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A systematic study on electrical conductivity of new Me,SO, (Me = Na, K, and Rb) added to Li,SO,-
Li,CO; eutectic composite materials has been carried out. This addition showed two maxima in the
conductivity isotherm for the entire impurity concentration range investigated (0 to 8 mole%). The first
maximum in conductivity at 1 mole% of Me,SO, has been discussed in the light of lattice distortion
resulting from the formation of solid solution. The second maximum at 5 mole% of Me,SO, (Me = Na,
K, and Rb) has been explained using dispersed phase theory. The results are substantiated by XRD,

DTA, and microstructural morphology (SEM).

Introduction

With the discovery of composite electro-
lytes, a new field in solid state electrochem-
istry was started by Liang (/) in 1973. Com-
posite electrolytes are heterogeneous solid
systems. Poulsen (2) has provided an excel-
lent review on composite electrolytes. In
this area, ionic conductivity has been the
only parameter which at present is the sub-
ject of optimization.

A number of homovalent binary systems
have been reported to show conductivity
enhancement. It is reported that the highest
conductivity for a composition belonging to
any binary system may be correlated with
the amount of eutectic and/or fine grained
solid solution material formed during the
solidification of the mixture (2). This partic-
ular fact inspired the present study on the
60Li,SO,: 40Li,CO; eutectic, where the
phases corresponding to Na,SO,, K,SO,,
and Rb,SO, have been purposefully added
to enhance the conductivity of the resulted
composite electrolytes.
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The phase diagram study of the Li;SO4
: Li,CO; binary system reveals the presence
of a eutectic composition at 60-40 mole%
(3, 4). It has been reported by Deshpande
and Singh (5) that the eutectic composition
gives maximum conductivity in the entire
binary system. Further, an enhancement in
the conductivity of this eutectic has been
observed by addition of LiX (X = F, Cl, Br,
and I) and Na,SO, (6, 7). On the other
hand, addition of a number of divalent sul-
phates reduces the conductivity ().

Experimental

The initial ingredients, Li;SO4, Me;SO,
with purity greater than 99.9%, were pro-
curred from Fluka AG, Germany, and E.
Merck, Darmstadt. The Me,SO; were
added to the Li,SO,:Li,CO; eutectic by
keeping constant its 60:40 mole ratio. The
mode of sample preparation and conductiv-
ity measurement were similar to those dis-
cussed earlier (8, 9). The prepared samples
were characterized by X-ray powder dif-
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fraction (XRD) using CuKa radiation and
differential thermal analysis (DTA). The
microstructures were examined with a
Cambridge 250 Mark-III scanning electron
microscope (SEM).

Results and Discussion

Conductivity behavior of composite solid
electrolytes can be better understood
through the knowledge of X-ray powder
diffraction results obtained toward the
range of solid solubility and the possibility
of intermediate phase formation.

The X-ray powder diffraction patterns of
all compositions showed a slight potential
line broadening in general; particularly in
the 26 range from 60° to 90° it is more prom-
inent. It is also seen that such a line broad-
ening is large for (i) quenched samples and
(i) multi-component (more than two
phases) systems. The potential line broad-
ening is attributed to: (a) further reduction
in the grain size (eutectic composition
showed minimum grain size in the entire
binary system) resulting from the quench-
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ing and (b) the composite nature of the sam-
ples under investigation. Thus for meaning-
ful discussion, the lines of higher angles
(>60°) are not taken into consideration for
further analysis. A comparison of X-ray dif-
fraction data (a few lines as indicative) with
JCPDS values listed in Tables I-IIT shows
that up to 1.5 mole% of Na,SOQ,, K,S50,,
and Rb,SO, no intermediate phases corre-
sponding to LiNaSO,, LiKSO,, and
LiRbSO, form in the respective systems.
Also, the absence of peaks related to
Na,S0,, K,S0,, and Rb,SO, rules out the
possibility of precipitation or separation of
these phases in the eutectic matrix.

In the present case, Na,SO,, K,SO,, and
Rb,SOy4 are the participating intermediate
phases, which also must have limited solu-
bilities for the neighboring phase. Thus, in
order to check the possibility of limited
solid solubility, lattice parameters of
Li;SO4 are calculated. Since experimental
errors in the measurement of d values are
small (0.001 A) in the 26 range from 30°-
60°, only those lines appearing in this range
are selected for the calculation of the lattice

TABLE I
COMPARISON OF d AND I/I, wiTH THOSE OF JCPDS DATA FOR Na,SO, ADDED EUTECTIC

1.5 mole% 3 mole% S mole%
dovs/dastm  Iobs/Iasty  Phase dops/dastm .1 obs/Tastm  Phase dovs/dastm  Iows/Iasty  Phase
4.02/4.03 76/100 LS 4.16/4.16 21/85 LC 4.16/4.16 21/85 LC
3.99/3.99 100/100 LS 4.13/4.13 15/95 LS 4.16/4.16 19/85 LC
3.84/3.84 7120 LC 4.02/4.04 89/100 LS 3.99/4.00 100/100 LS
3.49/3.49 17/20 LS 3.99/4.00 100/100 LS 3.94/3.91 32/75 LN
2.81/2.81 6/100 LC 3.92/3.92 35/40 LS 3.91/3.91 32/80 LC
2.63/2.62 6/20 LC 3.82/3.81 16/100 LN 3.81/3.81 33/100 LN
2.43/2.43 9/40 LC 3.17/3.18 19/30 LS 3.48/3.48 18/20 LS
2.40/2.40 7/10 LS 3.04/3.03 9/25 LC 3.16/3.16 25/40 LS
1.88/1.86 3/18 LC 3.02/3.02 6/40 LN 3.01/3.02 13/46 LN
1.57/1.56 2/2 LS 2.91/2.91 6/80 LC 2.94/2.94 17/40 LN

. 1.53/1.52 2/4 LS 2.81/2.81 10/100 LC 2.81/2.81 7/100 LC
1.49/1.49 2/4 LS 2.74/2.74 5/80 LN 2.74/2.74 19/80 LN
1.42/1.42 2/2 LS 2.47/2.47 21/20 LS 2.47/2.47 19/20 LS

Note. LS is Li;SO,, LC is Li,CO;, and LN is LiNaSO,.
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TABLE 11
COMPARISON OF d AND [/I, wiTH THOSE oF JCPDS DaTta For K,SO, ADDED EUTECTIC

1.5 mole% 3 mole% S mole%

dovs/dastm  Lons/IasTw  Phase dops/dastm  Iops/Iasm  Phase dovs/dastm  Lops/Iastm  Phase
4.15/4.16 75/85 LC 4.15/4.16 18/85 LC 4.16/4.16 16/85 LC
4.02/4.03 77/100 LS 4.02/4.02 72/100 LS 4.02/4.04 72/100 LS
3.99/3.99 100/100 LS 4.00/4.00 100/100 LS 4.00/4.00 100/100 LS
3.92/3.91 31/45 LS 3.96/3.96 38/100 LK 3.96/3.96 59/100 LK
3.80/3.80 2/20 LC 3.92/3.92 34/40 LS 3.92/3.92 26/40 LS
3.48/3.49 17/20 LS 3.80/3.80 6/20 LC 3.48/3.49 15/20 LS
3.18/3.17 19/30 LS 3.48/3.49 17/20 LS 3.17/3.18 18/30 LS
3.16/3.16 31/40 LS 3.16/3.16 25/40 LS 3.13/3.13 12/12 LS
2.92/2.91 4/80 LC 3.10/3.10 21/70 LC 3.09/3.09 33/70 LK
2.82/2.81 6/100 LC 2.91/2.91 6/80 LC 2.91/2.91 8/80 LC
2.79/2.79 9/10 LS 2.81/2.81 8/100 LC 2.79/2.79 9/10 LS

2.4/2.4 5/40 LC 2.57/2.57 9/35 LK 2.57/2.57 16/35 LK
2.40/2.40 7/10 LS 2.41/2.41 8/6 LK 2.47/2.47 19/20 LS
2.27/2.27 1/20 LC 2.40/2.40 10/10 LS 2.46/2.46 14/16 LK

Note. LK is LiKSO;.

cell constants. First of all, the lattice pa-
rameters of unquenched and quenched
Li,SO4 are compared so as to see the effect
of quenching (Table IV). It is observed that
quenching produces a distortion in the lat-
tice. This can also be seen clearly from the
values of the lattice cell constants given in

TABLE III

COMPARISON OF d AND [/I, wiTH THOSE oF JCPDS
Data For Rb,SO, ADDED EUTECTIC

1.5 mole% 3 mole%
dobs/dastv  lobs/IasTM  Phase dobs/dasTM  lobs/IasTv  Phase
4.15/4.16 16/85 LC 4.04/4.04 210 LS
4.00/4.04 79/100 LS 3.99/3.99  100/100 LS
3.98/3.99  100/100 LS 3.91/3.91 42/45 LS
3.91/3.92 29/40 LS 3.38/3.38 11710 LS
3.80/3.80 9/20 LC 3.17/3.17 2130 LS
3.47/3.49 19/20 LS 3.14/3.11 23/100  RbS
3.38/3.38 8/10 LS 3.03/3.00 10/95 RbS
3.19/3.18 20130 LS 2.90/2.91 5/80 LC
3.11/3.14 12/12 LS 2.81/2.81 9100 L€
2.91/2.91 5/80 LC 2.79/2.79 12/10 LS
2.81/2.81 8100  LC 2.47/2.47 20/20 LS
2.79/2.79 11/10 LS 1.95/1.94 8/10 LS
2.62/2.62 9/30 LC 1.87/1.87 6/6 LS
2.47/2.47 20/20 LS 1.49/1.49 4/4 LS

Table IV where, along a and b axes there is
a slight change in the 4th and 3rd places,
but along c-axis the change is quite promi-
nent (in the 2nd place). From this it evi-
dently can be said that the addition of
Me,SO; up to 1.5 mole% gives rise to the
formation of substitutional solid solution
through the replacement of a fraction of Li*
(0.6 A) by Na* (0.95 A), K* (1.33 A), and
Rb* (1.48 A). As the ionic sizes of the guest
jons are bigger than that of Li*, in each
case, an anisotropic expansion in the lattice

TABLE 1V

LATTIiCE CELL CONSTANTS OF PURE Li,SO,
(UNQUENCHED AND QUENCHED) AND Li;SO,
BELONGING TO DoPED EUTECTIC SYSTEMS

Sr. no. Composition a b c
1 Standard® 8.242 4954 8471
2 Unquenched 8.242 4955 8.470
3 Quenched 8.243 4970 B8.466
4 Eut. + 1.5 mole% Na,SO, 8.244 4957 8.477
5 Eut. + 1.5 mole% K,S0, 8.243 4.959 8.479
6 Eut. + 1.5 mole% Rb,SO, 8.244 4,959 8.480

Note. RbS is RbSOy.

¢ ASTM card no. 20-639A.
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is observed. An anisotropic expansion of
Li;SO, has also been seen by Mellander and
Nilsson (10). On the other hand, for 3 and 5
mole% of Na,SO, and K,SO, a close agree-
ment between the observed and JCPDS val-
ues is found for LiNaSO,; and LiKSO,,
along with Li,SO, and Li,CO; (Tables I and
ID).

In case of Rb,SO,, no phase correspond-
ing to LiRbSO, forms. As a result of this,
Rb,SO, precipitates away, which is con-
firmed from XRD data given in Table III.
However, as a result of the formation of
multiphase materials in each case, the ex-
perimental and JCPDS values of the rela-
tive intensities (I/Iy) of the respective
phases differ significantly.

In the present case, it is very interesting
to note the presence of LiNaSO, and
LiKSO,, and the absence of LiRbSO,; this
is due to the possible contribution made by
Li;CO;. The formation of intermediate
compounds has also been observed in the
Lil-NH,I (I1) and LiI-Li;zN-LiOH-ALO;
(12) systems.

From detailed analysis of X-ray diffrac-
tion data, it is clear that the composite ma-
terials under investigation fulfill the essen-
tial condition for eutectic formation, i.e.,
that the individual phase present in the
sample has limited solid solubility, and
each species has a strong preference for its
own crystal structure.

The bulk conductivity, obtained from im-
pedance analysis discussed elsewhere (9),
is plotted as a function of Na,SO, concen-
tration at 473 K in Fig. 1. It can be clearly
seen that there are two conductivity max-
ima at 0.1 and 5.0 mole % of Na,SO,. Simi-
lar results are observed for the eutectic
with K,SO,. But, for the eutectic with
Rb,S0O, added there is only one maximum
in the conductivity isotherm. In order to
explain the conductivity results, the entire
compositional range is divided into two re-
gions: (I) from 0 to 2.0 mole% of Me,SO,
and (II) from 2.0 to 8.0 mole% of Me,SO,.
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FiG. 1. Variation of log o versus concentration of
Na,S0, in Li,SO,: Li,CO; eutectic at 453 K.

Ionic Conductivity in Region-I

Figure 2 illustrates the variation of log
o T versus 103/T for Na,SO, added eutectic
system. From this figure it is evident that
the conductivity of these samples obeys the
Arrhenius relationship.

ol = (O.Doe(AAE/kT) (1)

in the entire temperature range of investiga-
tion. From the inset of the figure it is also
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seen that the conductivity increases with
increased Na,SO, concentration. It exhibits
a maximum at 1 mole% and decreases
thereafter. The conductivity results for
K,SO,4 and Rb,SO,4 doped eutectic show a
similar behavior (Figs. 3 and 4).

Since for Me,SO4 doped eutectic sys-
tems, the anions and the cations of the host
and guest materials are of same valency,
the enhancement in conductivity for the
above systems cannot be explained by the
classical theory of aliovalent doping (/3).
Obviously, the main factor responsible for
an enhancement in ¢ in this case is consid-
ered to be lattice distortions (elastic dis-
placement) caused by the incorporation of
the bigger guest ion into the host lattice.
Because of such distortion, the lattice is
forced to expand and undergoes a strain
which depends on the value of

|1 — ry/ral,

where r, and r, are the ionic radii of the
guest and host ions, respectively. The net
result of such strain is apparently lattice
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145

— t% (temp)

2825 227 181.5

[¢] L'ZSOL- LIZCO3 Eutectic

® Eutectic 0.5 mol®/% KZSOZ.

A —p—1].0 —

A& —n—15 —»

logeT (S cmil) ——

55 atd53 K
i
0 6
3k 8
g € Region
8.5

05 1 5 2
Conc.{mol®/o}—

L L " i

1.8 2.0 2.2
10¥r (KhH —s

F1G. 4. Variation of log o T versus 10°/T for Rb,SO,
added Li,SO,: Li,CO; eutectic.

loosening leading to a decrease in melting
point of the material. This is substantiated
by the experimental results (Fig. 5), where
the melting point decreases with the in-
crease in ionic size of the impurity ion.
Shahi and Wagner (/4) have also observed
similar results in case of AgBr—Agl mixed
crystals.

The model based on the mobility of the
ions as a function of lattice distortion leads
to the several structural interpretations. In
the simplest case there are no obstructions
to the mobile Li* due to the presence of
bigger Me*, which, in turn, gives rise to a
linear relationship between the conductiv-
ity and the degree of lattice distortion. This
can only be expected at low dopant concen-
trations (0.5 to 1 mole%). But at its high
concentrations, when the obstructions are
predominent, the situation becomes more
complicated.

The above process can also be visualized
by considering a plane of host matrix as
shown schematically in Fig. 5a. Here, the
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FiG. 5. Schematic representation of (a) plane through the lattice of host and (b) host lattice in which
Li* sites are randomly occupied by relatively large size Me*, resulting into the local distortion in the
lattice. The thick lines indicate the percolating pathways created due to the local expansion in the
lattice, and dashed lines show the obstruction caused by bigger Me™*.

dopant Me* is substituted randomly for
Lit. Although Me* and Li™ possess the
same charge, there is a large difference in
their ionic sizes. Therefore, the partial re-
placement of the former for the latter pro-
duces the elastic distortion (local lattice ex-
pansion) in the host lattice (Fig. 5b). Such
lattice distortion opens the lattice structure
and, in turn, gives rise to a large number of
interconnecting pathways between the ad-
jacent interstitial sites (shown by thick
lines) through which the Li ions percolate
easily. Such percolating pathways increase

O .1.8.63901-
o
5 L4 [

[ PRy
Q/Fr)\ 5.057(1 g/(h)

FIG. 6. Variation of normalized conductivity and
decrease in melting point (AM) with change in relative
ionic radii of dopant.

linearly with increasing dopant concentra-
tion. At the same time, the bigger size of
the guest ions offers a great energy barrier
(obstruction) to the mobile Li* (as shown
by the dotted lines). For very low dopant
concentrations, however, such obstruction
is negligible, but at higher concentrations it
predominates, leading to a decrease in per-
colating pathways and hence the conductiv-
ity. The conductivity maximum at 1 mole%
of Me,SO, is attributed to the percolation
threshold concentration.

Figure 6 depicts the variation of conduc-
tivity and decrease in melting point (7},) as
a function of normalized ionic radius,
which can also be described by following
the empirical relation

alog~ 1+ 8.636 |1 — r,/ry

— 5.057 |1 = rg/ral’.
It is worth noting here that maximum con-
ductivity is observed for a particular guest
ion having ionic radius = 1.11 A (obtained
from the above relation), though the melt-
ing point of the samples decreases continu-
ously with increasing ionic radius of the
dopant. These results substantiate the pro-
posed model and suggest that the obstruc-
tion caused by the bigger guest ion to the
mobile ions also plays an important role.
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TABLE V

THE ELECTRICAL CONDUCTIVITY DATA FOR Me,SO,
(Me = Na, K, aAND Rb) ADDED EUTECTIC

Compositions AE(eV) (eT)p(Scm ' K) o at463 K(Scm™!)

Eutectic

1.09 6.84 x 108 2.04 X 1076
Eut. + Na;SO4
Eut. + 3 mole% 1.05 5.84 x 108 2.72 x 1076
Eut. + Smole%  0.88 1.59 x 107 9.11 x 1076
Eut. + 8 mole% 1.04 4.13 x 108 4.31 x 10-6
Eutectic + K80,
Eut. + 3 mole% 1.09 7.12 x 108 2.13 x 1076
Eut. + 5 mole% 0.98 1.03 x 108 4.84 x 1076
Eut. + 8 mole% 1.03 1.92 x 108 2.57 x 1076
Eutectic + Rb;SO4
Eut. + 3 mole% 1.08 2.38 x 108 9.11 x 1077
Eut. + 5 mole% 1.07 4.65 x 107 2.29 x 1077

Ionic Conductivity in Region-11

The conductivity of 3, 4, 5, 7, and 8
mole% of the eutectic with Me,SO4 added
obeys the Arrhenius law (Eq. (1)). From
this equation o at 463 K, (o T)y and AE are
determined. From the results presented in
Table V, it can be seen that the conductiv-
ity of the eutectic increases with increase in
Me,SO,4 (Me = Na and K) concentration. It
attains a maximum at 5 mole% and de-
creases thereafter. On the other hand, con-
ductivity decreases continuously with in-
creased Rb;SO, concentration in the
eutectic. It is also interesting to note that
the variation in activation energy and con-
ductivity with concentration behaves ex-
actly oppositely, and the minimum of the
former coincides with the maximum of the
latter. These results are comparable with
those of the LKCN-y-Al,O (15) and glass
dispersed Li;SO,: Li;CO; eutectic compos-
ite solid electrolyte systems (9, 16). A simi-
lar enhancement in the conductivity due to
the presence of an intermediate phase has
been observed in the Lil-NH.I (/1), Lil-
LiOH-ALLO; (I17), and Lil-Li;N-LiOH-
Al,O5 (12) systems.

Figures 7a and b display microphoto-
graphs of 5 and 8 mole% of Na,SO, added
eutectic, respectively. From these figures it
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is clear that, for low Na,SO4 concentra-
tions, the intermediate LiNaSO,4 phase is
dispersed uniformly throughout the sample,
whereas the grains of LiNaSO, agglomerate
at higher concentrations. The agglomera-
tion of the grains disturbs the finely distrib-
uted nature of the eutectic and also creates
the voids in the sample. In case of eutectic
with K,SO, added a similar result is ob-
served.

The models developed so far in the area
of composite solid electrolyte systems are
limited to (a) polycrystalline materials
(MX/MX) (18), (b) conducting—conducting
(MX/MX'") (19), and (c) conducting-non-
conducting (MX/A) systems (20). The
present system is a bit different than these
three systems because of its three ionically
conducting constituents, namely (i) Li,
SO,ss (solid solution of Li,SO, with
Me,S0,), (i) Li,COs, and (iii) LiMeSO,.
Thus, the total conductivity in the present
system is considered to be due to the con-
tributions from (i) Li,SOyss, (i) Li»COs,
(iii) LiMeSOy4, and (iv) the interface region
between these phases. Since the observed
conductivity is much higher than each of
the individual phases present therein, an
enhancement in the conductivity is due to
the increase in concentration of the charge
carriers (ions or vacancies) forming a dif-
fuse space charge layer (21) or the enhance-
ment in the ionic mobility in or near the
interface due to the more distorted struc-
ture (22). The applicability of the former
mechanism to the present system is more
appropriate than the latter. The formation
of a space charge layer at different inter-
faces is as follows: (a) at the interface of
LizSO4SS—List4SS, LizCO3—Li2CO3, and
LiMeSO,4-LiMeSO; it is similar to that as
in case of MX/MX (I18) and (b) at the inter-
face between two ionically conducting
phases it is equivalent to that of MX/MX'
(19).

At the interface of two ion conductors
(MX/MX'), the transport of the ions is not
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Fic. 7. Microstructures of (a) Li,SO, : Li,CO, eutectic + S mole% Na,SO, and (b) Li,SO,: Li,CO,

eutectic + 8 mole% Na,SO;.

only parallel to the interface, but an addi-
tional contribution comes from an interface
with the other conductor, i.e., net transfer
of ions from MX to MX' is also favorable
(23). Therefore, in the present case, the
conductivity across the grain boundaries is
also of equal importance.

Conclusion

The solid solubility of Me,SO, in Li,
SO, : Li,CO; eutectic is less than 2 mole%.
At higher concentrations (>>2 mole%), they
react with the Li,SO,4 and form the interme-
diate phases LiMeSO, (Me = Na and K),
which later get distributed throughout the
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eutectic. The two conductivity maxima,
one at 1 mole% and other at 5 mole% result
from lattice distortion and dispersion of in-
termediate phases, respectively.

The maximum conducting sample (5
mole% of Na,SO, added eutectic) can be
used in the appropriate electrochemical de-
vices.

The optimization of ionic conductivity in
solid electrolyte system by the dispersion
of second insoluble conducting phase may
constitute a better strategy in materials re-
search. Moreover, it complements the es-
tablished approaches: doping, stabilization
of highly conducting phases, building of
new compounds, and dissolution of ionic
salts in polymer and glasses.
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