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Composite solid electrolytes Pb X>-Al,O3 (X=CI, Br, I) have been synthesized by the powder
metallurgical process, and investigated by complex impedance analysis, X-ray diffraction
(XRD), differential thermal analysis (DTA) and scanning electron microscope (SEM)
techniques. The phase analyses reveal that the composites are two-phase systems. No
chemical reaction nor solid solution formation takes piace between Al;O3 and the respective
matrix phases. SEM photomicrographs show that Al,O; particles are uniformly dispersed in
the matrix phase for various systems. While PbCl,~Al,O3 and PbBr,-Al,0; composites show
a decrease in conductivity over their respective pure phases; Pbl,-Al,O; composites exhibit
enhanced conductivity. By using the known diffusion and mobility data of the mobile species

it has been shown that enhancement in conductivity is possible only in case of Pbl,.

1. Introduction

Dispersion of second phase fine insulating particles
(dispersion hardening) is a well known method to
improve the mechanical properties of materials. Its
electrical analogue was discovered by Liang [1] in the
LiI-Al,O; system, in which he observed that ionic
conductivity increased by orders of magnitude. Since
then, enhancement in ionic conductivity in a number
of normal ionic conductors has been reported. The
systems investigated include both cationic conductors,
such as alkali, silver and copper halides [2-6], and
anionic conductors, such as CaF,, BaF,, SrCl, and
Hgl, [7-10]. In stark contrast to the general trend,
Brune and Wagner [11] reported a decrease in con-
ductivity of PbCl, containing dispersion of Al,O;
particles. However, the PbI,—Al,O5 system investi-
gated recently [12] exhibits enhanced conductivity
and hence follows the general trend. This paper re-
ports a comprehensive study of the three lead halides,
namely PbX,-Al,O; (X =Cl, Br, I) systems, and
examines if the data on these anomalous systems lead
to a new insight into the conduction mechanism in
composite solid electrolytes.

2. Experimental procedure

High purity PbCl, and PbBr, were obtained from
Aldrich Chemicals, Inc. USA and Pbl; was procured
from Alfa products. Deagglomerated Al,O powder of
three different particle sizes (0.05,0.3 and 1.0 um) was
obtained from Buehler Micropolish II (USA)
PbX,-ALO; (X = Cl, Br, I) composites of various
compositions have been prepared by two slightly dif-
ferent ways. In the first case, appropriate amounts of
the constituents are mixed, milled and ground fol-
lowed by pelletization (method I). In the second
method the mixture obtained after regrinding was
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heated above the melting point of the respective lead
salt before pelletization to ensure homogeneous dis-
persion of Al,O; particles in the matrix phase (method
I1). The pressed pellets of PbCl,~Al,O5 are sintered at
450° C, PbBr,-Al,05 at 350°C and PbI,~Al,O; at
320°C for ~20-24 h.

The composite samples have been investigated by
XRD and DTA for phase characterization and to find
out the solubility (if any) of Al,O5 in the matrix phase,
and also by SEM to examine the distribution of Al,O4
particles in the matrix phase. The details of various
techniques are given elsewhere [12]. The impedance
measurements were carried out using an HP-4192A
impedance analyser. The d.c. electrical conductivity of
various samples was obtained at each temperature
from the complex impedance analysis [ 13]. The resist-
ance obtained from the high frequency semicircular
portion of the complex spectra was used to calculate
the d.c. conductivity of each sample.

3. Results and discussion

3.1. Differential thermal analysis

The DTA results for pure PbCl, and PbCl,—30 mol%
AL, O; samples prepared by methods I and II are
shown in Fig. 1. In each case only one endothermic
peak corresponding to the melting of PbCl, is ob-
served, leading to the obvious conclusion that Al,O,
remains as a separate phase in PbCl,-Al,O; com-
posites prepared by both methods and that no chem-
ical reaction takes place between the two components.
The decreased peak heights and peak areas for
PbCl,-30 mol % Al, O composites (curves b and cin
Fig. 1) are merely due to the lower concentration, of
PbCl, in the composites compared to the pure salt
(curve a).
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Figure ] DTA curves for (a) PbCl,, PbCl,-30 mol% Al,O; com-
posite prepared by (b) method I, and (c) method II.

The DTA results on PbBr, and PbBr,-Al,O; com-
posites are found to be similar, and hence lead to
identical conclusions, namely no chemical reaction or
solid solution formation takes place between the two
constituents, PbBr, and Al,O5 remaining as separate
phases in the composite.

Fig. 2 shows the DTA curves for pure Pbl, and
Pbl,30mol % Al,O; composites prepared by
methods I and I1. The lone peak appearing in the case
of Pbl, (curve a) is due to melting of Pbl,. Curve (b)
for the Pbl,-30 mol% Al,O, sample prepared by
method 1 also exhibits a peak corresponding to the
melting of pure Pbl, which implies that the Pbl, in
the composite remains as a separate phase at least up
to the melting point of Pbl,. However, an additional
(though minor) exothermic peak appears at ~450°C
which may be due to

1. decomposition of Pbl,,

2. release of adsorbed water molecules on the
Al,O5 surface, or

3. some chemical reaction between the constituents.

The DTA curve of the sample prepared by method
II does not show any thermal event (peak) in the
investigated temperature range, which suggests that
Pbl, is no longer present in the composite, and that
the sample 1s a chemically different material. The
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Figure 2 DTA curves for (a) Pbl,, PbI,—30 mol% Al,O; prepared
by (b) method I, and (c) method 1I.

observed change of colour of the sample also suggests
that a chemical change takes place in those samples
prepared by method II. It is thus inferred that the
samples prepared by method I are two-phase
(PbI,—Al,O;) composites, and those prepared by
method I, wherein the constituents are heat treated
above the melting point of Pbl,, are not two-phase
composites.

3.2, X-ray diffraction

Fig. 3 shows the XRD patterns for PbCl,~30 mol %
Al,O; composites prepared by methods T and IL
These results show that heat treatment (method II;
curve b) does not affect the X-ray diffraction patterns;
which signifies that no chemical reaction or solid
solution formation takes place between PbCl, and
Al,O; even after heat treatment. However, since the
XRD patterns were recorded at room temperature, it
is possible that some new phase or solid solution
formation occurs at higher temperature, but at room
temperature the two parent phases, (namely PbCl,
and Al,O3), separate out. This possibility is, however,
ruled out by the DTA studies reported above.

The XRD patterns of PbBr,—~30 mol % Al,O; at
room temperature with and without heat treatment
(at 350° C) were also found to be identical and could
either be attributed to PbBr, or to Al,O;. The com-
bined DTA and XRD resulis rule out the possibility of
any chemical reaction or formation of any new phase
between PbBr, and Al,Os.



(b)

Intensity

(a)

| i ] | A1

] | | L |

75 70 65 60 55 50

45 40 35 30 25 20

20 (deg)

Figure 3 XRD patterns for PbCl,-30 mol% Al,O; samples prepared by (a) method I and (b) method II.
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Figure 4 XRD patterns for PbI,—30 mol% Al,O; samples prepared by (a) method I and (b) method II.

Fig. 4 shows the XRD patterns at room temper-
ature for PbI,—30 mol % Al,O3; composites prepared
by methods I and II. The XRD pattern for the sample
prepared by method II (curve b) does not contain even

the prominent peaks present in curve a. Moreover, it
contains several major peaks, which are not at all
present in curve a. These, together with the DTA
results, clearly suggest that the sample prepared by
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method II is a chemically different material, and not
a two-phase composite of Pbl, and Al,O;.

3.3. Scanning electron microscopy

Fig. 5a is an SEM micrograph of a well polished
sample of PbCl,—30 mol % Al,O; sintered at 450°C
for ~20h. It is observed that Al,O; particles are
dispersed in PbCl, grains. Thus, Al,O; remains as
a separate phase and the PbCl,—Al,O; system forms
a two-phase composite.

The SEM studies for a PbBr,—30 mol % AL,O,
sample sintered at 300° C (Fig. 5b) also suggest that
the system is a composite, wherein Al,O; particles are
dispersed in PbBr, grains.

Fig. 5¢ shows the SEM micrographs of well
polished samples of a Pbl,~30 mol % Al,O; com-
posite prepared by method I, sintered at 320° C, well
below the melting point of Pbl, (402° C). The micro-
structure shows that the Al,O5 particles are well dis-
persed in the Pbl, matrix. Thus, the samples prepared
by method I form a two-phase composite.

3.4. Conductivity versus composition

The conductivity isotherms for PbCl,—Al,O5; com-
posites at three different temperatures, namely
100,200 and 300° C, are shown in Fig, 6. It is found
that as the concentration of Al, Q5 increases the con-
ductivity decreases monotonically. This behaviour is
in stark contrast to most of the reported results on
composite solid electrolytes, which show substantial
enhancement in conductivity instead. It appears that
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Figure 5 SEM micrographs for (a) PbCl,-30 mol% Al,O; com-
posite sintered at 450°C, (b) PbBr,~30 mol% Al,O, composite
sintered at 350°C, and {c) PbI,-30 mol% Al,O; composite sin-
tered at 320°C.
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Figure 6 Log o versus composition (mol% of Al,0;) for
PbCl,~Al,O; composites at three different temperatures.



TABLE I Normalized conductivity, 6/c,, for PbCl,—Al,O5 com-
posites of various compositions at three different temperatures

Composition Al,O5* /o,
(mol %) (vol %) 300°C 200°C  100°C
0 0 1.00 1.00 1.00
10 6 0.63 041 0.22
20 12 0.40 0.17 0.05
30 19 0.16 0.05 7.20x1073

*The particle size of Al,O; used in this work is 0.05 pm unless
otherwise specified.

in PbCl,-Al,O; composites a high conducting layer
does not form and the addition of an insulator results
in dilution of conductivity. Table T compares the nor-
malized conductivity, the ratio of the conductivity of
the composite to that of pure salt, o/c,, for the
PbCl,—Al,O; composites at three different temper-
atures. It is observed that the decrease in conductivity
is higher at lower temperatures.

PbCl, is known to be an anionic conductor [14, 15]
and exhibits Schottky disorder owing to the larger size
of chloride ions [16-18] and the narrow free space
around interstitial sites [19]. The cation and anion
vacancies, V'py and V¢ are formed according to the
equation

O« Vi +2Va<s VeVa) + Va (1

One may be tempted to explain the observed decrease
in conductivity due to trace amounts of dissolved
Al,O5 in the host matrix PbCl,, as it is well estab-
lished that the conductivity of ionic solids doped with
suitable aliovalent impurities first decreases before
increasing as the dopant concentration increases
[20-22]. The dissolution of Al,O3 in PbX,, using
Kroger-Vink notation, may be described by the fol-
lowing relation

AL O; < 2Alp, -+ Vg + 304 2)

Thus one molecule of dissolved Al,O3; produces one
excess chloride ion vacancy which is also the more
mobile charge carrier. Hence, conductivity should
have increased due to addition of Al,Os, instead it
decreases. Alternatively, the decrease in conductivity
could have occurred as a result of chemical reaction
between the constituents and formation of a new com-
pound with lower conductivity. However, both DTA
and XRD results rule out the formation of any new
intermediate compound.

It would be appropriate to interpret the observed
effect of dispersion of Al,O; in PbCl, in terms of
interaction between the nucleophilic groups on the
dispersoid [5] and the anion vacancies which cause
a depletion in the concentration of majority charge
carriers. When Al,Oj; is added, the positively charged
species (lead ions) are attracted towards the alumina
surface. Brune and Wagner [11] expected the domi-
nant transport to change via negatively charged ca-
tion vacancies, Vg, However, the mobility ratio,
Hpp/Her in POCL, at 200° C is 4.18 x 1075 [23], i.e. the
mobility of negatively charged lead ion vacancies,

Ve, 18 too low to allow the cation vacancies to become
the dominant ionic current carriers in the composite.
Thus, it would appear that in PbCl,—Al,O; com-
posites Pb?* ions are attracted towards the dispersoid
resulting in an increased concentration of cation va-
cancies, Vpy, in the space charge layer which are rela-
tively immobile. As the product of concentrations of
cation and anion vacancies is fixed at a constant
temperature by the Schottky constant [22], the con-
centration of C1~ ion vacancies decreases resulting in
decreased conductivity in the composites.

The variation of conductivity as a function of Al,O54
concentration {mol %) in PbBr, at 100,150 and
200°C, is shown in Fig. 7. Table II compares the
normalized conductivity, c(composite) /oo(host) of
PbBr,—Al,O; composites at the three temperatures. It
is observed that conductivity decreases monotonically
as the concentration of Al,O5 in PbBr, increases, and
that the rate of decrease in conductivity is faster at
lower temperatures.

Like PbCl,, PbBr, is also a predominantly anionic
conductor [24] and exhibits Schottky type disorder
[25]. The classical doping mechanism can be ruled out
as a factor responsible for the decrease in o of
PbBr,~Al, O composites, on a similar basis to that
for the PbCl;—Al,O5 system.

The decrease in conductivity of PbBr, due to dis-
persion of Al,O5 can be explained, as in the case of
PbCl,—Al,0,, if one assumes that the positively
charged lead ions are attracted towards the nuc-
leophilic groups at the alumina surface and thereby
cause an increased concentration of lead ion va-
cancies, and hence a decreased concentration of bro-
mide ion vacancies in the space charge layer. How-
ever, the lead ion vacancies are far less mobile
(1py/Me, ~ 107 ¢ at 200°C) to become the dominant
ionic charge carriers in PbBr,~Al,O; composites.
Therefore, the space charge regions around the Al,O4
particles do not control the electrical conductivity of
PbBr,-Al,O5 composites, and Al,O5 dispersion re-
sults in the dilution of conductivity in the composites.

Pbl,—Al,O5 composites prepared by method II
show a decrease in conductivity over that of pure
Pbl,, which may be attributed to chemical reaction
between the constituents [12]. However, unlike
PbCl,~Al,O; and PbBr,—~Al, O systems, wherein the
samples prepared by both methods T and II show
a lowering in conductivity over respective pure phases,
Pbl,—Al,05 composites (method I) exhibit enhanced
conductivity due to the dispersion of Al,O5 [12]. The
results are further analysed below.

The variation of conductivity as a function of Al, O,
concentration (mol %) in Pbl, at three different tem-
peratures, namely 100,150 and 250°C, is shown in
Fig. 8. It is observed that conductivity increases only
slightly up to about 10 mol % Al,Os;, but rises rapidly
subsequently and exhibits a maximum value at
~35mol % Al,0;. As the concentration of Al,O,
increases further, conductivity decreases rather rap-
idly. Table III compares the normalized conductivity,
the ratio a{composite) /a,(host), for PbI,—Al,O; com-
posites at 100, 150 and 250° C. The results show that
the conductivity of Pbl, is enhanced by a factor of
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Figure 7 Conductivity versus composition (mol% of Al,O;) for
PbBr,—Al,O; system at three different temperatures.

TABLE II Normalized conductivity, o/c,, for various

PbBr,—Al,0; composites at three different temperatures

Composition Al,O; /o,
(mol %) (vol %) 200°C  150°C 100°C
0 0 1.00 1.00 1.00
10 5 072 069 0.63
20 10 0.44 0.32 0.19
30 17 0.15 330x107% 4.80x1073

~25 due to the dispersion of Al,O. These results are
distinctly different from those on PbCl,—Al,O; and
PbBr,~Al,0; composites, which show a decrease in
conductivity.

The fact that Pbl,—Al,O; composites exhibit max-
imum conductivity at ~35mol % Al,O; suggests
that some sort of high conducting channels form
through the composite material around this composi-
tion. It could be either due to formation of a high
conducting phase or a space charge layer along the
interface.

Pbl, also exhibits Schottky type disorder but, un-
like in PbCl, and PbBr,, both cation and anion va-
cancies are mobile in Pbl, [26, 27]. A high conducting
phase may form as a result of chemical reaction be-
tween Pbl, and Al,O5. However, no new phase was
detected by XRD at room temperature and DTA
below 320°C (samples prepared by method I). Alter-
natively, an enhanced conductivity phase may result
due to the solubility of Al,O5 in Pbl, as follows

ALO; < 2AlL, + Vi + 30; (3)

Thus, one molecule of dissolved Al,O5 in Pbl, pro-
duces one excess iodide ion vacancy, V. However, if
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Figure 8 Conductivity versus composition (mol% of Al,O3) for
Pbl,—Al,O; composites at three different temperatures.

TABLE III Normalized conductivity, c/c,, for PbI,~Al,O;
composites of various compositions at three different temperatures

Composition Al,O; /G,
(mol %) (vol %) 100°C 150°C  250°C
0 0 1.00 1.00 1.00
10 4 1.20 1.30 1.40
20 8 240 2.20 2.20
25 10 20.00 17.00 14.00
30 13 24.00 21.00 19.00
40 19 25.00 22.00 23.00
43 24 0.17 0.22 0.79
47 27 - 0.06 0.25
50 32 - 0.04 0.14

this were the mechanism of conductivity enhance-
ment, only a fraction of a mole per cent of the dopant
(A1, O3) would have been required to achieve the ob-
served enhancement in conductivity. On the other
hand, the experiments show that there is very little
enhancement in conductivity due to the addition of as
large as 10 mol % Al,O; and that maximum enhance-
ment in conductivity occurs at ~35mol % ALO:.
Therefore, the classical doping mechanism does not
appear to be operative in these composite solid elec-
trolytes.

The observed enhancement in conductivity (Fig. 8)
may be explained in terms of a space charge layer that
may form at the interface due to interaction between
the nucleophilic groups on the Al,Oj; surface and the



positively charged species. The lead ions may be at-
tracted towards the Al,O5 surface causing an increase
in the concentration of cation vacancies, Vy, in the
matrix in the vicinity of the interface, and simulta-
neously suppressing the concentration of anion va-
cancies, Vy, as the product of the concentrations of
cation and anion vacancies must be constant at a fixed
temperature. The lead ion vacancies, Vp,, in Pbl,,
unlike in PbCl, and PbBr,, are relatively more mobile
probably because of the high polarizability and very
large size of the 1™ ions (0.216 nm). Under the action
of an external clectric field, the 1™ ions are highly
polarized, thus reducing the activation barrier for
Pb?" ion migration. Therefore, the increased concen-
tration and the relatively large mobility of the lead ion
vacancies in the space charge region may result in
enhancement of conductivity in Pbl,~Al,O; com-
posites.

3.5. Conductivity versus temperature

Fig. 9 shows the log & versus 10%/T plots for pure
PbCl, and various PbCl,~Al,O4 composites. It is
observed that conductivity of the PbCl,—-Al,O5 com-
posite decreases monotonically as the concentration
of Al,O increases, and that the processing has little
effect on conductivity as the results for
PbCl,—30 mol% Al,O; composites prepared by both
methods I and II are similar. Table IVa compares the
ionic transport parameters, namely the overall activa-
tion energy, E,, and the pre-exponential factor, c,, for
pure PbCl, reported by different investigators. The
E, value found in this work agrees, within experi-
mental error, with those reported by a majority of
investigators.

The ionic transport parameters (E, and o,) for vari-
ous PbCl,—Al,0O; composites are listed in Table IVb.
It is noticed that the E, value increases systematically
as the concentration of the dispersed phase (Al,O3)
increases in the composite material. It would appear
that with increasing Al,O; content in PbCl,, the con-
centration of lead ion vacancies increases, which have
a higher activation energy.

Fig. 10 shows the log o versus 10°/T plots for
PbBr, and PbBr, containing dispersions of 10,20 and
30 mol% Al,O,. These results reveal that the disper-
sion of Al,O, results in decreased conductivity over
that of pure PbBr,. Table Va,b lists the Arrhenius
activation energies, E,, and the pre-exponential fac-
tors, o, for PbBr, and various PbBr,-Al,O5 com-
posites, respectively. The E, value for pure PbBr,
obtained in this work is comparable, within experi-
mental error, with those reported in the literature
[25,36]. As for the PbBr,~Al,O; composite, the
E, value keeps increasing as the concentration of
Al,O3 in PbBr, increases, just as in the case of the
PbCl,-Al,O;5 composite system.

The logarithm of d.c. conductivity, log (), as a func-
tion of inverse temperature for various Pbl,~Al,O,
composites is shown in Fig. 11. The pre-exponential
factors, o, and the activation energies, E,, are given in
Table VL. Unlike PbCl,~Al,O5 and PbBr,-Al,O,, the
activation energy for conduction remains almost

Logs(Q'em™)
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Figure 9 Log o versus 10°/T for various PbCl,-Al, O, composites:
For (0) 0, () 10, (&) 20, (A) 30, method I, and (C0) 30 mol % Al,Os,
method I

TABLE IV Ionic transport parameters, activation energy, E,,
and pre-exponential factor, o,, in (a) PbCl, and (b} for various
PbCl,-Al,03 composites in the temperature range 100-300°C

Composition Al,O4 E,(eV) o, Reference
(mol %) (vol %) Q tem™ )
(a) For PbCl,
0.34 13 This work
0.39 - [28]
0.40 8.7 [16]
0.30 - 171
0.22 - [29]
0.20 - [187
0.35 - [30]
0.33 - [317
0.30 - [321
0.32 1.7 [33]
(b) For PbCl,—Al,0; composites at 100-200°C
0 0 0.34 1.3
10 6 043 6.3
20 12 0.54 31.0
30 (method I) 19 0.63 70.0
30 (method 1I) 19 0.64 79.0

unchanged in Pbl,—Al,O; composites, at least up to
40 mol % Al,0O3, which would suggest that the defect
and conduction mechanisms in PbI, do not change on
addition of Al,Oj;. According to the space charge
theory discussed carlier, Pbl,—Al,O5 composites con-
duct via excess Pb? ™ ion vacancies. Thus, the fact that
the migration energies in the composites and pure
Pbl, are nearly equal would suggest that Pb?* jon
vacancies also contribute to the conduction process in
Pbl,. Unfortunately, the defect and conduction mech-
anisms in Pbl, are not very well established. Never-
theless, there are a few reports [26, 27] which suggest
that the migration energies and mobilities of cation
and anion vacancies are comparable in Pbl,.
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Figure 10 Log o versus 10%/T for various PbBr,-Al,O; com-
posites: for (©) 0, (A) 10, (e) 20, and (J) 30 mol % Al,Os.

TABLE V (a) Activation energy, E,, for conduction in PbBr, and
(b) ionic transport parameters, E,, and pre-exponential factor, o,
for various PbBr,—Al,0; composites in the temperature range
100-250°C

Composition Al,O4 E, (V) o,
(mol %) (vol %) (@ 'em™!) Reference
(a) For PbBr,
0.20 This work
0.28 [34]
0.29 [35]
0.29 [25]
0.25 [30]
0.23 [36]
0.30 [33]
(b) For PbBr,—Al,O; composites at 100-250°C
0 0 0.20 88 x 1073
10 5 0.24 3.3x1072
20 10 0.30 7.0x 1072
30 17 0.44 23x1071

3.8. Conductivity versus particle size

Table VII lists the particle size r, (um), inverse particle
size, 5! (cm™?!), and the normalized conductivity,
c/o,, at 100, 150 and 250°C for Pbl,-30 mol
% A1,05 composites. The fact that the relative en-
hancement in the conductivity is higher for lower
particle sizes of Al,O; suggests that the conduction
mechanism must involve the matrix-particle interface.
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Figure 11 Log o versus 103/T for various PbI,~Al,O; composites.

TABLE VI lonic transport parameters, activation energy, E,,
and pre-exponential factor, ¢, for various Pbl,~Al,O; composites

Composition Al,O, Temperature E, (@ tem™Y)

(mol %) (vol %) range (°C)  (eV)

0 0 100-300 0.29 19 x 1072
10 4 100-250 0.31 41 x 1072
20 8 100-225 0.28 33 x 1072
25 10 100-225 0.25 1.1 x 1071
30 13 100-225 0.26 1.7 x 107
40 19 100-225 0.26 1.9 x 1071
43 24 100-150 0.36 32 x 1072

175-300 0.53 3.1
47 27 125-175 0.44 6.6 x 1072
50 32 125-175 0.46 79 x 1072

TABLE VII Normalized conductivity, 6/c,, for Pbl,—30 mol%
Al,O5 composites for three different particle sizes of Al,O; at three
different temperatures

Particle size Inverse particle G/o,

of Al,Os, 7o size, 73t

(um) (10*cm™") (100°C)  (150°C) (250°C)
0.05 20.0 24.0 21.0 19.0
0.30 33 8.9 7.8 6.5
1.00 1.0 71 5.9 4.5

These results are comparable to those reported earlier
[2, 3, 12]. However, for a quantitative comparison
between the theoretical predictions and the experi-
ment, the electrical conductivity expression given by



Maier [5] can be rewritten as

. K
o= 0=dt 4

150
where
K = (3x2Y%/5,) PLoalce . RT/V ™) 2 u, N2 (5)

which is a constant at a given temperature, T, and at
a fixed concentration, ¢, of the dispersoid. Other
terms have their usual meaning [ 5]. Thus, a plot of the
normalized conductivity, o(composite) /G (host), ver-
sus inverse of particle size , 7, ', should be a straight
line whose slope should be equal to the constant K.
Thus, the constant K can be calculated as well as
determined from the experimental data, and hence
compared to test Maier’s theory of heterogeneous
doping.

Fig. 12 shows the plot of normalized conductivity,
c/c,, versus inverse particle size, 75 ', at the three
temperatures. Even though the graphs are reasonably
good straight lines, it needs to be stressed that there
are, unfortunately, only three data points correspond-
ing to the three different particle sizes of Al,Oj; that
were available. Nevertheless, the conclusions drawn
from these results may be fairly reliable, especially in
view of the fact that the third data corresponding to
0.05 um (r3! = 20 x 10* cm ™) size of the Al,O; pat-
ticle is so far apart from the rest and yet falls on the
line joining the other two data points (with
ral=333x10* and 1x10*em™?!). Thus, the fact
that the plots are linear and their slopes decrease as
temperature increases is very much in accordance with
the model, which predicts that the slope K should

25

0 | i |
0 5 10 15

20x10*
o (em?)
Figure 12 Normalized conductivity, 6/c,, versus inverse particle

size, ra b, of Al,O3 for Pbl,~30 mol% Al,O3 composites at three
different temperatures.

TABLE VIII Calculated values of the slope of normalized con-
ductivity, c/c,, versus inverse particle size, 5 !, in PbI,—30mol%

Al,0; composites

Temperature (°C) Kear (cm)

300 8.7 x 1073
400 79 x 1073
500 7.7 x 1073

decrease as temperature increases because at a fixed
concentration ¢, of the dispersoid

T1/2

where ny(T) is a strong (exponential) function of tem-
perature and thus increases much more rapidly with
temperature than T'/% and hence K should decrease
as temperature increases.

The experimental values of the slope (Fig. 12) are
listed in Table VIIL In the absence of any mobility or
diffusion studies on Pbl,, the conductivity of the com-
posites and K values could not be calculated and
compared with the observed values.

4. Conclusions

The compositional and particle size dependence of the
conductivity of composites suggest that matrix—par-
ticle interface plays a critical role in the conductivity
profiles of the composites. The Pbl,~-Al,05 com-
posites show enhancement in conductivity, wherecas
PbCl,~Al,O3 and PbBr,~Al,O3; composites show
a decrease in conductivity. This behaviour has been
attributed to the fact that the Pb®* ion vacancies are
almost immobile in PbCl, and PbBr,, but are as
mobile as I” ion vacancies in Pbl,. Due to Al,O5
dispersion the positively charged species (Pb** ions)
are attracted towards the Al,O; surface causing an
increase in the lead ion vacancies at the interface. As
the mobility of Pb** ion vacancies is comparable to
that of anion vacancies, V;, in Pbl,, the space charge
regions containing the mobile Pb?* ions around the
interface dominate the conduction in PbI,~Al,O4
composites. This behaviour is distinctly different
from the PbCl,-Al, O3 and PbBr,—Al, O3 composites,
wherein conductivity is depressed due to decreased
concentration of dominant charge carriers, chloride
and bromide ion vacancies, respectively. Though
the concentration of lead ion vacancies, Vj,, is in-
creased at the interface, their mobility is negligible as
compared to that of the anion vacancies. Therefore,
the space charge regions at the interface do not con-
trol conduction in PbCl,—Al,O; and PbBr,-Al,O4
composite systems. Thus, the results on these systems
can be explained satisfactorily on the basis of space
charge theory of conduction in composites solid elec-
trolytes.
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