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ABSTRACT

A method of characterising the electrical properties of polycrystalline electrolytes is
described which enables grain boundary (intergranular) and bulk (intragranular) impedances
to be separated and identified, by reference to an equivalent circuit which contains a series
array of parallel RC elements. In the simple case of the ‘‘ideal solid electrolyte’’, the equiv-
alent circuit contains a single RC element. The impedance and modulus spectra, i.e. plots
of Z'' and M"’ versus log w, are simple “Debye’’ peaks whose peak maxima coincide at an
angular frequency Wmax = (7o )~1, where To is the “conductivity relaxation time’ and the
complex modulus is the inverse complex permittivity. For real solid electrolytes there is
usually a distribution of relaxation times, in which case the maxima in the impedance and
modulus spectra no longer coincide. An assignment of peaks in these more complex spectra
is possible in principle, since the modulus spectrum effectively suppresses information con-
cerning grain boundary (and electrode) effects. Experimental results are presented for cold-
pressed lithium orthosilicate and germanate, and for sintered $-alumina. Some advantages
of this new approach are demonstrated by comparison with conventional impedance and
admittance plane methods of analysis.

INTRODUCTION

Solid electrolytes of practical importance are frequently polycrystalline,
and as a consequence their study presents special problems. In the determina-
tion of conductivity by a.c. methods, it is usual to seek a frequency indepen-
dent region or plateau in the conductivity, but with §-alumina it has been
found impossible to locate this plateau using two or three terminal techniques
at frequencies below 1 MHz [1]. Frequently it is suspected that grain boundary
impedances are the main cause of this failure and alternative methods of anal-
ysis based on complex plane diagrams have been used to extract bulk conduct-
ivities from experimental data. Bauerle [2] has analysed data for doped zirconia
in the complex admittance plane while Armstrong et al. [3] have favoured the
complex impedance formalism for analysing data on §-alumina and RbAg,I5.
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More recently, Powers and Mitoff [4] have achieved the experimental separa-
tion of electrode and grain boundary effects from bulk conductivities in g-
alumina electrolyte by using 4-terminal a.c. methods.

The successful separation of intergranular from bulk phenomena depends
ultimately on the choice of an appropriate equivalent circuit to represent the
electrolyte properties. Armstrong et al. [ 3] have used model equivalent circuits
to simulate, in the complex impedance plane, the effects of blocking electrodes,
grain boundaries, etc., and have shown that this method of circuit analysis can
be applied to practical systems. In a preliminary note [5], the present authors
showed that a combined analysis using both the complex impedance and the
complex modulus formalisms had certain advantages over the earlier methods.
This theme has been further developed in the present paper, and it is shown
that modulus and impedance ‘“‘spectroscopy’’ can be used to obtain a valuable
insight into the heterogeneous electrical structure of solid electrolytes.

THEORY
Graphical displays of a.c. data

The a.c. response of an electrolyte or electrochemical cell can be expressed
in any of four basic formalisms. These are most conveniently expressed as:

the complex admittance, Y* = (R,)™! +jwC, 1)
the complex impedance, Z* = (Y*)™! =R, —j/wC, (2)
the complex permittivity, e* = ¢' — je'’ (3)
the complex modulus, M* = (e*)~! =M +jM" (4)

where the subscripts p and s refer to the equivalent parallel and series circuit
components respectively. These functions separate into two groups represent-
ing essentially parallel and series formalisms. The two parallel or “admittance”
functions are related.

Y* = jwCoe* (5)
Similarly the series or ‘“‘impedance” functions are related:
M* = jwCyZ* (6)

where C, is the vacuum capacitance of the cell.

The quantities Y*, Z* and e* constitute standard textbook material, and
have been in use for many years. Rather surprisingly, the fourth member of
this tightly defined group, €*~1, was introduced into the literature only quite
recently [6]. Macedo et al. [7—9] were the first to exploit the modulus and
used it for analysing conductivity relaxations in glasses and in concentrated
aqueous solutions. The extension of the modulus treatment to solid electro-
lytes [5] is crucial to the methods of analysis developed here.
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Equivalent circuit simulations

The ideal solid electrolyte. In one theoretical treatment of polarisation in
vitreous ionic conductors [8], conduction is visualised as a series process in-
volving consecutive hops of an ion over potential energy barriers along the
direction of the electric field. In the ideal case, where these energy barriers
are assumed to be of equal height, the conductivity (o) and the permittivity
(€') are independent of frequency [8]. Thus

o=k/R, (7
and
€' = Cykleq = C,/Co (8)

where k is the cell constant, and e, the permittivity of free space (8.854 X

10~ 14F cm™!). It is convenient in the present context, to refer to such a
material as an ideal solid electrolyte, defined as one whose properties are simu-
lated by a single parallel RC element (Fig. 1). This circuit moreover is character-
ised by a single Maxwell time constant, 7,, given by

7o =R,C, (9)
=ep€'lo (10)

Since this time constant represents the exponential decay of the electric
fie! 1 across the electrolyte caused by the conduction process, it is conveniently
called the “conductivity relaxation time” [8].

The response of an ideal electrolyte has been simulated by settmg R,=10°Q,

=10"12F and k = 1 (Fig. 2). The graphs include complex plane dxagrams
( Y" vs. Y, etc.) and “spectroscopic displays” (Y'', Z", etc. vs. log; ow). The
following points should be noted:

(i) Graphs based on Y* and e* are straight lines and indicate that o and €'
are independent of frequency.

(ii) The complex plane plots, Z'' vs. Z' and M"' vs. M’ are semicircles.

(iii) Plots of Z'' and M"' vs. log w appear as symmetric (Debye) peaks.

(iv) The angular frequencies (w) of the peak maxima and the centres of the
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Fig. 1. The equivalent circuit of the “ideal solid electrolyte’’.
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Fig. 2. Simulated ‘‘spectra’’ and complex plane diagrams for the ideal solid electrolyte,

where R, = 106 ©, C, = 10712F, and the cell constant k = 1. (a) Y*; (b)e*;(c) Z*; (d)
M*,

semicircles coincide, and are given by the reciprocal of the conductivity relaxa-
tion time, 7,:
Whmax = 27rfmlx = 1/70 = 0/906' (11)

(v) The peak heights of Z'' vs. log w and M'' vs. log w are proportional to
R, and 1/C, respectively, as shown by the equations:

Z" =R, wr,/[1 + (wT,)?] (12)
M'" = (eo/Cp) wro/[1 + (wT)?) (13)
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All the diagrams given in Fig. 2 are valid ways of presenting data but it can
been seen that different plots highlight different features. In particular, the
modulus and impedance spectra (M"’ vs. log w and Z" vs. log w, respectively)
highlight the time constant (conductivity relaxation time) of the ideal electro-
lyte. Equation (11) shows that the frequencies of both peak maxima are deter-
mined by the ratio o/e’, and since the permittivity of ionic conductors varies
little from one material to another, the position of the peaks in the impedance
and modulus spectra is very largely determined by the electrolyte conductivity.
In essence, this is the basis of the proposed method for characterising real
(heterogeneous) solid electrolytes by using impedance and modulus spectro-
scopy to obtain the distribution of conductivities in the sample.

Practical solid electrolytes. In favourable circumstances, ionic solids can be
obtained conveniently as single crystals and may approximate in their proper-
ties to the “‘ideal solid electrolyte’ described above. This can be exemplified
by the work of Haven and others [10,11] on dielectric loss in doped alkali
halide crystals, where it is found that (discounting a small Debye-Falkenhagen
effect) the conductivity of the electrolyte remains constant up to frequencies
which lie well above those at which the maxima in the impedance and modulus
spectra would occur.

However, most ‘““practical” solid electrolytes cannot be represented by the
simple equivalent circuit shown in Fig. 1. Thus, polycrystalline materials will
generally show intergranular or grain boundary impedances which may differ
in R and/or C from the individual crystals. In the absence of surface conduc-
tion, polycrystalline solid electrolytes can be represented by a series array of
parallel RC elements, as shown by Armstrong et al. [3]. Such an equivalent
circuit, with additional series capacitance to represent blocking electrodes, is
given in Fig. 3. To get a physical picture of this distribution of RC elements,
consider the highly schematic diagram of the solid electrolyte given in Fig. 4.
Different physical features in the electrolyte are represented by layers of vary-
ing thickness, as in Maxwell’s model of the layered dielectric [12]. To a first
approximation, the permittivity of the material is assumed to be uniform
throughout, so that only fluctuations in resistivity occur [13]. On this assump-
tion, low capacitances (ca. 10~12F) can be assigned to the thick layers (repre-
senting the crystal grains or “bulk” material), and rather higher capacitances
(ca. 10711—107°F) to the thin layers representing grain boundaries, electrode
double layers, etc. However, depending on their resistivity, grain boundary
resistances may be negligible or may be large in comparison with the resistances
of the crystal grains.

In terms of the above discussion, a simple circuit which could be used to
simulate the properties of a real (nonideal) electrolyte would contain a pure
capacitance to represent blocking electrodes, and two elements, R, C, and
R,C; each representing different parts of the electrolyte. Using this type of
circuit it is possible to compare the effects of making R, different from R,
and C, different frtom C,.
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Fig. 3. The series equivalent circuit for a polycrystalline solid electrolyte (appropriate
only when surface conductivity is negligible).

Modulus and impedance spectra for two such equivalent circuits are shown
in Figs. 5 and 6. In Fig. 5, the capacitances are equal but the resistances differ
by two orders of magnitude. This circuit simulates the behaviour of an electro-
lyte containing a mixture of two crystalline phases of different conductivity.

It can be seen that the modulus spectrum separates into two peaks correspond-
ing to the two RC elements — equal in height since the capacitances are equal
(eqn. 13), whereas the impedance spectrum is dominated by the RC element
with the larger resistance.

In Fig. 6, the resistances are equal and it is the capacitances which differ
by two orders of magnitude. This circuit simulates the properties of an electro-
lyte containing about 1% of intergranular material with resistivity about 100
times larger than that of the crystal grains. In this case, the impedance spectrum
contains two peaks — equal in height since the resistances are equal (eqn. 12) —
whereas the modulus spectrum suppresses the low-frequency peak, which corre-
sponds to the high-capacitance intergranular material.

It is clear from Figs. 5 and 6 that impedance and modulus spectra display
complementary information. In both cases, the resulting spectrum is the sum-
mation of two Debye peaks, one for each RC element. However, differences
occur because the two methods apply different weighting schemes to the ex-
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Fig. 4. A physical representation of the equivalent circuit shown in Fig. 3 in terms of
Maxwell’s layered-dielectric model.
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Fig. 5. Simulated impedance and modulus spectra for a “‘real” electrolyte containing two

different crystalline phases.

perimental data. In the modulus the height of each peak is proportional to
1/C for that RC element, eqn. (13), and so information about thin layers, such
as the electrode/electrolyte double layer and intergranular effects, will tend to
be suppressed. On the other hand, the peak heights in the impedance spectrum
are simply proportional to R of each RC element, eqn. (12), and so the most
resistive element will dominate the spectrum. For solid electrolytes in general
(even though the simple equivalent circuits shown in Figs. 5 and 6 are unlikely
to give an adequate description) the two types of spectrum will always place a

difterent emphasis on bulk and interfacial effects.

Electrode effects show up this difference most clearly. Thus, blocking elec-
trodes are completely ““invisible’ in the modulus spectrum, but show up as a
low frequency spike or “cutoff” in the impedance spectrum. Whichever for-
malism is used, there are clear advantages to be gained from the use of good
blocking electrodes in studies of polycrystalline electrolytes (where ideally
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Fig. 6. Simulated impedance and modulus spectra for a**‘real” electrolyte exhibiting a

grain boundary effect.
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RC = =) since the electrode effects are moved down the frequency scale and
hence are separated from the effects characteristic of the electrolyte material.

Systems suitable for experimental study

In experimental investigations one important condition must be satisfied,
namely that the various electrical relaxations should lie within the accessible
frequency range. If conventional audiofrequency/radio frequency bridges are
used, then measurements of R, and C, are possible up to about 107 Hz. This
places an upper limit on the value of the conductivity of around 10~ ohm™?
cm™!. Relaxation spectroscopy, as defined in this paper, is thus a technique
which can only be applied to somewhat “chilled’ solid electrolytes. This is
experimentally straightforward for certain high-temperature electrolytes, such
as Li,SiO4 and Li,GeO, [14,15], and to other materials such as -alumina
[16], which can be cooled to sub-ambient temperatures without undergoing a
phase change.

EXPERIMENTAL RESULTS AND DISCUSSION
Polycrystalline orthosilicates and germanates

Pure Li SiO,4. The conductivity of Li,SiO, is highly temperature dependent
[14,15]; in the range 100—200°C the conditions are suitable for relaxation
spectroscopy. Typical results, obtained for pure Li,SiO, at 164°C, are given
in Fig. 7 as plots of 0, €', M" and Z'' versus log f. It is apparent that polycry-
stalline Li,SiO, is not an ideal solid electrolyte, since (i) the peaks in the M"
and Z'' spectra are broader than Debye peaks, and (ii) the frequencies of the
peak maxima in the two spectra do not coincide.

The broad peak in the modulus spectrum can be assigned to a summation of
relaxations occurring within the bulk material (as opposed to interfacial or inter-
granular effects) since it satisfies two criteria.

(i) For an ideal electrolyte, the peak height h is Co/2C, or 1/2 €' (eqn. 13).
Assuming a reasonable value for the permittivity (¢’ = 6), then the theoretical
height for a single Debye peak is h = 1/12 (ca. 0.08). For the modulus peak,
shown in Fig. 7, which is about twice as broad as a Debye peak, it is reason-
able to assume a peak height of about half this value, so that h = 1/4 €' = 0.04,
in good agreement with the experimental value.

(ii) Also for an ideal electrolyte the peak position is given by fn.x = 0/27eg€’
(eqn. 11). If, as before, €' = 6 and 0 = 0, (the plateau value of g), then substitu-
tion in the equation yields fn,., = 0.67 X 10% Hz, again in good agreement with
the experimental value (10°% Hz). This criterion can only be satisfied if grain
boundary effects are absent (see below).

The broad peak in the modulus spectrum of half width, 4,,; = 1.94 decades,
may be resolved approximately and arbitrarily into two Debye peaks which
are separated by about an order of magnitude on the frequency scale. This
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Fig. 7. Impedance and modulus spectra for cold-pressed Li4SiO4 at 164°C. The correspond:
ing dispersions in conductivity and permittivity are included for comparison.

corresponds to an equivalent circuit with two RC elements in series, equal in
C but differing in R. The impedance spectrum will give more weight to the
low frequency (or high resistance) component of the circuit, and the observed
differences in the Z'’ and M'' plots (the Z'’ spectrum being narrower than the
M'"' spectrum and occurring at a lower frequency) are in accordance with this
expectation.

The breadth of the modulus spectrum is a matter of some theoretical inter-
est, since all the modulus data previously published are for vitreous or molten
electrolytes [ 7—9]. The modulus spectrum for polycrystalline Li SiO is in-
deed as broad as the spectra reported for a variety of silicate glasses. Various
explanations could be advanced for this great breadth, including (i) the random
orientation of anisotropically-conducting crystals [3] or (ii) a dielectric loss
effect inherent in the nature of the conduction process [17,18]. However, in
the absence of data relating to single-crystal Li,;SiOy, it is premature to specu-
late as to the cause of non-ideality in this material or to comment on the pos-
sible significance of the resolution of the modulus spectrum into two Debye
peaks. The present data do suggest, however, that it is only an approximation
to represent the different physical features of an electrolyte by single RC ele-
ments as in Figs. 3 and 4; more generally a distribution of RC elements may
be required.

Because of the absence of any significant grain boundary effects, it is rela-
tively easy to measure the conductivity of Li,SiO,. Thus the “d.c.” conduct-
ivity can be obtained from a conductance plateau which extends over about
five decades in frequency [15]. The extent of this plateau is limited at high
frequencies by a “bulk” conductivity dispersion which has the same physical
origins as the broadening of the modulus spectrum. As explained above, these
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Fig. 8. Experimental and simulated modulus spectra for the mechanical mixture, Li SiO4/

Li4Sigg7Geg.3304, at 101°C. The simulated spectrum is the summation of two components
corresponding to LiySiO4 and LigSiggvGeg3304.

origins are still obscure, and it is not known whether or not the conductance
will level off onto a second plateau at higher frequencies. Figure 7 illustrates a
feature which was true for most of the silicates and germanates studied, namely
that the high-frequency dispersion in ¢ commenced at a frequency correspond-
ing to the maximum in Z'', and that most of the related dispersion in €' was
completed at a frequency corresponding to the maximum in M"'. For an ideal
electrolyte these frequencies would coincide and there would be no dispersion,
but for real electrolytes the maxima in M'' and Z'’ span a range of frequencies.
As will now be demonstrated, this frequency range is extended considerably
when intergranular effects are present.

Mechanical mixtures containing Li SiO,. The effectiveness of relaxation spectro-
scopy in identifying and characterising intergranular impedances can be demon-
strated with results obtained from mixed electrolytes. Figure 8 shows the
modulus spectrum (at 101°C) of a cold-pressed mechanical mixture containing
equimolar proportions of Li;SiO, and a solid solution of composition LigSig ¢7-
Gey 330,; separate conductivity measurements [15] have shown that the con-
ductivity of the latter solid solution is about 10 times higher than that of
Li;SiO,. It is apparent that not only is the modulus spectrum broadened but
that it is resolvable into two peaks each with A, = 1.94 and height 0.02. The
separation along the logarithmic frequency scale of one decade is in accord
with the ratio of the conductivities of the two components of the mechanical
mixture. This experiment therefore confirms the validity both of the series
equivalent circuit and the layered dielectric model (¢' constant, but o varying)
in representing these solid electrolytes. It follows that conduction by surface
pathways in this material is negligible.

The comparison of the impedance and modulus spectra for this mechanical
mixture is of particular interest, since the extent of chemical reaction, i.e.
homogenisation to yield the solid solution of composition LisSig g3Geg 1704,
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Fig. 9. (a) Changes in the normalised modulus spectrum of the mechanical mixture at

255° C brought about by chemical reaction at higher temperatures. (b) Corresponding
changes in the impedance spectrum.

can be followed by spectroscopic changes which correspond to the progressive
elimination of grain boundary effects. In Fig. 9 are shown impedance and
modulus spectra, determined at 255°C for the mixture after firing (1) at 600°C
for 1 h, (2) at 750°C for 24 h and (3) for 72 h. In (1) very little reaction had
occurred between Li SiO4 and the solid solution, but by (3) reaction was com-
plete and a uniform solid solution was obtained. The ‘normalised’’ modulus
spectra (maximum height set to unity, Fig. 9a) show that the spectrum narrows
somewhat, in accordance with the approach to chemical homogeneity, but
otherwise there is little change. It is in the impedance spectra (Fig. 9b) that
the dramatic changes are observed. For the unreacted material, the asymmetric
peak has a maximum frequency of 2.5 X 10% Hz — i.e. about 2 orders of magni-
tude down from the maximum in the corresponding modulus spectrum. The
Z' spectrum can be resolved plausibly (as shown in the Figure) into two sym-
metric peaks — one at 10® Hz which is due to bulk relaxations, and the second
at 2.5 X 10* Hz which can be assigned to a grain boundary (intergranular) ef-
fect. As the reaction proceeds this second peak decreases in height and moves
to higher frequencies, eventually to merge with the “‘bulk’’ spectrum.

These changes in the impedance spectrum yield information about the nature
of the intergranular effect. For the unreacted material, curve (1) of Fig. 9b, the
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intergranular peak height is about 2.5 times that of the bulk peak, and this may
be taken as the ratio of the corresponding resistances. However, the peak posi-
tions differ in frequency by a factor of about 40, so the intergranular capaci-
tance must be larger than the bulk capacitance by a factor of about 40/2.5 =
16. For the partly reacted material, curve (2), the corresponding ratio of peak
heights has fallen to 0.67 and the frequency factor to 16, so the capacitance

of the intergranular material must have risen to about 24 times the bulk capaci-
tance.

Since the frequency of the intergranular peak changes during the course of
reaction, the increase in capacitance, noted above, cannot be assigned merely
to the thinning of a poorly conducting layer (0 about 1/40 of the bulk value).
A more satisfactory explanation may be given in terms of the poor sintering
of the material, which is manifested experimentally by the tendency of the
sample to crumble. This leads to the presence of air gaps between the crystals
which exist in parallel with high resistances located at the points of contact.
As the reaction proceeds these points of contact grow or become more numer-
ous (hence R goes down), and some air gaps may shrink (hence C goes up). If
the permittivity of the material is assumed (see above) to be about 6, then
initially the air gaps must be about 1/100 the size of the actual crystals — an
estimate which does not seem unreasonable.

The spectroscopic results provide a simple explanation for the conductivity
changes which also accompany the progress of chemical reaction in the mechani-
cal mixture (Fig. 10). The conductivity of the fully reacted material (as taken
from the plateau in the log o versus log f plot) is apparently about four times
larger than that of the original cold-pressed mixture. On the basis of the con-
ductivity data alone, it might be inferred that the two solids, Li4SiO4 and
Li;Sip 67Gep 3304, are reacting together to form a new solid solution of higher
conductivity. In fact [15], Li,Siy g3Geo.1704 has a conductivity which is com-
parable to that of Li;SiO,, and the rise in conductivity can be assigned to the
disappearance of the grain boundary impedances.

It is clear then, that diagrams such as Fig. 10 have to be interpreted with
caution. If intergranular effects are present which have time constants widely
different from those of the bulk relaxations (7,), then a separate dispersion
may be observed in log o vs. log f plots [4]. With increasing frequency, this
can give (ignoring electrode effects) (i) a low frequency plateau dominated
by the intergranular impedances, (ii) a conductivity dispersion, (iii) a second
plateau corresponding to the bulk conductivity, and (iv) a second conduct-
ivity dispersion due to ‘“‘bulk” relaxations (see above). However, in the case of
the inhomogeneous Li,SiO4 pellets discussed above, the time constant of the
intergranular effects does not differ greatly from the bulk relaxations and the
two dispersions overlap. Modulus and impedance spectra show up complexities
whose existence may not even be suspected from the conventional log o vs.
log f plots.

Impedance and modulus spectroscopy can therefore be used to detect *‘in-
correct’’ conductance values (as taken from the plateaux), and to indicate
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Fig. 10. Changes in the conductivity of the mechanical mixture corresponding to the
spectroscopic changes in Fig. 9.

the quality or electrical homogeneity of a solid electrolyte. As part of a study
of conduction mechanisms in lithium-ion conducting ceramics [15], various
solid solutions were investigated in the Li;SiO4-Li4GeO, system. For most of
the compositions studied, intergranular effects were unimportant, but in one
instance (a solid solution of composition LiSig 33Geg ¢704), modulus and
impedance spectroscopy revealed the presence of grain boundary impedances
comparable to those in the mechanical mixtures and which were not apparent
from the a.c. conductivity and permittivity data. This solid solution composi-
tion was known to undergo a first order phase change between the tempera-
tures of sintering and measurement [15]. On cooling the electrolyte through
the transition temperature, changes in shape and/or volume of the original
crystals occurred causing loss of strength in the material and presumably gene-
rating air gaps and bad contacts. These were the probable cause of the addition-
al impedance in this material. Since such phase changes are quite common in
ionic solids, this kind of intergranular impedance may be present in many
polycrystalline electrolytes.

Polycrystalline f-alumina

Using the simple apparatus described below, preliminary data for Na -alu-
mina have been obtained over a range of temperatures from +300° to —196°C.
Results (graphs of log 0, 2"’ and M"' versus log f) are given for two temperatures
(—115° and —147°C) in Figs. 11 and 12. A striking feature is the complete
absence of a plateau in the log o versus log f plots, and in this respect the re-
sults are in sharp contrast with those obtained for Li SiO,. Clearly f-alumina
is a non-ideal solid electrolyte, and this is also shown by the very different
shapes of the M'’ and Z'’ spectra.

The modulus spectrum is very broad, with 4,2 = 3.0, as compared with
1.94 for Li,SiO, and 2.34 for the “mechanical mixture’ discussed above.
There is no doubt that this broad envelope of electrical relaxations can be
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Fig. 11. Conductance behaviour of sintered $-alumina at low temperatures, as measured
with blocking gold electrodes.

assigned to relaxations occurring within the bulk of the material. Thus, although
the peak height is less than for Li SiO4 (0.01 instead of 0.04), this is readily
accounted for in terms of the increased breadth, and the associated “layering”
of the material.

At least three explanations can be advanced for the extreme broadness of
the modulus spectrum. These are based on (i) the random orientation of aniso-
tropically conducting crystals, (ii) the presence of phases of more than one
composition or structure (e.g. $- and 8''-alumina), and (iii) contamination by
traces of water or CO, (e.g. see ref. 5). All of these factors may contribute to
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Fig. 12. Impedance and modulus spectra of sintered -alumina.
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the breadth of the modulus, but at present it is not possible to judge their rela-
tive importance.

The impedance spectrum also shows a peak which can be assigned to these
bulk relaxations (displaced to lower frequencies by about an order of magni-
tude), but this only emerges as a shoulder on the tail end of a large rise in
impedance occurring at low frequencies. No assignment can yet be made as to
the cause of this large rise in impedance at low frequencies. An obvious possi-
bility is the presence in the equivalent circuit of a pure capacitance correspond-
ing to the blocking behaviour of the gold electrodes (see experimental section,
below). A graph of log Z'’ versus log f (not shown) is indeed linear at low fre-
quencies and has the correct slope for a purely capacitive impedance (—1);
from points on this graph a capacitance of around 100 pF may be calculated.
This is a factor of around 10* smaller than is typically found for electrical
double layers, and the possibility of complications due to grain boundary
effects must be considered.

The -alumina system is still far from understood and much work remains
to be done. However, the above discussion seems to indicate that the complex
problem may be conveniently broken down into its constituent parts by using
the combination of impedance and modulus spectroscopy, and that this is a
worthwhile approach to pursue in future investigations.

Comparisons with complex plane analysis

Complex impedance and modulus planes. The modulus and impedance plane
(M"' versus M' and Z"’ versus Z') diagrams for the ‘“mechanical mixture’ are

M x10?
4 (a)
3 S x 108

2+ 1
°BULK’ RELAXATION

2'x 16'/0
Fig. 13. Complex plane plots for the mechanical mixture (see Fig. 9): (a) complex modulus
plane; (b) complex impedance plane.
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shown in Fig. 13. The corresponding spectroscopic plots (M'' and Z'' versus
log f) can be found in Fig. 9. As expected, both types of graph convey similar
information, and there is no difficulty in recognizing in the Z* plot a tendency
to split into two “semicircles” which correspond to the two peaks in the 2"
spectrum.

The main advantage of the spectroscopic mode of presentation lies in the
ease with which the impedance and modulus displays can be compared. Thus
if a certain assignment is made in the modulus spectrum then the correspond-
ing effects of this RC element can be looked for in the appropriate frequency
range in the impedance spectrum. Such comparisons are rather less easy to
make using the complex plane diagrams because in the M* semicircle, increase
in w causes rotation in the clockwise direction, whereas in the Z* semicircle
increase in w is associated with anticlockwise rotation. However, complex Z*
and M* plots can be advantageous when it is required to make extrapolations
of the data to obtain values of the conductivity and permittivity.

Complex admittance plane. Reference has already been made to the use of
complex admittance diagrams [2]. This latter method of analysis depends on
each series RC element in the equivalent circuit giving rise to a peak in the Y"'
versus log f spectrum and hence to a semicircle in the Y* plot. However, for
solid electrolytes which may be represented, as in Fig. 3, by a series array of
parallel RC elements, under certain conditions the use of the admittance for-
malism may be advantageous. As a rough guide, there will be an admittance

'y
o o8 +0 t8 20 26
v'u10t/at Yot fat

Fig. 14. Complex admittance plane plots: the mechanical mixture at 2556°C; sintered
f-alumina at —115°C,
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semicircle corresponding to an intergranular effect, if there exists a range of
frequencies over which the grain boundary admittance is largely capacitive and
the admittance of the crystalline material is largely conductive. In other words,
it depends on the two time constants R;C, and R,C, being well separated on
the frequency scale.

Complex admittance diagrams (Y'’ versus Y') are given in Fig. 14 for both
the “mechanical mixture” and for the sintered §-alumina. A semicircle corre-
sponding to a series capacitance is quite easily distinguished in the case of -
alumina, but it is noteworthy that no intergranular effect can be detected in
the mechanical mixture.

CONCLUDING REMARKS

The combination of impedance and modulus spectroscopy has been shown
to be a useful technique in the study of solid electrolytes. Both “bulk’ and
grain boundary impedances are separated in a simple and convenient manner.

The method suffers from certain limitations, but on closer examination these
are seen to be not too serious. First, the idea that each feature of the ‘“physical
makeup” of the solid electrolyte is able to contribute to the impedance and
modulus spectra depends on the validity of the series equivalent circuit repre-
sentation. Thus, if surface conductivity is important, as for example in AgBr
[19], then a parallel equivalent circuit might seem to be more appropriate,
since the crystal resistances are shorted out by conduction pathways located
in the grain boundaries. However, when this is the case, the position of the
main modulus peak must be independent of the conductivity of the actual
crystals, and will vary according to details of sample preparation, etc. Further
experiments are required to explore the use of modulus spectroscopy as a
diagnostic test for the occurrence of surface conductivity in solid electrolytes.

Secondly, combined impedance and modulus spectroscopy has so far been
applied only to solids of quite low conductivity (<10~ ohm™! cm™?). This is
necessary in order to bring both the impedance and modulus spectra into a
convenient range of frequencies (<10 MHz). In some ways this procedure is
analogous to the study at low temperatures of relaxation processes in super-
cooled molten salts and aqueous solutions [7—9,20]. At temperatures which
are low enough for the spectra to be on scale, the investigations are often inter-
rupted by the onset of crystallisation; likewise it is quite common for solid
electrolytes to undergo first-order phase changes on cooling, in which a ‘‘fast-
ion conductor” is converted into a solid of different structure and only moder-
ate conductivity. This phenomenon will undoubtedly make the study of cer-
tain electrolytes, e.g. a-Li; SOy, difficult if not impossible. However, there re-
mains a promising range of applications to systems not necessarily important
as electrochemical power sources — for example in monitoring irreversible
changes in solid-state ion selective electrodes and sintering processes in ionic
solids generally. For such studies, the automation of the spectroscopic tech-
nique would clearly be advantageous.
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EXPERIMENTAL TECHNIQUE

A detailed description of the procedure for obtaining a.c. conductance data
for polycrystalline orthosilicates and germanates has been given elsewhere
[15]. Essential features are summarised below.

(i) To get accurate, reproducible values of Z* and M* it is important to have
reliable values of both R, and C,,. This has been achieved with a 3-terminal
configuration which also minimised the effects of conduction pathways on
the surface of the sample. ‘

(ii) Polycrystalline Li,SiO, was cold pressed (to about 85% theoretical
density) as rectangular pellets (6 X 6 X 2—10 mm), and the gold foil electrodes
were attached to the square ends with gold paste followed by firing at 700°C.

(iii) The 3-terminal jig was inserted into a horizontal tube furnace which
enabled frequency scans to be made at fixed temperatures in the range ambient
—1700°C.

(iv) Values of R, and C, were obtained using two admittance bridges. For
the range 100 Hz to 50 kHz, a Wayne Kerr B224 bridge was used with a Brook-
deal 9472 source and 9464 detector; an emitter-follower circuit was inserted
between the source and bridge to reduce impedance mismatch. For the range
50 kHz—5 MHz a Wayne Kerr RF bridge B602 and combined source/detector
unit SR268L were used. The matching and continuity of results between the
two bridges was good.

This apparatus was readily adapted to provide a preliminary set of data for
-alumina. Samples of suitable size were cut from 25 mm diameter discs of
B-alumina, containing approximately 80% {''-alumina (British Rail, Batch 81).
Gold electrodes were attached as described above. For measurements at low
temperatures the jig was immersed in suitable solvent baths.
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