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An a.c. impedance study of Lil-Al,O; composite solid electrolyte
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It has been reported that the incorporation of
insulating oxides such as Al,O; and SiO, increases
the cationic conductivity of anhydrous polycrystal-
line lithium iodide [1,2]. Jow and Wagner [3]
suggested that the enhanced cationic conductivity by
addition of Al,O; particles is due to the formation of
a higher conductive interface region between matrix
and oxide particles. Furthermore, lithium iodide is
so extremely hygroscopic that it readily forms
various hydrate phases under even a very low vapour
pressure of waer (0.5 ppm v H;O at 298 K). The
presence of the hydrates favourably or detrimentally
affects the ionic conductivities of lithium iodide—
oxide composites actually used as solid electrolytes
[4,5].

Impedance spectroscopy [6] is known to be a
useful method for making a distinction between
conductive regions with different conductivities in an
ionic solid. Depending upon the geometric arrange-
ment of the various phases and the relative mag-
nitude of their conductivities and diclectric con-
stants, each phase can manifest itself by the presence
of its own arc in an impedance plot. Although
several studies [7, 8] have been conducted on Lil-
Al,O; composites by means of the measurement of
a.c. conductivity simply at 1kHz and of d.c.
four-probe conductivity, they did not take into
account the frequency dispersion of a.c. conductivity
due to hydrate or interface region between Lil and
Al O,. Therefore, a detailed a.c. impedance analysis
is still needed over a wide frequency range.

The present work is aimed at searching for a
possible high conductive region within Lil-AlLO,
composites at 298-400 K and investigating the effect
of crystal water remaining within Lil- Al,O; compo-
sites on lithium ion conduction through Lil-Al, O,
composites. For this purpose, a.c. impedance
measurements were performed at various temp-
eratures and the measured impedance data were
analysed using the complex non-linear least-squares
(CNLS) fitting method [9].

Anhydrous lithium iodide (Foote Mineral Co.,
USA, purity 99.99%) and a-AlL,O; (High Purity
Chemical Co., Japan, purity 99.9%, particle size
0.3 um) powders were used as received without any
pre-treatment. Anhydrous lithium iodide and un-
dried Al,O; powders were sufficiently well mixed in
agate mortar and pestle. They were heated in an
alumina crucible at 750 £ 30 K for 15-17 h, fol-
lowed by quenching to room temperature. The
LiI-Al,O; composite chunk was finally pulverized
and then pressed in a steel die under 850 MPa into
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disc specimens of the Lil 5, 10 and 20 mol % AL O;
composites with diameter 1cm and thickness
0.04-0.05 cm.

For impedance measurements, lithium electrodes
were attached to both sides of the disc specimen.
Two-probe impedance measurement was performed
at various temperatures during the heating cycle
from 314 to 400 K and the cooling cycle from 400 to
314 K, over a frequency range of 10° to 10° Hz using
a Solartron high frequency response analyser (FRA)
(Model SI 1255). Measured impedance data were

‘corrected with values (1 MQ and 35 pF) of input

impedance of the FRA.

The disc specimen was maintained for 20 min at
the measuring temperature prior to impedance
measurement in order to assure the establishment of
thermal equilibrium. Both the disc specimen pre-
paration and the impedance measurement were
carried out in a glove box (VAC HE 493) filled with
purified argon gas in order to prevent the very
reactive lithium and extremely hygroscopic lithium
iodide from coming into contact with air. The
content of H,O vapour in the argon atmosphere of
the glove box was monitored using phosphorus
pentoxide (P,Os; 0.04 ppm v H,O at 298 K) powder.
Thus, we may assume that the atmospheric water
vapour pressure was sufficiently below the critical
value of 0.5 ppm v H,O necessary for the formation
of the tithium iodide hydrates.

The impedance plots of Z' against Z", measured
at 208 K for Lil containing various contents of
Al O3, are shown in Fig. 1. The magnitude of the arc
decreased with increasing Al,O, content. Since the
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Figure 1 Impedance plots of Z' against Z” obtained at 298 K
from Lil containing various Al,O; contents: (O), pure Lil; (@),
5 mol % ALO;; (M), 10 mol % ALO;; (A), 20 mol % Al Os.
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faradaic reaction (Li* + e~ = Li) is known to pro-
ceed faster at the interface between Lil-Al,O,
composite electrolyte and lithium metal electrode,
as compared to lithium ion transport through the
LiI-Al,0; composite [8], the arc can be attributed
to Lil-Al,O; buik ion. As the content of incorpor-
ated Al,O; increases from 0 to 20 mol %, the ionic
conductivity of Lil-AlL,O; composites rises from
1.4%x107t01.0x 107 QP em™.

It should be noted that only a single arc appears
on complex plane over the whole frequency range
investigated, regardless of Al,O; content. Lil-
Al,O; composite is composed of Lil matrix, dis-
persed insulating Al,O; particles and the interface
region between Lil matrix and Al,Oj; particles. If the
dispersed Al,O; particles are sufficiently separated
from one another, the higher conductive interface
region would be encompassed by the lower conduct-
ive lithium jodide matrix. In this case, the lithium
ion conduction would occur through both the higher
conductive interface region parallel to the direction
of lithium ion conduction and the lower conductive
lithium iodide matrix. Consequently, an additional
arc assigned to the higher conductive interface
should result in a complex impedance plane.

The percolation model combined with the effect-
ive medium model [9] on ionic conduction through a
composite AB gives the percolation limit value of
10-15 vol % B, above which the continuous conduc-
tion path is provided. However, we did not actually
observe any additional arc even at 5 mol%
(3.4 vol %) Al,0; content, which is much lower than
the percolation limit. Therefore, it is strongly
inferred that the enhanced lithium ion conductivity
is not due to the higher conductive phase newly
formed at the interface between Lil matrix and
AlL,O; particle, but to lithium ion vacancy concentra-
tion in the lithium iodide matrix near Al,O; parti-
cles.

Fig. 2 shows typical impedance spectra obtained
from Lil-20 mol % Al,O; composite during the
heating and cooling cycles. During the heating cycle,
a single arc results over the whole frequency range
investigated, whereas during the cooling cycle,
seriously depressed and merged arcs appear. Similar
results were also observed for the other composite
specimens (Lil S and 10 mol % AL O;).

For analysis of the seriously depressed and
merged impedance arcs, the CNLS fitting method
[10] was employed. The equation for the total
measured impedance spectra is:

R, R

t = + b j = —-11/2
1+ (oR,CH" 1+ (joR,C)"

Z

M

where w is angular frequency, R; and C; represent
resistance and capacitance for an arc on the complex
impedance plane and the distribution parameter y,
in the equivalent circuit was introduced to quantify
the dispersion of impedance spectral data. The first
and second terms of Equation 1 correspond to the
high and low frequency arcs, respectively. The
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Figure 2 Typical impedance plots of Z’ against Z” obtained from
Lil containing 20 mol % ALO; during (a) the heating cycle,
measured at temperatures of: (O), 328K; (O), 360K; (A),
382 K; and (b) during the cooling cycle, measured at temperatures
of: (@), 390K, (M), 371 K; (A), 358 K. The cooling cycle runs
were preceded by holding the specimen at 400 K for 1 h.

parameters R;, C; and y; in Equation 1 were
determined by fitting the measured impedance data
so that weighted sums (S) of squared residuals were
minimized:

n [ 2 "o_ "2
S = E((Zeli Ztg) + (Zeli Zti ) (2)
|24 |Z&[?

i

where Z;; and Z¢; are the real and imaginary parts
of measured impedance data and Z; and Zj are the
real and imaginary impedances theoretically calcu-
lated from Equation 1. The standard deviations S, of
each estimated parameter R;, C; and y; were
calculated from the formula proposed by Walter et
al. [11], given by:

_ s AL
5= (5 )] o

where S is a weighted sum of squared residuals, N is
the number of measured impedance data, M is the
number of circuit parameters, and Hy is the (k, k)th
component of the Hessian matrix (2J*7J; J = Jaco-
bian matrix). The values of standard deviations S,
for the estimated parameters were calculated to be
0.01 to 1.2%, suggesting the validity of those
parameters. The computer code used in data fitting
was developed recently in our laboratory.

The results of fitting are given in Table 1. The
values of capacitance C; and relaxation time dis-
tribution parameter y; were not considerably
changed with decreasing temperature. The overall
shape change of impedance spectra was mainly
determined by resistance elements R;. The para-
meter 7, (0.66 to 0.78) obtained from the low
frequency arc was relatively low, as compared to the
values (0.91 to 0.98) from the high frequency arc.
According to Cole and Cole [12], the value of vy is
closely related to the distribution of relaxation time
for charge transport. In other words, as the value of



TABLE Fit parameters for impedance data obtained from
Lil-20 mol % ALO; composite at various temperatures during the
cooling cycle, using the CNLS fitting method. Specimen thickness
(d) = 0.05 cm, area (A) = 0.785 cm?

ai C a5 G

T(K) (u@lem™) (F) (@ lem™) @F) 7,
390 92 0.48 091 15 1.4  0.66
371 47 0.47 0.94 438 2.0 0.68
358 28 0.48 097 2.1 22 070
331 5.4 0.47 0.96 2.3 22 077
321 4.0 0.47 0.98 0.15 22 0.78
314 3.0 0.50 0.98 0.09 2.0 078
298> 1.0 0.02

“The thickness (d, d,) of the respective phases responsible for the
two arcs were determined from the relations, d,/
d, = (5,C)/(&,C)) (g is the relative dielectric constant) and
d = d, + d,, assuming that &, = ¢,.

bCalculated from the ¢ = 0,/T exp[— E,/RT] (o is ionic conduct-
ivity, oy is the pre-exponential factor, E, is the activation energy,
T is absolute temperature).

y decreases, the distribution of relaxation time for
charge conduction becomes broader. These results
suggests that the phase associated with the low
frequency arc is inhomogeneous.

The Arrhenius plots are shown in Fig. 3 for the
lithium ion conduction through the lithium iodide
composite containing 20 mol % AL O;. The values of
activation energy (50.9 kI mol™?) and lithium ionic
conductivity (about 1.0 x 1074 QT em™ at 298 K)
calculated from the high frequency arc during the
cooling cycle are reasonably comparable to the
values (48.0kJmol™ and 1.2x107°Q ' cm™ at
298 K) obtained from total impedance during the
heating cycle, indicating that the high frequency arc
is assigned to the lithium iodide matrix phase. In
contrast, the activation energy (74.0 kJmol™) and
the lithium ionic conductivity (about 2.0 X
1078 QTem ™! at 298 K) obtained from the low
frequency arc during the cooling cycle are much
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Figure 3 Arrhenius plots obtained from Lil containing 20 mol %
Al O; during the heating and cooling cycles: (O), total impedance
during the heating cycle; (A), total impedance during the cooling
cycle; (@), high frequency arc during the cooling cycle; (A), low
frequency arc during the cooling cycle. The cooling cycle runs
were preceded by holding the specimen at 400 K for 1 h.

higher and lower than those values from the high
frequency arc, respectively. This means that the
lithium ion conduction through a new phase devel-
oped during the holding at 400K for 1h and
responsible for the low frequency arc is more
aggravated than that through the Lil matrix phase.

LiI-ALO; composite usually contains a small
amount of H,O because of the extremely hygro-
scopic nature of Lil, despite careful dehydration
treatment. Thus, the low frequency arc shown in
Fig. 2b may result from H,O remaining within the
LiI-AL/O; composite. The activation energies for
lithium ion conduction through three different
hydrates of lithium iodide, Lil-H,O, Lil-2H,0O and
Lil-3H,0, were measured to be 66.3, 355.5 and
105.7 kI mol %, respectively, and the lithium ion
conductivity of Lil'-H,0 was given as 2X
1077 Q7' cm™! at 298 K by Rudo ez al. [5].

The activation energies of Lil-2H,0 and Lil-
3H,0 are much higher than the value of the lithium
iodide matrix phase. In addition, Lil-2H,O and
Lil-3H,O phases should be present as a molten state
above 353 K according to the phase diagram [5].
Therefore, the two hydrate phases cannot be res-
ponsible for the low frequency arc. According to the
mixing rule for composite conductor, the effective
activation energy measured on average, associated
with the low frequency arc, is never determined by
the Lil-H,O phase, providing a relatively lower
activation energy and a comparatively higher ionic
conductivity.

Let us consider another phase responsible for the
low frequency arc. LiOH phase is, as one would
expect, energetically more stable than Lil-H,O
phase. In particuiar, since the Lil-H,O phase begins
to decompose into Lil and H,O at about 400 K [5],
the reaction between metallic lithium electrode and
H,O readily occurs at this temperature. The activ-
afion energy for lithium ion conduction through the
LiOH phase and the lithium ionic conductivity of
that phase were found to be about 82 kJmol~* and
about 1 X 107 Q7! cm™! at 298 K, respectively, by
Biefeld and Johnson [13]. Therefore, it is reasonable
to consider that the low frequency arc is attributed
not to any lithium iodide hydrate phase itself, but to
the lithium hydroxide phase distributed inhomogen-
eously within Lil-Al,O; composite electrolyte near
the metallic lithium electrode.

In summary, Lil-ALO; composites containing 5,
10 and 20 mol % ALO; showed only a single arc
over the frequency range 10? to 10° Hz at 298 K. The
result substantiated the theory that the lithium ionic
conductivity is mainly raised by the charge carrier
concentration within the Lil matrix. Lil-ALO,
composites showed only a single arc over the
frequency range 10* to 10° Hz during the heating
cycle, whereas they presented two seriously merged
arcs during the cooling cycle after holding at 400 K
for 1 h. The two arcs were reasonably well separated
using the CNLS fitting method. The activation
energy and ionic conductivity for lithium ion conduc-
tion associated with the much depressed low fre-
quency arc (y = 0.66 to 0.78) were calculated to be
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74.0kJmol™ and 2.0x 1078 Q'em™, respect-
ively. From the activation energy and the wide
dispersion of impedance spectra, it is suggested that
lithium hydroxide phase formed inhomogeneously
within the Lil- Al,O; composite electrolyte near the
lithium electrode at 400 K is responsible for the
occurrence of the low frequency additional arc.
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