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Behaviour of Li,SiO, and its solid solutions during
d.c. and a.c. measurements
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Pellets of three compositions, Li4Si04, Lis 3(Sig.7Aly 5)04 and (Li; g, Aly o )SiO4 have been
subjected to d.c. and a.c. measurements over a range of temperatures and voltages using gold electrodes
in a symmetrical cell arrangement. At low temperatures, < 200° C, the electrode—electrolyte interfaces

behave as a simple double layer capacitor but at higher temperatures complex behaviour, associated
with electrochemical decomposition of the pellets, is observed.

1. Introduction

The a.c. conductivity measurements on solid elec-
trolytes are frequently made using gold electrodes
which are assumed to be blocking at small applied
voltages. It has recently been shown, however, that
avariety of ionic solids, including Li4SiO,4, Li;SiO3
and, to a certain extent Na $-alumina, undergo
electrochemical decomposition at high tempera-
tures e.g. = 400° C with relatively small applied
voltages, e.g. 0.1 to 0.5V [1-3]. The products of
decomposition are solids that remain in the vic-
inity of the electrode~electrolyte interface and
may subsequently rereact when the cells are
allowed to discharge. Although gold electrodes
were used in the construction of the cells, it was
shown [2-4] that the gold took no part in the
overall operation of the cells and other electrode
materials could conceivably be used. These all-
solid state, high temperature cells have various
possible applications which include thermal bat-
teries, high temperature constant voltage sources
and thermal switching devices. They should also
lend themselves to miniaturization using thin film
techniques.

In this paper, we report the results of com-
bined a.c. and d.c. measurements on polycrystal-
line Li4Si04 and two Li, Si04-based solid solutions
that have enhanced conductivity [5]. The objective
has been to gain an increased understanding of the

processes that occur under the action of an applied
voltage.

The solid solutions chosen for study both have
the Li4SiOg4 structure but lie on different joins in
the system Li,O-Al,03-Si0, [S]. The interstitial
solid solutions lie on the join LigSiOs-LisAlO4
and have general formula Lig,, (Si;— Al )Oq4; for
this study, a composition with x =0.30 was chosen.
The vacancy solid solutions lie on the join LisSiO4-
LiAlSiO4 with general formula (Liz—3, Al )SiO4;
composition x = 0.06 was selected.

2. Experimental details

Li4Si0O4 and its solid solutions Li, 5(Siy 4Alg 5)04
and (Liz g, Aly g6 )Si04 were synthesized by solid
state reaction of Li;CO3, SiO; and Al,0; in gold
foil boats in electric muffle furnaces at tempera-
tures increasing from 600 to 900° C [5]. Complete-
ness of reaction was checked by X-ray powder dif-
fraction using a Higg Guinier focusing camera,
CuKo; radiation. Pellets were cold-pressed at 2
tons cm ™2 and sintered at 1000° C for 2 h in order
to increase their mechanical strength, reduce por-
osity and improve the intergranular contact. Final
pellet porosities were ~ 15%. Gold foil electrodes
were attached to opposite pellet faces using Engel-
hard gold paste; the pellets were then gradually
heated to 500° C and held at that temperature for
30 min in order to decompose the organogold
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paste and harden the residue. Previous experiments
had shown that either gold foil or evaporated gold
electrodes could also be used [2-4] and similar
results obtained. Here it was most convenient to
use electrodes made from gold paste. The pellets
with electrodes attached to platinum wire leads,
were placed inside a vertical tube furnace whose
temperature was controlled to +1° C.

The d.c. charging and discharging experiments
were carried out by means of a simple electrical
set-up in which a constant voltage source was used
to apply a voltage, in the range 0.1 to 1.0V, across
the pellet. This applied voltage was checked with a
digital voltmeter. The current passing through the
cell was measured by recording the potential drop
across a standard resistor in series with the cell,
using a Chessell millivoltmeter/chart recorder. The
standard resistors were carefully chosen so as to
permit measurements on cells containing pellets of
low conductivity (at certain temperatures). In
order to discharge the cells, the d.c. power source
was removed from the circuit and the leads to the
recorder reversed. The total charge passed was
determined from the area under the 7 versus ¢
curves.

The a.c. impedance measurements were made
on cells of similar design using a Solartron 1172
frequency analyser operating over the frequency
range 107 to 10% Hz. For these measurements, the
cell was connected in series with a standard resis-
tor and a constant voltage, usually 0.1V, applied
across them. The voltage across the cell was not
known accurately, but was less than the nominal
applied voltage and varied with frequency as the

8 1012 1416 18 20
t{min)

function of (a) tempera-
ture and (b) voltage.

cell impedance varied. All measurements were car-
ried out in air.

3. Results and discussion
3.1. Charging and discharging experiments

Pellets of three different compositions were used
for the charging-discharging experiments:
(1) LisSiO,4
(ii) Lis 5(Sio 7 Alg 5)04
(iii) (Liz,55Alo.06)Si04
The temperatures used were in the range 245 to

applied voltages in the range 0.1 to 1.0 V. Typical
charging curves of 7 versus ¢ are given in Figs. 1-3
for (a) constant voltage at a series of temperatures,
and (b) constant temperature for a series of vol-
tages. Charging times were generally either 30 or
60 min and the total charges passed, determined
from the areas under the curves, are indicated in
Figs. 1 and 2. Significant increases in the charging
currents were found with both increasing tempera-
ture and increasing applied voltage. For peliets (i)
and (iii), the charging current tended towards a
steady rate value for times 2 20 min, suggesting
that an electrode reaction was taking place at the
electrode—electrolyte interface. A similar effect
was observed with pellet (ii) at high temperatures,
but at lower temperatures, the charging current
gradually decreased with time.

Similar curves to Figs. 1-3 were obtained on
subsequent discharge of the cells, although in
these cases, the discharge currents eventually
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decreased to zero. These results (not shown)
together with those for charging were used to cal-
culate the amount of charge that was effectively
lost during charging, and not recovered on dis-
charging, as follows:

loss,L = (1~Q-@ﬂ%e—)x100% (1)
charge

The values of Qgischarge aNd Oenarge Were deter-
mined after fixed times: (i) 30 min, (iii) 60 min
and (ii) after the current had decreased to 1% of

Fig. 2. Li, 4(Si, ,Al; 5)O,,
pellet density 1.63gem™;
current versus time behav-
iour on charging as a
function of (a) tempera-

ture and (b) voltage.

its initial value, generally a few minutes. Values
of L as a function of temperature and voltage are

given in Table 1.

These results, Figs. 1-3, Table 1, indicate that
two types of process occur during the charging
experiments. At low temperatures, < 200° C, as
seen in (ii), the losses were small and the overall
amounts of charge that were stored and recovered,
10™* to 107° C, were also small, indicative of an
essentially double layer capacitance behaviour.

At high temperatures, the Q values were
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Fig. 3. (Li, g, Al 46)SiO,,
pellet density 1.71gem™2,
current versus time behav-
iour on charging as a
function of (a) tempera-
ture and (b) voltage.
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Table 1. Summary of charging—discharging experiments

1i Sio, Lig 5(Siq.7 Al 5)0, { Li3.s2Aks 06 }SIO,
T°C Charging  Average Loss T°C Charging Average  Loss T°C Charging Average Loss
Voltage  charge L (%) voltage charge L (%) voltage charge L (%)
(V) passed (C) (V) passed (C) (V) passed (C}
245 0.2 ~107¢ 87 100 0.2 ~107° 0 150 0.2 ~107° 54
0.4 ~10-* 84 04 ~107 1 .
0.6 ~10% 82 0.6 ~100 10 2092 PO
0.8 ~107* 81 0.8 ~107* 7 ’ a
1.0 ~10 81 ; 0.6 1 6
150 0.2 ~107% 0 0.8 ~10™* 60
320 0.2 ~107* 74 04 ~10°° 6 4
0.4 ~10° 77 0.6 ~10 a1 2P R PSP
0.6 ~10? 82 0.8 ~107% 24 . B
0.8 ~107 83 s 04 o
1.0 ~10-3 84 196 0.1 ~10 12 0.6 ~10_ 64
0.2 ~10°° 17 0.8 ~1073 83
381 0.2 ~10-® 64 0.3 ~107* 18 3
0.4 ~107 64 0.4 ~00 17 PR RO
0.6 ~107? 76 0.5 ~10"* 18 ’ 3
0.8 ~107 76 » 0.4 ~ 107 78
L0 ~10-2 81 245 0.1 ~10 35 0.6 ~10 87
: 0.2 ~107* 56
445 0.2 ~107? 75 0.3 ~107* 57
0.4 ~107? 77 0.4 ~107* 64
06 ~107 Bl ah0 0 ~10 83
0.8 ~10 84 -3
1.0 ~107 86 02 ~7 B
0.3 ~107% 87
505 0.2 ~107? 74 0.4 ~1072 84
0.4 ~107? 72 0.5 ~107° 85
0.6 ~107 T8 55 04 ~10° 81
0.8 ~10 85 -3
1.0 ~10- 85 0.2 ~10_ 90
- 0.3 ~1073 80
0.4 ~1073 82
generally several orders of magnitude larger, 10~ The resulits of Table 1 show that the losses, or
to 107 C and the losses were much higher, only cell efficiencies vary little with applied voltage, at
10-30% of the charge being recoverable. These least in the range 0.1 to 1.0 V and with tempera-
charge magnitudes are too high to be attributable ture, at least in the range ~ 250 to 500° C.
to conventional double layer phenomena and are The reactions that occur on charging celi (i)
more consistent with the occurrence of electro- have been previously investigated [3] and lead
chemical reactions at the electrode—electrolyte to the formation of Li,CO3 and Li,SiO; at the
interfaces. cathode and anode, respectively. X-ray powder
The occurrence of steady state currents after diffraction of pellet surfaces before and after
long times of charging may perhaps, at first sight, charging was carried out on the present LisSiO4
be attributable to electronic conduction or pos- samples and these same two crystalline phases
sibly, conduction by oxide ions. However, if this were also detected in small amounts at the appro-
were the case, only small discharge currents would  priate electrodes. The reactions by which these
be possible, giving Qgischarge ™ 10 t0107°C. products form are possibly:

Since the discharge currents were usually at least

two orders of magnitude greater than these values,
such effects cannot be of major significance in the
present materials. Li,0 + CO, - Li,CO; (chemical) (2b)

cathode:
2Li* + 30, + 2e ~ Li,0 (electrochemical) (2a)
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Fig. 4. Li,Si0,; (a) current versus time 7 and (b) current versus tlme’; dependance on charging at S05° C.

anode:
Li4Si04 = Li,Si05 + 30, + 2Li*+ Ze

{electrochemical)

(3
overall:

LisSi04 + CO, - Li,8105 + Li,C0;4 4)

The products obtained on charging pellets (ii)
and (jii) were not identified and the role of AI**
is at present not known,

3.2. Analysis of current-time curves

The current—time curves obtained on charging,
Figs. 1-3 and discharging were clearly non-
exponential. Since the current flow is atiribuied
to transport of Li* ions through the bulk of the
pellets, together with electrochemical reactions

at the electrode—electrolyte interface and pos-
sible transport through the product layer(s), a
diffusion-controlled behaviour might be antici-
pated. On application of a step potential to a
previously equilibrated cell, the concentration of
ions at the electrode—electrolyte interface changes
abruptly; re-equilibration in the distribution of
ions may then be reached by chemical diffusion.
During electrolysis, concentration gradients of
electroactive ions may also build up and diffusional

transport may occur if the charge transfer reaction
is rapid. For such diffusion-controlled phenomena,
the current should depend linearly on the recipro-
cal of the square root of time with the constant

of propottionality, K, being related to the diffusion
coefficient, ie.

1= Kt 5)

This equation was found to be applicable to all
three pellet materials over a wide range of condi-
tions, Figs. 4-6. For Li48i0,, Equation 5 held for
a range of temperatures and times, Fig. 4b. Excep-
tions were for () short times, < 3 mins, Fig. 4a,
for which the alternative equation:

I = Ki* (6)

was found, (b) high charging voltages at high tem-
peratures, 0.8 and 1.0V at 505° C and (¢} long
times of charging in which the current had reached
a steady-state value:

=1 (7

For Liy 5{Sip - Alp.5)04, (i), Equation 5 was
found to hold for times ranging from a few sec-
onds to a few minutes, Fig. 5, for temperatures of
300° C and below. For longer times the current
had decreased either to zero or 1o a constant value,
Equation 7.

For (Liz g,Alg. 56 )Si04, the results were more

const
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complicated and Equation 5 was found to be
operative only at temperatures >250° C, Fig. 6.
The slopes, K, of the graphs shown in Figs. 4b,
5 and 6 were determined and are indicated on the
graphs, together with, in parentheses, the values
for the corresponding discharge curves. Agreement
between the two sets of K values is generally good.
The slopes, K, should be related to the diffusion
coefficient which is a temperature dependent par-
ameter. The results clearly show that K also
depends on voltage and hence the relation between
K and the diffusion coefficient is not simple.
Nevertheless, the frequent applicability of Equa-

tion 3 to the experimental results indicates a dif-
fusion-controlled current flow mechanism.

3.3. Low frequency a.c. impedance measurements

The electrical properties of an ideal solid electro-
lyte can be represented by a simple equivalent
circuit containing a bulk resistance, Ry, and geo-
metric capacitance, Cg, in parallel. For polycrys-
talline electrolytes with blocking electrodes addi-
tional circuit elements representing grain boundary
impedance and double layer capacitance must be
included. The circuit becomes further complicated

Li3.82 Alg.0s 5104
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o o 03 o Fig. 6. (ng_glz Alyg 06 )Si0; current
- versus time “3 dependance on charg-
t™2(s™") ing at 295° C.
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cuit for an electrolyte
cell that is undergoing
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when electrode reactions can occur, Fig. 7a. Then
a charge transfer resistance, Rqr and a Warburg
impedance, W, associated with diffusion controlled
processes may also be introduced into the equiva-
lent circuit. In practice, the charge transfer and
diffusion controlled regions may not be well
defined and the observed “electrode’ response in
the complex impedance plane depends on the
relative magnitudes of Rgr and W. If the elec-
trode reactions are kinetically sluggish, a large
R will be present leading to an impedance
plane plot dominated by a large semicircle.
Conversely, if Rop is small the semicircle associ-
ated with R and Cpyp, will be small and a
straight line of ideal slope 45°, associated with
the Warburg impedance should dominate the
complex impedance plane at low frequencies.

A schematic response in which both Rgp and W
are significant is shown in Fig. 7b.

Li, Si0,,

* 302°C
a 356°C
x 402°C

10

impedance plot at low
frequencies for (a).

The formation of product layer(s) at the
electrode—electrolyte interface may cause addi-
tional complications and lead to extra RC ele-
ments in the equivalent circuit with associated
semicircles in the complex impedance plane.

The a.c. impedance measurements were made
on pellets of the same three compositions as used
for the d.c. measurements and also at similar tem-
peratures. Measurements were made over the
frequency range 107 to 10* Hz with a nominal
applied voltage of, usually, 0.1 V. However, as
indicated in the Experimental section, the actual
voltage dropped across the sample was smaller
than the nominal applied value and varied with
frequency. Nevertheless, the conditions under
which the d.c. and a.c. measurements were carried
out were sufficiently similar that the same pheno-
mena should be observed in both.

Typical results are shown in Figs. 8-10 for

Fig. 8. Complex imped-

ance plots, Li,SiO,, at
various temperatures.
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pellets (i) to (iii), respectively. Values of the
intercept, Ry on the real, Z' axis were converted
to conductivity values and compared with the
values obtained from frequency independent
plateaux in log conductivity versus log frequency
plots obtained at higher frequencies using admit-
tance bridges [5]. These results, listed in Table 2,
show good agreement usually and indicated that
the resistance Ry represents the effective overall
resistance of the pellet, especially at low tempera-
tures, < 300° C. At higher temperatures, discrepan-
cies are seen between the two sets of results but,
as described later, these values of Rx were found
to be voltage dependent and cannot represent
simply the pellet resistance.

The complex impedance plots, Figs. 810 show
a variety of results but certain features are clear.
At the lower temperatures, results approaching
those expected for a ‘blocking electrode spike’ are
seen. For example in Fig. 9, 161, 260° C; Fig. 10,

Lizg2 AlgoeSi04

® 316°C; wmax=5x102Hz
x 376°C; wimgx = 2 x 1072Hz
20k 0 422°C; wnay =125 x 107 Hz 5k
.
8-
16f * o 4
o
[ 14t 85 b
e
2
~

i N ) I T T |

246, 316° C, straight lines of slope in the range

60 to 70° C are seen, which are somewhat deviated
from the ideal value of 90° for a perfect double
layer capacitance. These results are consistent with
those obtained in the d.c. experiments which indi-
cated essentially capacitance behaviour at low tem-
peratures.

At higher temperatures, various combinations
of a Warburg type response at ~45° and a flat-
tened semicircle are seen. The capacitance values
calculated from the impedance and frequency of
the semicircle maxima are in the range 10™ to
1073 F. These are 1 to 2 orders of magnitude
larger than typical double layer values and several
orders of magnitude larger than would be expected
for the electrical response of a product layer(s).
These results clearly indicate that electrode reac-
tions are occurring and that the current flow is
not simply diffusion controlled.

The difficulties associated with making a.c.

z'x 1073Q

p- 1 L
Re 2 aPs 8 1012 14 158 18 20 22 24 26 28 30 1

6! o/
0y
/ .
L
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¥
/X
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/j
/
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)
Regh . )
. ! L Fig. 10. Complex impedance
3 plots, (Li, 5, Al o)SiO, at
Z'x 04Q various temperatures.
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Table 2. Conductivity values fohm™' cm™")

Li,Sio, Li, ;(Si, ,Al, 5)0, (Li; g, Al 46 )Si0,
T°C ¢ I T(°C o o T(°C) o
(Bridge plateau (Impedance (Bridge plateau  (Impedance (Bridge plateau (Impedance
value) Ry value) value) Rx value) value) Rx value)
302 1.96 x107° 1.81 X107 161 6.91 x10°° 6.4 X107° 210 2.56 x10°° 2.4 x107¢
356 9.44 x10°*° 9.7 x10°* 210 241 X107 2.56 X10™* 264 1.69X10°° 1.6 X107°
402 3.39x10™ 3.2 X107 260 7.83 x107* 7.75 x107* 316 846 x10°° 5.6 X10°°
322 2.08 Xx107? 3.4 x10™* 376 2.64x10°° 2.0 x10™*
379 4.35%x107° 5.68x107* 422 6.6 x107* 4.4 x10"*

impedance measurements on solid electrolytes
under conditions where electrode reactions occur
are further indicated in Fig. 11. A pellet of com-
position (iii) was subjected to three cycles of a.c.
impedance measurements and the results are
clearly different each time. The high frequency
intercept, Ry, is essentially unchanged but a low
frequency arc is obtained that grows in size with
increasing time.

Results [4] that show the effect of varying the
nominal applied voltage are given in Fig. 12 for a
pellet of LisSiO4 (i). Measurements were made on
the same pellet, first at .05V, then at 0.2V and
finally at 0.5 V. The results clearly show that the
magnitude of the intercept Ry decreases with
increasing voltage and indicate that, in these high
temperature measurements, Ry does not repres-
ent the overall pellet resistance.

4. Conclusions

The a.c. and d.c. measurements show that at rela-
tively low temperatures < 200° C, the Li* ion

422°C

Z°x 1072Q

conducting solid electrolyte Li,SiO4 and its solid
solutions, with gold electrodes, behave effectively
as double layer capacitors at low frequencies. At
higher temperatures, reactions occur at the elec-
trode—electrolyte interfaces which are associated
with electrochemical decomposition of the pellets.
This is shown by

(a) the large amounts of charge that can be
stored and released

(b) the reduced efficiency of the charge storage
process, as compared to the double layer
capacitor behaviour

(c) the form of the current—time curves which
indicate a diffusion controlled process

(d) the low frequency response in the complex
impedance plane, which indicates a com-
bination of a Warburg impedance and other
effects associated with very large capaci-
tance values, and

(e) time and voltage dependent response in the
complex impedance plane at low frequen-
cies.

Fig. 11. Complex impedance
plots, (Li, g, Al, 46)S10, at
422° C. Runs were made in seq-
ence (1), (2), (3) on the same
cell; run (2) was immediately

L 1
140 160

i 1
100 120
7' x 1072Q

1 1 1 i
180 200 220 240

after run (1); after (2), the cell
was kept at 1.5X 1072 Hz for
12 h prior to run (3).
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Fig. 12. Complex impedance

Since these effects were observed at voltages as
small as 50 and 100 mV, the results have wider
implications for a.c. measurements on solid elec-
trolytes at high temperatures.
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