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LiNaSQ,: LiCl : Na,WQ, composites of a few different compositions have been prepared by quenching
the melt and studied for the first time with a view to improve the ionic conductivity of LiNaSO, at
the lowest possible temperature. The phase formations of the composites have been analyzed by
means of X-ray powder diffraction technique. The transport properties have been studied by DSC and
complex ac impedance analysis {to extract the dc electrical conductivity, ¢ 4.). The X-ray diffractograms
show evidence for solid solutions (ss} as well as a second dispersed phase due to undissolved excess
compound (LiCl). The o enhancement may be attributed to the increase in interfacial conductivity
due to the increase in concentration of the charge carriers (ions or vacancies) forming a diffuse space
charge layer between the two ion conductors, i.e., the solid solution of LiNaSQ, with dissolved
¢hloride and tungstate fractions and a chloride phase with dissolved sulfate fraction. DSC measurements
show improved thermal properties with respect to a-LiNaSQ,. The present composite mixtures offer
the choice of lower transition temperatures, but these are accompanied by lower transition enthal-

pies. © 1993 Academic Press, Inc.

Introduction

Because of the great technological incen-
tives for the development of more effective
and efficient ways of convertiné and storing
energy, much of the attention being given
to fast-ion conductors or solid electrolytes
at the present time is either directly or indi-

* Part of the results presented in this paper was ac-
cepted for presentation at the 8th International Confer-
ence on Solid State Ionics, Lake Louise, Alberta, Can-
ada, 1992; Extended Abstract, paper XO8 (1992).
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rectly related to their potential use in new
types of batteries (the so-called solid state
batteries) and fuel cells for power source
applications. The current abiding interest in
solid electrolytes as demonstrated by the
large number of books and reviews (/—6) is
mainly a result of the potential applications
of these materials in ion-selective elec-
trodes, capacitors, gas sensors, electro-
chromic display devices, high-lemperature
heating elements, intercalation electrodes,
ctc, The possible applications of solid ionic
materials for batteries have recently been
reviewed (7). Interest in studying fast-ion
conductors arises not only from the great
variety of technological applications in
which they are involved, but also from the
fundamental need to understand the fast-
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ionic behavior and, possibly, thereby im-
prove the properties of such compounds
(8-1.

In this context, considerable effort is be-
ing made to develop good Li™-ion based
solid electrolytes, suitable for solid state
battery applications. Extensive studies have
been conducted on a number of lithium-
based solid electrolytes and of these Li,SO,-
based compounds are important (//-16).
Nevertheless, all the efforts have failed to
stabilize the high conducting Li,SO, phase
(fcc) at or near the room temperature, al-
though the fast-ion conducting transition
temperature (7,) could be lowered by as
much as 100°C by the addition of other
mono- and divalent cations such as Na*,
Ag* Zn* " etc. The family of mixed binary
sulfates of the LiM'SO, (M’ = Na, Ag,
NH,, Zn, . . .) type possesses interesting
electrical transport properties.

Investigations have been continuing in
various aspects on equimolar binary
LiNaSO, since 1958. Lithium sulfate and
sodium sulfate are two interesting salts for
which quite a number of investigations have
been made. According to the binary phase
diagram for the system, Li,SO,-Na,S0,,
the intermediate phase, 8-LiNaSQ,, is sta-
ble within a narrow concentration range (/7.
i8), The structure at this phase has been
claimed to be trigonal with space group
P31C (19, 20). Venudhar et gl. studied the
temperature dependence of the lattice pa-
rameters of the trigonal phase of LiNaSO,
(21, and they report that the diffraction pat-
terns were not measurable at 470 and 510°C
and that the pattern taken at about 560°C
was completely different from those at
lower temperatures. The high-temperature
phase of LiNaSO, has been described as a
plastic phase (22), that is, a phase character-
ized by extensive orientational disorder of
the sulfate ions {23). The structure of the
high-temperature phase was determined by
Foérland and Krogh-Moe (24). For the equi-
molar composition the phase transition oc-
curs at 518°C from trigonal to bee with 155
kJ/kg latent heat of transformation and the
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salt melts at 615°C. A comparison of all
these properties of both low and high tem-
perature phases of equimolar-LiNaSQ, has
recently been reported (25).

The NMR results (26) seem to contradict
the B-phase (trigonal with space group
P31C), but the results of an extensive high-
resolution neutron diffraction study (27)
only allow small deviations from the origi-
nally suggested structure. Recently, Mas-
siot et al. (28) studied both low- and high-
temperature phases of LiNaSQ, by means
of a high-temperature NMR probe and they
proposed a double resonance mechanism
between cations (Li* and Na™) jumps and
S0, rotations at the solid—solid phase trans-
formation. Furthermore, the high-tempera-
ture neutron powder diffraction study of
a-LiNaSO, shows that the Li*-ions are in
tetrahedral positions whereas, the Na*-ions
are in octahedral sites (29), and this suggests
that the migration of the two cation species
(Li* and Na*) in bce-LiNaSQO, should not
be strongly correlated. This observation has
subsequently been confirmed from the re-
sults of high-temperature neutron study us-
ing single crystal Li,SO, (30).

In @-LiNaSQ,, the diffusion coefficients
for Li* and Na* are almost equal (D,;+ =
1.00 x 107 cm?/sec; Dy,+ = 0.93 x 1077
cm’/sec at 5509 (31). The ionic conductivity
of low-temperature B-LiNaSQO, is low
(32-34). Mellander et al. (35) have recently
studied the ion transport properties of single
crystal LiNaSQ, within the B-phase by
means of impedance spectroscopy. The
high-temperature bcc phase has quite re-
markable properties. The electrical conduc-
tivity is 0.92 S/cm at 550°C (13, 32). But,
according to our reinvestigation results (36),
the high-temperature electrical as well as
thermal properties differ considerably (see
elsewhere in this article). Just below the
melting point the conductivity is 1.35 S/cm
and it increases by about 109 when the salt
melts. These results are in at least qualita-
tive agreement with several studies of the
system Li,SO,-Na,S0O, (33, 34). Thus, the
electrical properties of the bcc phase are



TRANSITIONS AND 10N TRANSPORT IN LiNaSO,: LiCl: Na,WO,

characteristic of a solid ¢lectrolyte (or fast-
ion conductor), while the rheological prop-
erties and the large latent heat of the
solid—solid transition are typical for a plastic
crystal. The high conductivity phase is
described as ‘‘rotator phase’” and the
enhanced cation mobility is attributed
strongly to the coupied rotational motion
of translationally static SO, ions on the basis
of the so-called “‘paddle-wheel”” mechanism
(37). It is worth mentioning the existing con-
troversy between Lundén (37} and Secco
(38) in this regard.

The structural and dynamical behavior of
LiNaSQ, compound both in low- and high-
temperature ranges have also been studied
by different spectroscopic techniques such
as IR reflectivity (39) and Raman scatter-
ing (40—43).

Whereas, this paper reports the first re-
sults obtained on the effect of simultaneous
additions of both alio-(LiCl) and iso-
(Na,WQ,) valent guest anions into equimo-
lar-LiNaSQ, binary system. A similar study
with Na,MoQ, instead of Na,WO, has been
published elsewhere (44).

Experimental

Starting materials, Li,SOQ,-H,O (supra-
pure) and Na,80,, were obtained from
SISCO (India) and LiCl and Na,WO, - 2H,0
were supplied by E. Merck Ltd. (India). All
chemicals used in this study were anaiytical
reagent quality grade. The quenched prod-
uct in each composition appeared as a solid
solution and/or two- or multiphase mixtures
and confirmed by XRD and DSC effects.

Prior to the preparation of the present
composites, the additives LiC! and Na,
WO, -2H,0 were initially dried at 150°C.
The polycrystalline LiNaSQO, was taken as
a bulk parent and LiCl and Na,WO, were
added in various mole fractions to get the
composite mixtures. The studied composi-
tions (LiNaSO,: LiCl: Na,WO,) were pre-
pared in the following mole fractions, i.e.,
90:10:0, 90:9:1, 90:7:3, 90:5:5,
90:3:7, and 90:0:10. All these mixtures
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were initially ground together and subse-
quently melted in air. The melts were then
quenched to room temperature on to a clean
aluminium sheet under a water bath in order
to increase the rate of quenching. The reso-
lidified masses were finely ground to get a
fine powder. All the samples were dried for
15 hr at 150°C before various measurements
were made.

The phase analysis of these composite
mixtures was made with XRD using CuKe
radiation (JEOL, JDX 8030, X-ray diffrac-
tometer, Japan) at room temperature.

The DSC traces were obtained with a
SHIMADZU DSC 350 thermal analyzer
equipped with disk memory. The samples
were typically around 11 mg and were put
in an aluminum sample crucible in a flowing
argon atmosphere (30 mi/min). The transi-
tion temperature 7, and transition enthalpy
AH, {(kl/kg) were obtained on samples up to
560°C with a constant heating rate of
10°C/min.

The conductivity measurements were
carried out with pellets obtained by pressing
the fine powdered samples under the pres-
sure of 5 tons/cm? using a stainless steel die
and a hand-operated hydraulic press. The
thickness of the pellets were ~3.5 mm with
the diameter of 14.5 mm. To minimize the
electrical contact problems, the flat faces of
the pellets were coated with quick drying
graphite aquadag (Dag #154, Acheson, Hol-
land) on both sides as electrodes. Such pel-
lets were then stacked between platinum
electrodes in order to ensure proper electri-
cal contact. A home designed spring loaded
stainless steel conductivity cell was used
for electrical measurements which could be
inserted inside a cylindrical tube furnace
(Heraeus, Germany) whose temperature
was controlled and measured to within 3°C.
The resistance of the electrode leads was
less than 1 ohm and was too small to influ-
ence the impedance data.

For electrical conductivity measurements
an ac-impedance technique was employed
using a Solartron 1250/1286 FRA set up (be-
tween 10 Hz and 65 kHz) as a function of
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FiG. 1. X-ray powder diffractogram of equimolar-LiNaSQ, at room temperature {30°C).

temperature with applied nominal voliage
of 20 mV. Grain boundary impedances were
minimized by attention to firing condition
for the pellets and all the conductivity data
reported are bulk conductivity values. Prior
to each set of measurements, the conductiv-
ity cell was allowed to equilibrate at the
temperature of the furnace for 30 min. Mea-
surements were made, isothermally, on
heating cycle only. The temperature range
covered was 350-545°C.

Results and Discussion
1. X-Ray Analysis

The X-ray diffractograms for different
mixtures of varjous mole fractions of LiNa
50,:LiCl: Na,WO, and also their binary
end members, LiNaSO,:LiClI (90:10
mole%) and LiNaSO,:Na,W0, (90:10
mole%), are shown in Fig. 2. The XRD dif-
fractograms corresponding to the binary re-
ciprocal salt systems LiNaSO, : LiCl (90: [0
mole%) and LiNaSO,:Na,WO0O, (90:10
mole%), and LiNaSQ, : LiCl: Na,WO, com-
posites with different mole compositions
(90:9:1,90:7:3,90:5:5,and90:3: 7 ex-
hibit features typical to that of 8-LiNaSO,

————\p INTENSITY (A.U)

it

tbrdossboe #Jl,h-ll-l..ll;.j;l_u.

T T T T T

10 20 30 40 50 60 70

20 { degree ) —»

FiG. 2. X-ray powder diffractograms of mixtures of
LiNaS80,: LiCl : Na,WO, mixed systems in the follow-
ing mole compositions; (a) (90:10:0), (b) (90:0: 10},
(c) (90:9:1), (@) (90:7:3), (e) (90:5:5), and ()
(90:3:7).
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at room temperature (Fig. 1) indicating the
possibility of the respective solid soelutions
with dissolved LiCl and Na,WQ, fractions
as well as the slight differences observed in
the form of some additional weak diffraction
peaks attributable to LiCl with a dissolved
sulphate phase and also to the existence of
metastable phases. The latter phases are in-
deed very difficult to discreminate from the
XRD patterns. The incorporation of alio-
valent (Cl™) and/or isovalent impurities
(WO37)in the host SO, ion sublattice affects
the host (LiNaSO,) lattice volume which in
turn affects the 28 values, which conse-
quently resulted in slight shifting of diffrac-
tion peaks with respect to 8-LiNaSO, (see
Figs. 1 and 2). The mixtures are thus consid-
ered to be two-phase mixtures of both stable
and metastable phases and can be treated
as composites.

Since LiNaSQ, (90 mole%) happened to
be a bulk matrix in all the studied composi-
tions, the solubility of both WO3~ and C1-
was rather limited in the sulfate rich com-
pounds. According to several authors (435,
46) the solubility of tungstate is about 5
mole% in the sulfate rich compounds and
for Cl™ it is still a question of contradicting
ideas (47, 48). The phase diagram of Li,
S0,~LiCl binary system (47) shows negligi-
ble solid solubility of LiCl in Li,SO, and
vice versa. But according to Tilak et al. (48),
the solubility of LiClin Li,SO, is rather lim-
ited (<10 mole%). However, in the present
study, it seems likely that LiNaSQ, would
possibly dissolve about 3 mole% LiCl. Ac-
cordingly, the XRD pattern of LiNaSOQ,:
LiCl (90: 10 mole%) (Fig. 2a) exhibits two
phases; that of LiNaSO, containing dis-
solved LiCl as substitutional selid selution
and LiCl with a dissolved sulfate phase as
second dispersed phase. Thus, the binary
mixture of LiNaSQO,: LiCl (90: 10 mole%)
is actually an admixture of (LiNaSQ,), +
LiCl,; and can be regarded as a composite
system of two ion conducting matrices.

From Fig. 2b, one can infer LiNaSQ,
possibly dissolves 10 mole% Na,WO, and
the composition LiNaSQ, : Na,WQ,(90: 10)
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is a solid seolution of dissolved WO;~ into
the host SO,-ion sublattice. Based on the
above inferences about the solid solubility
limits of LiCl and Na,WO, in LiNaSQO,, the
LiNaSO,: LiCl: Na,WO, composite mix-
tures are hence treated as the solid solution
of LiNaSO, with dissolved LiCl as well as
Na,W0O, along with a chloride phase with
dissolved sulfate phase as second dispersed
phase and also there might be some metasta-
ble phases present. These views have fur-
ther been strengthened by Raman spectral
studies (49).

2. Differential Scanning Calorimetry

In the present study, besides determining
the onset of transition temperatures, DSC
has been used to study the phase behavior
of the present multicomponent systems
such as solid solubility, the formation of
two- or multiphase mixtures and associated
heat of enthalpies across the solid phase
transition.

The typical DSC heat mode traces for
the different compositions of LiNaSO,:
LiCl: Na,WO, are shown in Figs. 4a—4d.
The DSC effects are summarized in Table
1. In Figs. 3b and 3c, the traces correspond-
ing to LiNaSO,: LiCl (90: 10 mole%) and
LiNaSQ,: Na,W0, (90 10 mole%) recipro-
cal salt systems are shown. From Figs. 3b
and 3¢ four thermal events are evident:

i. An endotherm at 508.75°C with 148
kJ/kg heat of transition previously identified
with the B—a transition in LiNaSO, and the
effect of addition of aliovalent impurity
(C17) has resuited in the depression of the
B—a transition in the host matrix (LiNaSO,).
The fact is that the formation of L.iNaSO,/
LiCl solid solution affects the high conduct-
ing phase transition in LiNaSQ, (trigonal —
bee) and consequently 7, drops down to
508.75°C.

ii. An endotherm at 476°C is attributed to
a transition reported to occur between the
phase boundaries of Li,S0O,-Li,Cl, in the
Li,S0,-Na,S0O,~LiCl reciprocal salt sys-
tem due to excess undissolved LiCl (50).
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FiG. 3. Differential Scanning Calorimetry (DSC)
traces of (A) equimelar-LiNaSQ,, (B) LiNaSQ,: LiCl
(90:10 mole?s), and (C) LiNaSQO,: Na,WO, (90: 10
mole%a).

iti. Two very minor kinks with peak tem-
peratures at 368°C and 392°C were also ob-
served for LiNaSQ,: 10 mole% LiCl and
which are probably insignificant in view of
the fact that no such kinks are reported to
occur both in LiNaSQO, and LiCl. These
kinks are probably the result of the forma-
tion of metastable phases. The cause for the
cxistence of these metastable phases may
be explained in the following manner; i.e.,
the mixture of 90 mole% LiNaSQ, and 10
mole% LiCl corresponds to the compaosition
Li; sNag 55(S0,)0.00C)5 10 If the melt is
cooled slowly, the resulting compound
would consist of bee-Lij gsNag 5,50, with
some dissolved chioride fractions which so-
lidifies at about 600°C and some Li,SO, will
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be present together with the mixture of chlo-
ride phase. Butin the present study, instead,
the sample was quenched at room tempera-
ture. It is ikely that a fraction of the lattice
defects produced at the high temperatures
on melting is retained on rapid cooling and
in that case, there might be both stable and
metastable phases present and also several
phases are probably present only in small

quantities.
iv. In LiNaSO,: Na,WQ, (90:10
B ®
I 2.27 mw
@ |

FLOW { mw)
T

HEAT
—
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Fi1G. 4. Differential Scanning Calerimetry (DSCO)
traces of LiNaSQ,: LiCl: Na,WO, mixed systems in
the following composition: (A) (90:9:1),(B)(90:7:3),
(C) (90:5:5), and (D} (90:3:7).
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TABLE I

SuMMARY OF DSC RESULTS FOR DIFFERENT COMPOSITE MIXTURES OF
LiNaSQ,: LiCl; Na,WO,

Transition temperature

T,/°C

Composition AH!

(mole%) I 1 m v (k)ikg)
LiNaSO, =5177 =}30
518° 155

xLiNaSO,: yLiCl: zNa;WO,
x:v:iz
90:10:0 ~509 476 368 392 148
90:0:10 ~523 — — — 152
90:9:1 507 ~467 ~411 —_ 147
90:7:3 515 480 — — 128
90:5:5 ~514 477 — — 137
90:3:7 ~515 477 — —_ ~133

Note, x, y, and z are mole percentages of the components.

¢ Data from this work.

* After Schroeder et al. (/4). AH| — corresponds to transition enthalpy

I transition.

mole%), in Fig. 3c, the transition occurs at
523°C was attributed to the S8—« transition
in the host matrix (LiNaSQO,) and the ap-
pearance of this transition shows that Li
NaSO, would possibly dissolve 10 mole%
Na,WO, and the reciprocal salt system Li
NaSO,: Na,W0O, (90:10 mole%) can be
treated as solid solution of LiNaSO, with
dissolved Na,WO,. The addition of {0
mole% Na,WQ, into the host matrix (Li
NaSO,)increases the transition temperature
(T, = 523°C) with respect to a-LiNaSO, (sce
Table I).

As far as the ternary composite mixtures
are concerned, four different ternary mole
fractions of LiNaSO,: LiCl: Na,WO, were
tried and the results are shown separately
in Figs. 4a—4d for the sake of clarity. The
DSC heat effects are also summarized in
Table I and show that the addition of LiCl
and Na,WOQO,; i.c., the simultancous intro-
duction of both alio- and isovalent guest
anions into the host matrix (LiNaSO,) has
resulted in improved thermal properties. In
Fig. 4a, the existence of a very minor endo-
thermic kink at 411°C for 90:9: 1 composi-

across

tion was probably due to the presence of
a metastable phase. The existence of such
metastable phase is a common behavior
while the mixtures are quenched from the
melt. No such kink was observable in the
other three mixtures of composition such as
90:7:3,90:5:5, and 90:3:7 as shown in
Figs. 4b-4d. However, the latent heat of
transition enthalpies show significant varia-
tions (see Table 1).

3. Complex ac Impedance Analysis

Impedance data are presented in the form
of imaginary, Z" (capacitive) against real,
Z' (resistive) impedances. The typical im-
pedance plots (imaginary part {(—Z"} as a
function of the real part (Z'} for different
temperatures are reproduced in Figs. 5 and
6 for 90:9:1 and 90:3:7 compositions re-
spectively. A simple Cole-Cole plot con-
sisting of an arc of circle and of a straight
line with an angle @ == 7/2 with Z" or Z' axis
is usuaily observed. In fact, the circle center
is out of the abcissa and the angie is different
from /2 (# = =/4). The origin of this non-
Debye behavior is not straight forward and
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F1G. 5. The typical complex impedance plots for LiNaSQ, : LiCl: Na,WQ, (90: 9: 1) at different tem-

peratures.

various explanations have been proposed in
the literature for various materials (571, 52).
As shown in Figs. 5 and 6, the frequency
dispersion of the impedance on the Z’ ver-
sus Z" plot gave an undeformed semicircle
(or part of the semicircle) and a spike in the
low-frequency region.

The impedance data were interpreted by
an equivalent circuit which consisted of a
parallel RC element with a series capaci-
tance. Conductivity is deduced from the in-
tersect of the ar¢ of the semicircle due to
bulk conductivity (4.} with Z' axis {real
axis). When the temperature rises, the elec-
trode double layer contribution (low-fre-
quency spike} becomes more visible (see
Figs. 5 and 6). The collection of various
dc conductivity values obtained from the
complex impedance plots as a function of
temperature were used 1o draw the Arrhen-
ius plots as shown in Figs. 7 and 8. The log
oT versus inverse temperature (10°/T) plot

in the present case, can be divided on the
basis of different linear regions each associ-
ated with different activation energies.

The ionic conductivity {(g) in the solid
phase is a composite quantity, basically
equal to the triple product of the charge,
density, and mobility of the carriers, o =
ngu where n is the number of charge carri-
ers, q is the charge of carrier and u is the
mobility of the carriers. The increasing
trend of conductivity vs inverse tempera-
ture (1/7) is in accordance with the theory
of ionic transport in solids, and usually fol-
lows an Arrhenius-type expression,

oT = o4 exp(—E/kT)
= (ne\%/kT) exp(— E,/kT), (1)

where o represents the composite constant
(ne\*v/kT), which is nothing but the preex-
ponential factor; n, the number of ions per
unit volume: e, the ionic charge; A, the dis-
tance between two jump positions; », the
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FiG. 6. As in legend to Fig. 5 but for (90:3:7) composition.

Jjump frequency; &, the Boitzmann constant;
and E, is the apparent activation energy for
ionic motion, assuming the conductivity to
be effectively ionic with negligible elec-
tronic contribution.

On the basis of Eq. (1), heat mode plots
of log (oT) versus 10°3/T(K™!) are presented
in Figs. 7 and 8 for all the compositions
studied. Invariably for all the compositions,
a slight frequency dependence has been ob-
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tivity {extracted from complex impedance plots).

served particularly at lower temperatures as
expected where the effects of grain bound-
ary conduction are dominant. The results
of conductivity versus composition data are
summarized in Table 11 at two different fre-
quencies along with the dc conductivity val-
ues extracted from the complex impedance
plane analysis as discussed below.

In view of the frequency dependence of
the conductivity at low temperatures, it be-
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FiG. 8. Plots of log oT versus 10%/T (K)~! for LiNa
S0,:LiCl: Na,WO, at different compositions (in
mole%).
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comes imperative to determine the dc con-
ductivity at different temperatures for all the
composites from the measured ac imped-
ance data (Z' and Z").

The typical impedance plots (Z' vs Z")
at various temperatures are reproduced in
Figs. 5 and 6 for the two compositions
(90:9:1and 90:3:7, respectively) studied.
The compiex impedance plots for all the
samples were usually semicircular with a
tail at the low-frequency side in the some-
what low-temperature region. The equiva-
lent circuit may consist of a simple resis-
tance—capacitance parallel combination
with an additional capacitor connected in
series. As temperature increases the low fre-
quency residual tail becomes more visible
due to increasing value of sample-electrode
double layer capacitance (Cy).

This effect is clearly seen invariably at
high temperatures for all the compositions
studied. In the complex impedance repre-
sentation, as shown Figs. 5 and 6, the low-
frequency response appears as an inclined
spike and such a spike (1ail-like) is charac-
teristic of a blocking double-layer capact-
tance, whose magnitude may be estimated
from any position on the spike using the
equation 2" = iwfC where f, the frequency
and C, the capacitance associated with the
frequency f. Values of about 2uf are ob-
tained which are typical of those expected
for the biocking of ionic charge carriers at
the metal-sample interface (53). The disap-
pearance of the semicircular portion in the
complex impedance plots as temperature in-
creases invariably for all the samples and
the increasing response of the low-fre-
quency spike led to a conclusion that the
current carriers are ions and this leads one
to further conclude that the total conductiv-
ity is mainly the result of ion conduction.

In the present study, the main interest
was focused only towards the electrical and
thermal properties of the mixtures compris-
ing LiNaSO,, LiCl and Na,WO,. The two
binary salt systems LiNaSO,: LiCl (90: 10
mole%) and LiNaSQO,:Na,WO, (90:10
mole%) have also been tried as starting
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TABLE II

THE ELECTRICAL CONDUCTIVITY OF xLiNaSO,: y LiCl: zNa,W0,
COMPOSITES AT DIFFERENT FREQUENCIES

Composition  Temp. e T 10 kHz Tye
{mole%) °C) (S/cm) {S/cm) (S/cm)
90:10:0° 340 95 x 107% 1.0 x 107 2.0 x 10°°

360 47 x 107° 50 x 107 6.0 x 1073
470 1.3 x 1077 12 x 107 1.3 x 10°?
500 25 x 1077 2.4 x 107 2.5 x 1072
505 43 x 1077 44 x 107! 4.5 x 1072
525 6.1 x 107" 67 x 107" 1.1 x 10
90:0:10° 142 57 x 107% 68 x 10°% 80 x 10~
362 1.14 x 1077 1.2 x 1075 1.5 x 1079
470 1.42 x 107 15 x 107" 1.5 x 107
503 8.3 x 107 85 x 100* 8.4 x 107
523 21 x 1077 22 %1077 23 x 10°?
90:9:1 340 40 x 107 5.4 x 107% 3.0 x 1075
380 31 x 107Y 37 x 1075 5.0 x 1073
475 57 x 107* 58 x 0% 1.6 x 1073
500 4.0 % 1077 4.0 x 1073 4.0 x 107}
524 1.5 x 10° 2.1 x 10° 30 x 10°
90:7:3 340 13 x 107 20 x 107% 7.5 x 10°%
380 3.8 % 107% 25 x 107" 1.0 x 107°
470 2.5 % 107 25 x 107F 2.6 x t0°?
500 26 x10°T 29 %1072 3.0 x 10°¢
520 1.3 x 1007 2 x 197t 1.5 x 107!
90:5:5 350 3.9 x 1070 410 x 107 4.4 x 107"
370 58 x 10°% 5.6 x 107 63 x 107"
470 1.5 x 100% 1.5 x 107 1.6 x 107*
505 90 x 107%  9.0x 1077 9.1 x 1073
515 1.7 x 1070 1.7 x 1070 1.8 % 107!
521 57 x 1070 5.6 x 1071 6.0 % 107!
90:3:7 350 6.6 X 107 45 x 107 9.2 x 1078
370 6.6 x 10°% 1.2 x 1078 1.6 x 1073
442 1.2 x 107 13 x 107 1.4 x 10°*
470 27 x 107 33 x 100" 3.5 % 10°*
505 94 x 107 12 x 107 2.7 x 107}
520 13 x 1077 1.4 x 107 L.5x 1072

Note. oy refers to de conductivity obtained from complex impedance
analysis (see text) (x, ¥, and z are mole percentages of the respective

components)

? Reciprocal salt system of composition, Li; gsNag os(SO, 50Clg 1
b Reciprocal salt system of composition, LiggNa; (SCgs(W0O.) 10

points before the mixtures of LiNa
S0,-LiCl-Na,WO0O, were tried.

3.1 LiNaSO,: LiCl composites. The dc
electrical (ionic) conductivity of LiNaSQ,:
LiCl (90: 10 mole%) shows an increasing

trend in the direction of increasing tempera-

ture. The variation of electrical conductivity
(log oT) versus inverse of temperature for
LiNaSO,: LiCl (90 : 10 mole%) is shown in
Fig. 7a {marked as O).

LiNaSQO, : LiCl (90 : 10 mole%) reciprocal
salt system of composition Li, 5Nages
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(504)0.90Cly 10 was examined for the first time
in an effort to find a new Li*-based solid
¢lectrolyte. In the present case, LiCl was
chosen as an additive because the Cl~ ions
will act as an aliovalent' impurity for the
host SO, ions, and also because LiCl is one
of the renowned lithium salts which does
not pose great problems regarding handling
etc., despite its hydroscopic nature. The sol-
ubility of LiCi in Li,SO, based materials is
very small, even less than 10 mole%. Of
course, the phase diagram of Li,SO,-LiCl
binary system (47) shows negligible solubil-
ity on either side. Therefore, it is clear that
no definite report is available on LiCl solu-
bility in alkali sulfate rich compounds in the
literature. Nevertheless, from the present
study, it has been confirmed from XRD and
DSC (see the details elsewhere in this paper)
measurements that LiNaSQ, can dissolve
about 3 mole% LiCl. The detailed phase dia-
gram of the Li,SO,~Na,S0,~LiCl recipro-
cal salt system as part of the Li*, Na*//Cl™,
S0;~ quaternary reciprocal system is
known (50).

In order to discuss the conductivity be-
havior of the LiNaSQ,-LiCl composite, two
different composition regions are encoun-
tered; (1) in which the two salt systems form
solid solution and (ii) a two-phase mixture,
The above two areas, i.e., fast-ion transport
in mixed crystals or solid solutions and two-
or multiphase mixtures have only recently
emerged as areas of considerable interest.
The [atter may be named as an aluminaless
composite solid electrolytes (34). It is well
known that the dispersion of fine insulating
particles of AlLO, in a solid electrolyte ma-
trix enhances the ionic conductivity (53).
The phenomenon was first thought to be due
to something unique, However, the studies
on Agl-AgBr, Agl-fly ash, Agl-Si0O,
(36-538), and recently on Li,SO~LiCl (48),
B-Li,80,-Na,S0, (54), Li,Mg (S0, +

"It has recently been suggested that to determine
the migration enthalpies for vacancies and interstitials
in LiNaSO, crystals, controlled doping with aliovalent
impurities should be performed (35).
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Na,S0, (59), Li,W0,-Li,S0, (60), Li,SO,-
Li,CO; (61), Li,S0,-CaS0O,, Li,SO,~
MgS0, (62), etc., dispelled these ideas and
pointed out the fact that the enhanced elec-
trical transport in multiphase mixtures was a
rather general phenomenon and not merely
limited to fine Al,O, particles.

The experimental activities in these areas
have been backed by theoretical models
proposed to explain the enhanced electrical
transport in the solid solutions as well as
in multiphase mixtures (63—68). It has also
been shown that the electrical transport of
some two-phase systems can be described
by using effective medium percolation the-
ory (69-71).

The effect of addition of a finite quantity
(10 mole%) of LiCl into LiNaSO, bulk ma-
trix resulted in higher conductivities when
compared to pure equimolar-LiNaSO, at
specific temperatures and the values are
highlighted in Table II. The highest conduc-
tivity achieved in the present reciprocal
system is about 37 times larger (o, =
5.6 x 1077 S/cm at 360°C) than that of
B-LiNaSO, (g4 = 1.5 x 107¢ S/cm) (36)
and --15 times larger at 500°C. At 525°C,
the oy value of LiNaSQ,:LiCl (90:10
mole %) increases to 1.1 S/cm, which is
fairly high when compared to 0.8 S/cm at
526.8°C for a-LiNaSQ, (I13).

In the log(oT) versus 10°/T plot (Fig. 7),
there is a slight upward curved deviation
from the straight line with a sigmoidal char-
acter in the high-temperature region of the
plots as has been observed for many other
solid solutions as well as two-phase mix-
tures. This curvature may be due to a tem-
perature dependence of the formation and
migration enthalpies of aliovalent impurities
{C17). The increase in the conductivity of
LiNaSO, : LiCl (90 : 10 mole%) system is at-
tributed to the substitution of Cl ions for
50, ions; i.e., due to the formation of solid
solution by the incorporation of ion (Cl7)
vacancies and thus the addition of each C1~
would generate a cation vacancy and also
suppress the concentration of cation inter-
stitials because of the mass action law (72).
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The increase in conductivity, nevertheless,
in the present case, cannot only be ex-
plained by the theory of classical doping but,
since the results are very much comparable
with those of dispersed second phase solid
electrolyte systems, they can be explained
on the basis of dispersed phase theory (66).
The dispersed second phase due to grains
of LiCl containing dissolved sulfate phase
can provide large interfacial or overlap re-
gion for ion conduction. The mechanism of
o enhancement in the present case, seems
to be similar to that in y-Al,O; dispersed
solid electrolytes (see more explanations
later). The conductivity—composition re-
sults as a function of temperature are sum-
marized in Table II.

As for the activation energies, two differ-
ent linear regions are identified in the plots
of log(aT) versus 10°/T. If the two linear
regions are labeled as 1 and II from low
temperature to high respectively, region | is
associated with an activation energy, E, =
0.60 eV in the range 320-460°C, may be
identified as the extrinsic-conduction region
(or extrinsic dissociated region) in which all
carrier ions or defects are free and the en-
thalpy of activation (E, = 0.60 eV) is just
related to migration enthalpy of vacancies
(hY) or interstitials (k). Therefore

E,(I) (extrinsic) = Al or kY, = 0.60eV. (2)

The high-temperature region II from
460-505°C is the intrinsic region of conduc-
tion. Assuming Frenkel disorder, the con-
ductivity in the intrinsic temperature range,
where the ionic conductivity is determined
by thermally activated crystal defects, can
be described by

hif2 + h

al = ooexp[— T

A knee point at 460°C separates both the
regions (where o attains a value of 8,7 x
10~* S/cm) at which a linear upward depar-
ture has been noticed with change of slope in
the linear portion associated with a different
activation energy £, = 2.46 eV. Therefore,
one can write,
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E,(11) (intrinsic) = /2 + i or kY,

4)
=2.46eV. (
From Eq. 3 and 4, we get,
he = {E, (L) — A or A%}
(5)

he = 3.7¢V.

And further, ¢ values increase markediy be-
yond the phase transition temperature
(~509°C), and attains a value of 1.1 S/cm
which is somewhat high compared to pure
equimolar-LiNaSO, (¢ = 0.8 S/cm at
526.8°C) ({3) (However, our reinvestigation
results on LiNaSO, show that o has the
value of only 0.62 8/cm at 530°C). The en-
hanced o values in the present case [LiNa
50,: LiCl (90:10 mole%)] are due to the
presence of two solid phases and perhaps
both the phases are possessing high conduc-
tivities at high temperatures. However, the
enhancement in the conductivity is primar-
ily a result of the increase in concentration
of the charge carriers (ions or vacancies)
forming a well-defined diffuse space-charge
layers and thus the overall defect concentra-
tion in the space-charge region may be one
of the key parameters for the high conduc-
tion. Hence, the total conductivity of the
biphasic matrix ((LiNaSQ,),; and (LiCl),,),
including the contribution from the space-
charge region in the present case may be
written as

Tl = Ty + Ty + oy (6)

where o, and &, are the bulk conductivities
of (LiNaSQ,),, and (LiCl),, respectively,
and o is the space-charge contribution.

3.2  LiNaSO,:Na,WO,. LiNaSO,:
Na,WO, (90 : 10 mole%) mixed binary alkali
anion system was examined in an effort to
find the effect of incorporation of larger-
radius guest WO, ion into LiNaSO, host
matrix.

A small amount (10 mole%) of Na,WO,
was added instead of LiCl into LiNaSO,
bulk matrix to examine the influence of
larger radius guest anion (WQ,) into smalter
radius host sulfate anion sublattice in the
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TABLE II1

THE EXTRINSIC AND INTRINSIC ACTIVATION ENER-
GIES (E! AND EY, RESPECTIVELY) CALCULATED FROM
THE d¢ ARRHENIUS ProT ofF xLiNaSO,:yLIiCl:
zNa,WQ, CoMPOSITE SYSTEMS

Composition E Temp. range

a
(mole%) V) °C
90:10:0° E! = 0.60eV 320-460
El = 2.46 eV 460505
90:0:10* E! =047ev 322-470
El = 253 ev 470-523
90:9:1 El =0.33eV 340-450
El = 189 eV 450-524
90:7:3 El =024 ev 340-425
EUl = 1.80 eV 425-545
90:5:5 El = 0.55eV 350-470
El = 338 eV 470-521
90:3:7 E! = 055ev 350-470
El=315eV 495-540

Note. x, y, and z are mole percentages of the respec-
tive components.
* Reciprocal salt system of composition, Lij g

Nag95(504)g50Clo 10-
b Reciprocal salt system of composition, Ligg
Nay (50.)g so( WO, 20

present case. The log{oT)} versus 10°/T plot
for dc conductivity data obtained from the
complex impedance plane analysis for Li
NaSO,: Na,WQ, (90: 10 mole%) is shown
in Fig. 7 (marked as @), The conductivity
and activation energy (E,) for ion conduc-
tion are summarized in Tables I1 and 1II,
respectively, The conductivity of LiNaSO,:
Na, WO, (90: 10 mole%) is about 10 times
higher at 362°C (o4, = 1.52 x 107 S/cm)
than the values of 1.7 x 10~%S/cm at 360°C
for B-LiNaSOQ, (54) and also from the value
(1.81 x 10~%S/cm at the same temperature)
of our reinvestigation results on LiNaSO,
system (36). The enhanced cationic conduc-
tivity by a factor of 10 in the extrinsic region
of conduction is attributed to the presence
of larger radius guest WQ, ion into LiNaSO,
host matrix which tends to open up more
space for the mobile cations (Li* and Na™)
to move freely through the host lattice
framework and which suggests the domi-
nant role of simple lattice expansion in facili-
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tating the cationic mobility in this reciprocal
salt system of composition Lij,Na,,
(804)9.5(WQO4o.; -

In the high temperature region of conduc-
tion at or near the transition, the conductiv-
ity starts decreasing. That is, at 503°C, the
o 4 attains a value of only 8.4 x 10~* S/cm
which is low when compared to 8-LiNaSQ,
(r =1 x 1073 S/cm) at 500°C. And at 523°C
(T,), the o value is only 2.3 x 1072 S/cm
which is about 10 times less than that of
equimolar-LiNaSQ, at 526.8°C (o = 0.8
S/cm) (13). It should be mentioned here that
the o values at or near the solid-phase transi-
tion are low for the present reciprocal mix-
ture containing 10 mole% Na,WO, and the
cause is that the presence of isovalent larger
radius guest WO, ion would lower the con-
ductivity.

The decrease in ¢ near the transition
could be explained in the following manner;
i.e., the introduction of larger radius isova-
lent tetrahedral WO, anion in the regular
lattice sites of smaller SO, anion in the host
lattice network (LiNaSOQ,) tends to increase
the lattice density which significantly affects
the rotational freedom of tetrahedral SO,
anion in the host matrix as evident from the
increase in activation energy (see below) for
migration resulting in the observed drop
in conductivity.

In the present case, the obtained activa-
tion energy, E, = 0.47 eV, in the tempera-
ture range between 322 and 470°C and the
high-temperature region associated with a
higher activation energy of 2.53 eV between
470 and 523°C. (However, Secco (73) has
given the value of activation ecnergy ob-
tained from his own measurements for La
NaSO, :Na,W0O, (90: 10 mole%) as (.30 =
0.2 eV, without mentioning the tempera-
ture range.)

The findings in the particular case are that
the addition of 10 mole% Na,WQ, signifi-
cantly affects the cubic transition in Li
NaSO, and shifts the solid-phase transition
(7}) to 523 from 518°C. In the low tempera-
ture extrinsic region of conduction, the val-
ues are slightly higher in Li;¢Na,,
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(50,0 4(WO,), , reciprocal system than the
pure equimolar LiNaSQO, and this is attrib-
uted to simple host lattice volume expansion
by incorporating larger radius isovalent
guest WO, ion into its respective sublattice
facilitating the freedom of cation movement
due to the large number of accessible inter-
connected sites resulting in enhanced
conductivity. In contrast, at or near the
high-temperature phase formation, the con-
ductivity decreases considerably even
about 10 times, and the cause is perhaps the
result of the increase in host lattice density
due to the presence of larger radius isovalent
guest anion (WQ,), which tends to obstruct
the rotation/reorientational motion of SO,
ion in the host lattice,

3.2 LiNaSO,: LiCl : Na, WO composites.
The results of electrical conductivity of Li
NaSQ,: LiCl : Na,WO, composites are also
given in Table 11. The log(eT) versus 10*/T
plots are presented in Fig. 8. From Table 11,
it is inferred that the results of conductivity
change with increasing Na,WO, content (in
mole%) or in other words, o value drops
while decreasing the LiCl content. Among
the four compositions (90:9:1, 90:7:3,
90:5:5,and 90:3: 7) studied, the most suc-
cessful composition was found to be LiNa
S0,: LiCl: Na,WO, (90:9: 1), which has a
solid phase transition at 507°C with the heat
of transition enthaipy 147 klJ/kg. This par-
ticular transition may be correlated to
the solid-phase transition in equimolar-
LiNaSO, (8—«) at 518°C with the latent heat
of transition of 155 kl/kg. Besides, two
other transitions occur at 469 and 411°C.
The one at 469°C could be attributed to the
presence of LiCl phase. However, it should
be pointed out the fact that the transition
occurs at 469°C was not detectable in the o
measurements and hence the value deter-
mined by DSC has to be relied upon. The
o value is slightly higher (o4, = 4 x 107*
S5/cm) than that of equimolar-LiNaSO, at
500°C (oy. = | x 107* S/cm). But after
the phase transition (T, = 507°C), the o4
increases drastically and attains a value of
3.0 S/em. The existence of extremely high
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conductivity at 520°C for LiNaSQ,: LiCl:
Na,W0, (90:9: 1} composition, after refer-
ring to the corresponding DSC thermogram
(Fig. 4) reveals that the higher conductivity
is due to the presence of two solid phases
and perhaps there is a reason to conclude
that both the phases are possessing high
conductivities. And moreover, no evidence
of disk deformation or dimensional changes
was observed in the cooled pellet after the
conductivity experiments. This particular
observation conclusively proves that the
very high conductivity is not due to the pres-
ence of a solid-liquid multiphase, Below the
transition (7, = 507°C), the ¢ enhancement
may be attributed to the increase in interfa-
cial conductivity due to the grains of dis-
persed phase (LiCl with a dissolved sulfate
phase) by the composite effect. There has
been several models developed in the area
of the so-called composite solid electrolyte
systems so far (66, 67, 74). Among the fol-
lowing models (a) polycrystalline materials
(MX/MX) (66), (b) conducting—conducting
(MX/MX") (67), are of interest as far as the
present study is concerned. The present
conductivity results can very well be recon-
ciled to the above two models and a plausi-
ble explanation for the conductivity en-
hancement based on the above two models
is as follows; since the observed conductiv-
ity is much higher than each of the individual
phases present therein, an enhancement in
the conductivity is primarily due to the in-
crease in concentration of the charge carri-
ers (ions or vacancies) forming a diffuse
space-charge layer (75). The formation of a
space-charge layer at different interfaces is
as follows: (a) at the interface of (LiCl),, and
(LiNaSO,-LiCl-Na,WQ,),,, it is similar to
that as in the case of MX/MX {66), and (b)
at the interface between two ionically con-
ducting phases it is equivalent to that of
MXIMX' (67).

At the interface of two ion conductors
(MX/MX'), the transport of the ions is not
only parallel to the interface, but an addi-
tional contribution comes from an interface
into the other conductor; 1.e., net transfer
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of ions from MX to MX' is also favorable
(76). Therefore, in the present case, the con-
ductivity across the grain boundaries is also
of equal importance.

As far as other compositions (90:7:3,
90:5:5, and 90:3:7) are concerned, while
varying both LiCl and Na,WQ, contents si-
multaneously gave less favorable results
compared to 90:9: 1 composition, i.e., the
transition temperatures show increasing
trend, but in the same time, latent heat of
transitions indicate the decreasing trend as
seen in Table III. It should be mentioned
here that the values at or above solid-phase
transition is comparatively low for the three
ternary mixtures, viz.,90:7:3,90:5:5, and
90:3:7. The decreasing trend in ¢ values
for these compositions suggests that the in-
creasing addition of Na,W(Q, content would
lead to lower the conductivity and that the
incorporation of Cl and WQ, ions in the reg-
ular host lattice sites of SO, ion simultane-
ously, is equivalent to an increase in lattice
density or a decrease in free volume in the
host volume network resulting in the ob-
served drop in conductivity (77, 78).

Conclusions

The six systems that have been investi-
gated can be categorized in three ways
based on the nature of the additives used.
The first category includes the system where
the dopant is an aliovalent ion, i.e., LiNa
50,-LiCl system. The monovalent Cl~ ions
act as aliovalent impurity for LiNaSO,, be-
cause the host anion (S0O,) is divalent. The
second one includes a system in which the
dopant is isovalent; i.e., the constitutent
ions of the dopant have the same valency
as the host ion (LiNaSO,-Na,WQ,). The
third category includes both alio- and isova-
lent dopants simultaneously into the host
matrix, i.e., xLiNaSO~yLiCl-zNa,WOQ,,
where x, vy, z are the mole fractions of the
respective salts.

As far as LiNaSQ,: LiCl (30 : 10 mole%)
binary mixture is concerned, it is found that
LiNaSOQ, possibly dissolves about 3 mole%
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LiCl and the excess LiCl content forms
a second dispersed phase, and which are in-
dicated by XRD patterns. The high tem-
perature solid-phase transition (5-«) in
LiNaSQ, in the present case is still present
even when it contains small amount of LiCl
and the transition temperature drops down
to ~509 from 518°C and which are confirmed
by DSC effects. The enhanced electrical
conductivity is attributed not only to the
introduction of defects due to aliovalent
guest (Cl} ion substitution, but also due to
grains of dispersed phase {excess LiCl} by
the composite effect. This study also sug-
gests that the enhancement in o is not
merely limited to just dispersion of Al O,,
but is a more general phenomenon.

For LiNaSO,:Na,WQ, (90:10 mole%)
system, even though the solid solubility of
WO, ion into SQ, sublattice is rather
limited, our XRD indicates the possibility
of solid solution of LiNaSQ, with dissolved
Na,W0, (10 mole%). The addition of 10
mole%) Na,WQ, significantly affects the cu-
bic transition (7,) and shifts to 523 from
518°C. As far as the conductivity results are
concerned, the addition of Na,WQO, gave
less favorable results; i.e., at or near the
high-temperature phase formation the o de-
creases by about 10 times and the cause is
perhaps due to increase in lattice density
which obstructs the freedom of cation mi-
gration inside the host lattice.

As far as ternary composite mixtures are
concerned, the most successful composition
was found to be LiNaSQ,:LiCl: Na,WQ,
(90:9: 1), which has a transition at 507°C
with the transition enthalpy of 147 kJ/kg.
Of course, the addition of both LiCl and
Na,WQ, simultaneously into LiNaSO, ma-
trix gave favorable results, but diminishes
the heat of transition enthalpy. The evolu-
tion of conductivity with temperature gave
better improvement for the chosen composi-
tion of 90: 9 : | with respect to pure equimo-
lar-LiNaSO, . Whereas, the other composi-
tions viz., 90:7:3, 90:5:5, and 90:3:7
gave less favorable results; of course, these
three compositions offer the choice of lower
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transition temperature, but these ar¢ accom-
panied by lower transition enthalpies.
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