21r,)(Voll - Vo).

(10)

l

Equation (10) gives only a qualitative indication of the temperature dependence of
dispersed solid-electrolytes. The enhancements observed in ionic conductivities of
dispersed-solid electrolyte systems in relation to the pure host matrices are larger at low
temperatures than those at high temperatures. This is envisaged by (10) since the Debye
length, 2, decreases with increasing temperature. Equation (10) also explains the decrease
in conductivity with increase in particle size of the dispersoid in conformity with the
experimental findings (figure 3). This model is limited to small concentrations of the
dispersoid and does not predict a maximum in conductivity of the dispersed solidelectrolyte at a particular concentration of the dispersoid as observed experimentally
(figure 2). Besides, this model does not explain the mechanism leading to the
enrichment of defect concentration in the space-charge regions of the various dispersed
solid-electrolytes.
Recently, Maier (1984, 1985a, b) has proposed an approach for estimating the bulk
conductivity of a dispersion of an insulator phase-A, in an ionically conducting matrix,
phase-MX, employing the principle of parallel-switching (Maier 1985a). The physical
situation adopted to estimate the total conductivity of the dispersed solid-electrolyte
system is shown in figure 7. This model accounts for some of the inadequacies in the
approach due to Jow and Wagner (1979). The model treats the space-charge region as a
separate phase and considers each phase as a parallel resistor. The total conductivity, a,
of a dispersed solid-electrolyte given by

=/~A~A~A
+/~ ~ ~~

+/~sc~sc~sc,

(11)

where, m denotes the bulk M X ; d~j is the volume fraction of phase i; fit is a parameter
describing the deviation from the ideal parallel-switching.
It would be appropriate to discuss the underlying defect chemistry of the dispersed
solid-electrolytes to rationalize Maier's approach. Formation of Frenkel defects in a
solid involves two steps (figure 8a). In the presence of the phase-A which does not react
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chemically with M X , the defect equilibrium may be affected. Attraction of metal ions
(M) from the phase-MX by the chemical species present in phase A leads to enrichment
of surface vacancies through step 2 of figure 8b. The process of attraction of the M-ions
from the host electrolyte M X to phase-A proceeds in the manner shown in figure 9a. A
repulsion of M-ions on the surface of M X by the chemical species on phase-A is equally
feasible as shown in figure 9b. This would also lead to enrichment of surface vacancies
as the forward reaction in step 2 of figure 8a will be more favoured. These attraction
and repulsion processes are discrete and only one of them occurs for a given system
under specific conditions. It was indicated earlier in our discussion that hydratedA1203 dispersoid leads to a larger enhancement in conductivities than the predried
Al20 a (figure 2). This could be due to attraction of Ag + ions by the hydroxyl groups
present in hydrated AI203. In Schottky solids, however, a different situation exists. The
Fr~ sur|acc

MM§ s ,

~ Ms+V M'

Step 1

M; + ~,

-

M; + vs

step 2
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~ M~* vsl
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M;~, vi 'L " M~ + vA
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Figure 8, Defect fornmtion m Frcnkr solids: (=) on a frce surface and (b) in presenceot'a~
insulator phasc-A.
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Figure 9. (a) Attraction mechanism by phase-A, and (b) Repulsion mechanism by A-phase.

defect equilibrium for formation of Schottky pairs is given in figure 10. In the presence
of phase-A both cations and anions will compete for attraction and repulsion.
Consequently, these two processes will be non-discrete in nature. It thus becomes
difficult to predict categorically whether the conductivity of a solid with Schottky
defects will be enhanced by a dispersed solid. On the basis of the above discussion, it
becomes quite evident that the presence of the dispersoid phase-A in a Frenkel solid
would always lead to enrichment of surface vacancies in the space-charge region but not
necessarily so in a Schottky solid.
The electrical conductivity component due to the space-charge region obtained by
Maier by the exact integration of (8) in one-dimension cartesian co-ordinates using an
exponential variation of the defect concentration is
~sc = e(2;.)~t~(CvoCo~,)1/2.

(12)

Here,/a, is the mobility of vacancies; C~o and Co~ are the concentrations of vacancies at
the surface and the bulk, respectively; 22, the length factor is assumed to be the
thickness of the space-charge layer. The dispersoid particles are assumed to be spherical
and surrounded by a spherical space-charge region of thickness 22. The volume of the
space-charge region is obtained by subtracting the volume of inner sphere from that of
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Figure I0.

Formation of cation and anion vacancypairs in Schottky so]ids.
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the outer sphere and is given by
Crsc = 3 x (22/ra)q~ A

(13)

where ra is the radius of the dispersoid particles. The total conductivity from (11) is thus
given by
~r = (1 - q~A)a~o+ 3e~sc22(qbA/ra)#u(CvoC~) 1/~.

(14)

Here, the conductivity due to the insulating phase-A has been neglected.
Equation (14) has been found to fit the experimental data of various dispersed solidelectrolytes fairly well, by adjusting the degree of non-ideal parallel-switching
parameter, /?sc. Figure 11 shows the fit for CaF2-CeO 2 and CaF2-AI20 3 systems
(Vaidehi et al 1986). Similar quantitative fits have been obtained for AgCI-A1203 and
AgC1-SiO2 (Maier 1985a) as well. The larger conductivity enhancements at low
temperatures as compared to high temperatures are brought out correctly by (14). It is
also obvious from (14) that as the particle size (rA) of the dispersoid increases, the
conductivity decreases as observed experimentally. The attractive feature of Maier's
model is that it highlights the mechanism responsible for enrichment of surface
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545

Ionic conduction in dispersed solid-electrolytes

vacancies in the space-charge region. Although this model is more quantitative than
that due to Jow and Wagner, it has the same limitations.
Ionic conduction in dispersed solid-electrolytes has also been explained by Stoneham
et al (1979). This model is an extension of Landauer's model (l.andauer 1952) for the
conductivity of a random mixture of two media in good electrical contact and with
differing conductivities (figure 12). If the two media are labelled 1 and 2, one considers
in turn the polarization of a sphere of each in an average medium. The average medium
itself is taken to have consistently chosen conductivity appropriate to the aggregate of
the two components. In dispersed solid electrolytes the situation is different. The model
of Stoneham et al clearly denotes that the host electrolyte particles far from any particle
of the insulating dispersoid should constitute one of the media and also that the model
of the other component should recognize that the highly conducting boundary layer
lies on a non-conducting core. The model also considers a structured sphere for
calculating the polarization of the dispersoid particle including the boundary layer. It
accounts for the concentration of the dispersoid in the host electrolyte. The spatial
distribution of the conductivity, a, near the dispersoid particle of radius, R, in a host
matrix due to Stoneham et al (1979) is shown in figure 13a. According to Landauer's
model, the conductivity of the system will not go to zero at any stage as there is no
insulating phase present in biphasic metal mixtures. As has been indicated already,
Landauer's approach is inadequate for application to dispersed solid-electrolyte
systems due to a basic difference in the nature of the system itself. Taking the thickness
of the space-charge region to be t, Stoneham et al found the conductivity of a dispersedsolid-electrolyte to vary as shown in figure 13b near the insulating dispersoid particle.
Stoneham et al also suggested that it would be appropriate to envisage a screening-layer
model in these systems and in such a situation the conductivity will vary continuously as
shown in figure 13c, which is more realistic.

Figure 12, Landauer's polarization model.

(a)

(b)

R

R R§

I

(c)

R R+t

Figure 13. Spatial distribution of conductivity near an A-phase insulator particle of radius.
R: II) Landauer model of bimetallic mixtures, (b) Discrete-shell model due to Stoneham et al
(1979) for dispersed solid-electrolytes, and (e) screening-layer model.
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Although, the model due to Stoneham et al successfully predicts that at high
concentrations of the dispersoid a saturation in conductivity of the solid electrolyte
should be observed, it does not account for the influence of temperature on the
conductivity behaviour of the system.

5.

Conclusions

No single theory" successfully explains all the characteristic features of the dispersedsolid-electrolyte systems. It seems imperative to explore a model which could account
for all the features of these dispersed solid-electrolytes. Such a model might provide a
tool for tailoring newer and probably better solid ionic conductors. Experimental
studies for estimating the conductivity contribution from the space-charge region
would be most desirable. Calorimetric measurements (Khandhar et al 1984) have
shown that the space-charge region is associated with a large excess enthalpy in the AgIAgBr system. Measurement of the frequency dispersion of impedance in dispersed
solid-electrolytes may be useful in estimating the conductivities of the space-charge
region.
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