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Conductivity data for the lithium ion conducting solid electrolyte, LISICON, Liz+ti Zn,-, Ge04 over a 
particularly wide composition range, 0.15 < x < 0.85, and over the temperature range -25 to 150°C 
show that both the activation energy and preexponential factor pass through maxima around x - 0.4 to 
0.5, at which the preexponential factor exhibits anomalously high values, -lOi3 ohm-r cm-’ K. An 
explanation is offered which involves the trapping of mobile Li+ ions by the immobile sublattice at 
lower temperatures. This model also accounts for ageing effects observed at lower temperatures in 
which the conductivity decreases slowly with time. In the isostructural Li+ electrolytes, Li,,, Si, Y,-, 
O4 (Y = P, As, V), the compositional dependence of both the preexponential factor and activation 
energy is less marked and no evidence for ion trapping effects is observed. 

Conductivity data on systems which tors, of interactions between mobile ions 
have a low concentration of charge carri- and the immobile sublattice, which lead to 
ers, such as doped alkali halide crystals, are the trapping of potentially mobile ions, has 
reasonably well characterized and can be been appreciated (6) particularly in the F- 
readily interpreted in terms of point defect and O*- ion conductors with the fluorite 
models (I, 2). By contrast, systems with structure (7, 8). Such systems show un- 
large carrier concentrations cannot be un- usual variations in the activation energy 
derstood in terms of simple point defect and preexponential factor with composition 
models (3, 4). Often such systems exhibit (9) but they can be studied over only lim- 
linear log VT vs T-’ plots and attention has ited ranges of solid solution composition, 
focused on correlating changes in activa- e.g., -9 to 19 mole% dopant. 
tion energy with variations in mobility asso- In Li+ ion conducting solids, few detailed 
ciated with structural effects such as varia- studies of the compositional dependence of 
tions in bottleneck size (5). Recently, the ion migration have been carried out. One 
importance, in nonstoichiometric conduc- system that exhibits a particularly wide 
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compositional range is the LISICON solid 
electrolyte system, Li2+2r Zni-,Ge04 where 
x can vary from -0.15 to 0.87 (20). High 
ionic conductivity in this system is attrib- 
uted to the presence of interstitial Li+ ions 
(I I ). The conductivity data show marked 
variations in both activation energy and 
preexponential factor with composition; 
the latter exhibits anomalously large values 
for compositions around x = 0.5. The 
LISICON system therefore offers consid- 
erable scope for investigating the compo- 
sitional dependence of conductivity in 
nonstoichiometric materials. 

Conductivity data (11) for the LISICON 
system over the temperature range, 25 to 
150°C are reproduced in Fig. 1. Activation 
energies, E and preexponential factors, A, 
extracted from Fig. 1 are given in Fig. 2. 
130th E and log A show a similar composi- 
tional dependence in which two linear re- 
gions are observed. In region 1 with x 5 
0.4, E and log A increase with increasing x. 
In region 2 with x 2 0.55, E and log A de- 
crease with increasing X. The similar com- 

10-71 
20 25 30 

1000/T K-’ 

FIG. 1. lntracrystalline conductivities of LlSICON 
solid solutions LiZ+tZn,m,GeO,. The x values are 
A(0.W B(O.75), C(O.SS), D(0.40), E(0.30), F(0.15), 
see Ref. (If). 
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FIG. 2. Variation of (a) activation energy, E and (b) 
preexponential factor. A with composition for the data 
given in Fig. 1. 

positional dependences of E and log A (Fig. 
2) imply that linear relationships exist be- 
tween them and this is found on plotting log 
A vs E. 

From Fig. 2, the preexponential factor at- 
tains very high values, -lOi ohm--’ cm ’ 
K, at intermediate x values. Such high A 
values cannot be rationalized in terms of 
a model in which all of the interstitial Li’ 
ions are mobile. In this model, the preex- 
ponential factor is given by (12) 

A = gvod2q2ckm’ exp(ASlk) (1) 

where g-geometrical factor, depends on 
lattice geometry, d-jump distance, y- 
charge on the mobile ion, c-concentration 
of mobile ions, vO-attempt frequency, 
AS-entropy of migration, k-Boltzman 
constant. If realistic values for the above 
parameters are chosen, a value for the pre- 
factor of -lo4 ohm-i cm-’ K is obtained. 
This varies by a factor of 2 to 3 over the 
compositional range of interest, in marked 
contrast to the observed variation of -IOx 
with composition (Fig. 2). 
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In order to explain the observed trends, 
an alternative model involving the trapping 
of mobile ions by the formation of defect 
clusters is proposed. It is noteworthy that 
similar effects to those found in region I 
have been reported by Hohnke in doped 
ZrOz (9). He found that both log A and E 
increased with dopant concentration over 
the range x = 0.08 to 0.16 in Zrlm:r In>, 02-, 
and that A reached a value of IOx ohm-’ 
cm-’ K at x = 0.16. He also showed that 
the results could not be explained by a 
mode1 in which all of the potentially mobile 
species are free to migrate. 

The LISICON solid electrolytes may be 
regarded as interstitial solid solutions based 
on yt,-LizZnGe04 (f0) in which each Zn?+ 
ion is replaced by two Li+ ions. One of 
these occupies the tetrahedral zinc site in 
the framework [Liz,, Zn, , Ge04]‘ -. The 
other occupies a distorted octahedral inter- 
stitial site, the fractional occupancy of 
which is equal to x. These octahedral sites 
are therefore half-occupied at x = 0.5. Con- 
duction may be regarded as arising from in- 
terstitial Li+ ions for x < 0.5 and from Li’ 
vacancies for x > 0.5. 

Possible origins of the observed behavior 
can be understood by considering the ef- 
fects of compositional variations starting 
frombothx=Oandx= l.Forx=O,LizZn 
Ge04, partial substitution of Zn?- by Li’ 
gives rise to substitutional Li- ions, which 
carry an effective charge of I- and intersti- 
tial Li+ ions with a net charge of I+. Di- 
poles may therefore form between the two 
types of Li’ ion which effectively trap the 
interstitial Li+ ion. Freely mobile Lit ions 
are able to form by dissociation of such di- 
poles for which a quasichemical equilib- 
rium may be written 

(L& Li,)” * Li’,, + Li; (2) 

where subscripts, Zn, i, indicate the sites 
that are occupied and superscripts, X, i. ., 
represent the effective charges, 0, I-, 1 +, 
respectively. The enthalpy, AH: and en- 

tropy, AS: of dissociation contribute to the 
overall activation energy and preexponen- 
tial factor for conduction. As x increases, 
the dipoles may aggregate to form dimers, 
trimers, and larger clusters for which both 
AHi; and AS: increase with cluster size. 

Starting on the other hand, from x = I .O, 
Li4Ge04 with a hypothetical in structure, 
the effect of partly replacing Li’ ions by 
Zn’+ ions is to create Li+ ion vacancies. 
These carry a net charge of I- and the sub- 
stitutional ZnZ+ ions have an effective 
charge of I+. The concentration of these 
two species increases with decreasing x. 
Again, dipoles may form. These associate 
into larger clusters and AH:;, AS: increase 
with increasing cluster size and hence with 
decreasing x. 

In both regions 1 and 2, therefore, an in- 
creased cluster size may be associated with 
increased activation energy and preex- 
ponential factor. These ion trapping effects 
are maximized as the composition x - 0.5 is 
approached from either direction. 

Additional features of the LISICON con- 
ductivity data that are consistent with a 
model of ion trapping at low temperatures 
are that (i) curvature of the Arrhenius con- 
ductivity plots occur at higher temperatures 
with a reduced activation energy and preex- 
ponential factor (If). This is because at 
higher temperatures, the majority of the 
Li+ interstitials are freely mobile and the 
dissociation enthalpy and entropy terms 
contribute little to the overall activation en- 
ergy and preexponential factor and (ii) age- 
ing effects are observed, even at room 
temperature, in which the conductivity 
decreases slowly over a period of several 
weeks. This is presumed to be associated 
with the gradual formation of clusters that 
are larger than in material that is prepared 
at 1200°C and quenched. Since this process 
involves the migration of ions in the immo- 
bile sublattice, it occurs only slowly. 

It is relevant to note that qualitative in- 
formation on the compositional depen- 
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dence of the free energy of the solid solu- 

tions may be obtained from the equilibrium 
phase diagram of the LISICON-containing 
system Li4Ge04-ZnzGe04 (10). The phase 
diagram shows that although a very wide 
range of yn LISICON solid solutions is sta- 
ble at high temperatures, from x = -0.3 to 
+0.87, only a very limited range of solid so- 
lutions, .y - 0.45 to 0.55, is thermodynami- 
cally stable at lower temperatures, e.g., 
300°C. The solid solutions therefore have a 
minimum free energy and hence greatest 
stability at compositions around s = 0.5. 
This is in accord with our proposition that 
defect clustering exhibits its maximum ef- 
fect at these compositions. 

Although the phase diagram shows that 
only a limited range of compositions near to 
.Y = 0.5 is thermodynamically stable at low 
temperatures, a much wider range of solid 
solutions is kinetically stable. Thus, com- 
positions in the entire range .Y - 0.15 to 0.87 
can be quenched from high temperature as 
single-phase solid solutions. Most of these 
solid solutions should decompose on either 
slow cooling or on prolonged annealing at 
low temperatures. It is possible, therefore, 
that the defect clusters that have been pro- 
posed to explain the conductivity results, 
are associated with the initial stages of de- 
composition or precipitation. Since the de- 
fect clustering appears to be maximized at s 
- 0.4 to 0.5, the defect clusters that format 
other x values may also have a composi- 
tion near to x = 0.40 to 0.50. 

LISICON is just one member of a new 
class of Li’ ion conducting solid electro- 
lytes that results on forming solid solutions 
between either Li4Si04 or Li4Ge04 and ei- 
ther LizMX04 (M = Zn,Mg,etc; X = Si,Ge) 
or LiiY04 ( Y = P,As,V). In each case, iso- 
structural y solid solution series are 
formed. Systematic studies on the systems 
Li$iOd-Lii Y04 ( Y = P,As,V) have shown 
rather different behavior (13-f.5) to that in 
Figs. 1 and 2. In particular, the activation 
energy passes through a minimum for inter- 

mediate x values, in contrast to Fig. 2 and 
the preexponential factor, while passing 
through a maximum, attains values of only 
IO” ohm-’ cm-’ K and varies by less than 
one order of magnitude for x > 0.1. 

In these systems, solid solutions form by 
the mechanism 

ys+ A - Si”+ + Li+. 

It is anticipated that ion trapping, through 
the formation of defect clusters is unim- 
portant in these systems. This is because 
large departures from electroneutrality are 
not introduced into the immobile sublattice 
by substitution of essentially covalently 
bonded Y by Si. In the LISlCON system, 
however, the replacement of Zn?+ by L,i- in 
the immobile sublattice does cause a large 
change in the charge distribution in what 
must be a more ionic environment. In the 
Li4Si04-Li7Y04 electrolytes, there was no 
evidence of either curvature in the Arrhc- 
nius plots at high temperatures or ageing 
effects at low temperatures. This is consis- 
tent with the supposed absence of defect 
interactions in these systems. 

As yet, the precise nature of the defect 
clusters in LISICON remains undeter- 
mined. The results reported here do, how- 
ever, indicate the significance of possible 
defect interactions in solid electrolytes. In 
particular. the importance of minimizing 
ion trapping effects is shown especially for 
materials that are to be used at relatively 
low temperatures. This is illustrated by a 
comparison between two isostructural. ylr 
solid electrolytes: LISICON, s = 0.55 and 
Li3+.&V,-.,01 :x = 0.4. These have a simi- 
lar conductivity at high temperatures, e.g., 
300°C. At room temperature, however, 
LISICON has a conductivity of only 4 x 

lOm.8 ohm-’ cm-’ (II) whereas that of Lijj 
Sio.4V0.604 is 1 X IO-” ohm-’ cm-l (1.5). Ion 
trapping effects in LISlCON have therefore 
reduced the conductivity by more than 2 
orders of magnitude in comparison with 
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Li3.4Si0.4V0.604 in which ion trapping is min- 6. D. WOLF, J. Phq’s. Chem. Solids 40, 757 (1979). 
imized. 7. K. E. D. WAPENAARAND J. SCHOONMAN. .I. Elec- 

trochem. Sot. 126, 667 (1979). 
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