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The "paddle  whee l"  mechan i sm proposed by Lunddn et  al. to account  for fast cation conduct ivi ty  in 
" ro t a to r "  phase  Li2SO4-based composi t ions  involves SO4 rotation/reorientation where SO 4 propels 
passage  o f  the cation. Exist ing literature results  are collated and interpreted to show that these  results 
cannot  be reconciled to the paddle wheel mechanism.  A number  of  factors are cited herein that can 
contr ibute to facilitating intersite mobility of  cat ions in the enhancemen t  of  ionic conductivi ty.  The 
exper imental  results  support  ionic t ransport  in Li2SOa-based composi t ions ,  and other  sulfate-based 
composi t ions  (viz., Na2SO4, Ag2SO4) by a "perco la t ion- type"  mechan i sm where "f ree  vo lume"  in the 
lattice f ramework  plays a predominant  role. The  rotating sulfate anions  in Li2SO4-based composi t ions  
may contr ibute  to the conductivi ty,  not by direct coupling with the Li + cation but indirectly by 
increasing the probability of  a successful  translational j u m p  when favorable ins tan taneous  orientat ions 
of  the SO 4 oxygens  occur  at the t ransport  "bo t t l eneck" ,  i.e., acting as a gate. That  is, the gate action 
of  the percolat ion-type mechan i sm assigns a passive role for SO 4 rotation/reorientation in simply 
allowing passage of the cation with no t ransfer  of  momen tum.  The facility of  Li + passage  through a 
large bot t leneck size of  the highly supple lattice of  Li2SO 4 is also considered a contr ibuting factor.  
�9 1992 Academic Press, Inc. 

Introduction 

The "paddle wheel" mechanism as the 
primary basis for enhanced Li + ion conduc- 
tivity in LizSOa-based compositions, as pro- 
moted by Lund6n and his associates, is un- 
derstood to involve the anion-rotation- 
assisted movement of the cation strongly 
coupled to the rotational motion of the trans- 
lationally static SO4- ions. In this model, 
the strong coupling of the cation migration 
to the SO 4 rotation implies that SO4 propels 
and thereby assists passage of the cation. 

A number of studies on alkali sulfate- 
based compositions, including Li2SO4, car- 
ried out in our laboratory have shown that 
0022-4596/92 $3.00 
Copyright �9 1992 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 

the presence of larger ionic radius isovalent 
or aliovalent guest ions on their respective 
sublattices has enhanced cation conductiv- 
ity (1-12). The experiments incorporating 
WO~- and SiO4 4- on the SO]- sublattice 
were especially critical. The presence of the 
larger WO] , with 1.5 times the moment of 
inertia of SO 2 (where the rotation/reorien- 
tation frequency P(rot) of X O  4 group is in- 
versely proportional to its moment of iner- 
tia, I), and the aliovalent SiO 4 , 
accommodated either by excess cations on 
interstitial sites or by vacancies on the SO 2 
sublattice to maintain electrical neutrality, 
would lead to lower conductivity if the pad- 
dle wheel mechanism were operative. Con- 
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trary to expectation, in each case enhanced 
Na + and Li + ion conductivities by factors 
up to 10 were observed. 

Recently, Lund6n and Dissanayake (13) 
presented arguments in defense of the pad- 
dle wheel mechanism from two main as- 
pects. First they question our experimental 
conductivity measurement technique and 
the nature ()f the sample. Second they ap- 
pear to offer, as Lund6n has in previous 
publications, arguments to support their po- 
sition without adequate consideration of all 
the experimental evidence. Their paper fails 
to provide new experimental results that 
clearly demonstrate or validate the paddle 
wheel mechanism. This communication 
therefore is an effort to clarify a number of 
interpretations and arguments used in de- 
fense of the paddle wheel concept and to put 
into proper perspective experimental evi- 
dence that cannot be reconciled to the pad- 
dle wheel model, which these authors did 
not consider. Finally, the existing experi- 
mental results are interpreted in terms of a 
percolation-type or hopping mechanism of 
ion transport, where the rotational motion 
of the SO4 anion could act as an ancillary 
passive gate for ion passage. 

Electrical Conductivity Measurements 

Our ac conductivity measurements were 
carried out on both compressed ground- 
particle samples prepared under a pressure 
of - 15  MPa (--20 tons cm -2) and on uncom- 
pressed solidified fused mass samples, 1 cm 
in diam. and 1-2 mm thickness. Both sur- 
faces of the sample were touched with 
graphite (Dag No. 154 Acheson) to ensure 
proper contact. Each sample was placed be- 
tween two polished Pt discs that acted as 
blocking electrodes. The sample plus Pt 
discs was installed and maintained by a 
spring-loaded support between two disc- 
shaped stainless-steel electrodes, 1.0 cm in 
diam., with stainless-steel leads. The con- 
ductivity was measured by two methods, 

after allowing the sample to remain in the 
cell -15  hr at -150~ under reduced pres- 
sure - 1 0  -3 Torr, at 1 kHz and 10 kHz as a 
function of temperature with a heating rate 
of I~ min -~. The first method was the null 
method using a GR 1608-A Impedance 
Bridge with manual recording, and the sec- 
ond method was continuous automatic re- 
cording with a GenRad 1688 LC Digibridge 
interfaced to an Apple IIe microcomputer 
and Epson PX-85 printer. The conductivity 
values for both sample types using both 
measurement methods vary by less than 
10% and are independent of frequency 
within limits of experimental error. Our con- 
ductivity technique has been confirmed on 
samples of Ag/RbSO4 compositions with o- 
values in the same conductivity range as 
those of Li2SO 4 in an argon atmosphere over 
the frequency 0.10 Hz-10.0 kHz in 10-Hz 
intervals, by a more sophisticated setup in 
an independent laboratory (14). Further- 
more, the same technique was used by Saito 
et al. (15), Imanaka et al. (16), Dissanayake 
et al. (17), and Touboul et al. (18) on Li2SO 4 
compositions, and Mellander et al. (19) on 
single crystals of LiNaSO4. All conductivity 
measurements in these independent labora- 
tories agree with our measurements within 
experimental limits for the same tempera- 
ture regions. What is especially important is 
the good agreement between our conductiv- 
ity values on compressed discs and on fused 
mass samples of LiNaSO4, and the recently 
measured value on a LiNaSO 4 single crystal 
by Mellander et al. (19). 

The validity of the higher conductivity ob- 
served for our 10-mole% Li2WO 4 in Li2SO 4 
compositions (7, I1) has been questioned on 
the basis that several phases may be pres- 
ent, including a "liquid" phase, in accor- 
dance with the published phase diagram 
(20). A more mobile liquid phase is expected 
to increase the conductivity to a maximum 
value at the supposed eutectic composition, 
viz., 67-68 mole% Li2SO 4. Such is not the 
case, since the maximum conductivity oc- 
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curs at 90 mole% Li2SO 4 which, to our view, 
appears within the single-phase region of the 
originally reported phase diagram (20). It is 
further stated that "non-homogeneities" or 
heterogeneities, grain boundaries, two solid 
phases, etc., are responsible for the higher 
conductivity. In the recent study by Tou- 
boul et al. (18), cited by Lundrn and Dissa- 
nayake (13), a decrease in conductivity is 
reported for the mixture of two solid phases 
in LizSO4-Li3PO 4. To attribute high conduc- 
tivity in the LizSO4-LizWO,/to the presence 
of " two solid" phases without more ade- 
quate evidence is speculative. Furthermore, 
this can be a self-defeating argument if the 
presence of two solid is envisaged to disrupt 
the continuity and effectiveness of the sup- 
posed cation-anion coupled motion. Also, 
it should be pointed out that 80 mole% 
LizWO 4 in LizSO 4 composition at 575~ 
i.e., on the Li2WO4-rich side of the phase 
diagram identified as a single solid phase I, 
gives rise to the same conductivity value as 
pure LizSO 4. This common feature is not 
surprising, in view of the higher conductiv- 
ity by a factor 100 for the same 80 mole% 
Li2WO 4 composition at 500~ reported by 
Dissanayake et al. (17). The most significant 
experimental fact is that Li2WO 4 in its high 
temperature phase is reported to have the 
same conductivity value and same activa- 
tion energy (21), within experimental error, 
as do the cubic rotator phase of Li2SO 4 and 
Li3Na(SO4) 2, even though Li2WO 4 is not 
known as a rotator phase. 

Lundrn further questions the variation in 
the experimentally measured conductivity 
values for Li2WO 4 at 578~ (factor of 2) and 
for monoclinic Li2SO4 at 496 C (factor of 
10) between our group and other research 
groups. He also contrasts our conductivity 
values with those values obtained in thesis 
studies at G6thenburg (factor of 70). The 
results of Touboul et al. (18) are lower than 
the G6thenburg values (factor 5), they differ 
from ours (factor 14), and show differences 
with the earlier values of Kimura and 

Greenblatt (22) on the same Li2SO4-Li3PO4 
system. It is not uncommon to encounter 
considerable variations in ionic conductiv- 
ity values for the same single crystal com- 
pound; e.g., o- values for Na /3-alumina 
range from 0.088 to 0.227 S cm- 1, using the 
ac technique (23-25). The variation and dif- 
ferences in solid state measured ionic con- 
ductivity values can originate with a number 
of factors, viz., component purity, nature of 
sample and metfiod of preparation, cell and 
electrode material reactivity at high temper- 
ature (quartz versus noble metal), experi- 
mental technique, sample-electrode con- 
tact, capacitive and resistive anomalies, etc. 
It would appear therefore inappropriate to 
place undue emphasis on a single measure- 
ment of 2 mole% Li2WO 4 with a 10% varia- 
tion, considering the limits of experimental 
error in such conductivity values, and to use 
this measurement to refute one proposed 
mechanism and to defend another. 

In concluding this topic, it should be 
clearly stated that we do not claim that our 
measured conductivity values are absolute 
values. We do, however, make a strong 
claim for internal consistency in all our mea- 
surements. [Our values have been checked 
independently by four different workers.] A 
similar claim of internal consistency was 
also made recently by Touboul et al. (18). 
The same consistent relative increases were 
observed in Lundrn's laboratory as re- 
corded by Ljungmark (26), using the U-cell 
method favored by Lund6n, for 5 and 10 
mole% Li2WO 4 in Li2SO4, and for 5 and 10 
mole% Li2MoO 4 in Li2SO 4 compositions, as 
presented in Fig. 1. It is to be noted that the 
activation energy for all four plots in the 
rotator phase region is 0.45 _+ 0.04 eV. One 
might have expected that two phase pres- 
ence with an active role by grain boundaries 
or mobile liquid in enhancing the conductiv- 
ity as speculated (13) would be accompanied 
by a lower activation energy for the anion- 
substituted Li2SO 4. Therefore, these very 
important experimental facts, viz., (i) the 
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same Li + conductivity and same activation 
energy in the nonrotator Li2WO4; (ii) the 
increase in Li + conductivity with the same 
activation energy for LizSO4-LizWO 4 and 
Li2SO4-Li2MoO 4 compositions relative to 
pure LizSO4; (iii) the higher Li + conductiv- 
ity in the single phase LizWO4-rich region 
of the LizSOa-Li2WO 4 system; and (iv) the 
higher Li + conductivity in LiNaSO 4 with 3.5 
mole% SiO 4- relative to pure LiNaSO4, in 
both compressed disc and uncompressed 
solidified fused mass samples, cannot be 
reconciled to the paddle wheel mechanism 
of cation transport. 

Paddle Wheel  Mechanism 

A. Arguments in Defense 

An intensive literature search and per- 
sonal communications with Lund6n have 
uncovered no primary experimental evi- 
dence for the proposed paddle wheel mecha- 
nism, but only secondary arguments related 
to physical and structural properties. That 
is, the high conductivity observed in the 
high temperature of LizSO4-based composi- 
tions is associated with a high degree of oxy- 
gen disorder, along with a high enthalpy of 
transition relative to the enthalpy of fusion. 
These facts suggested a premelting process 
with rapid rotational reordering of the tetra- 
hedral SO4 groups. 

Neutron powder diffraction data for 
Li2SO4 at 908 K (27, 28) have been interpre- 
ted to show that Li + ions occupy a statistical 
distribution of sites instantaneously dis- 
placed in short-range correlation with the 
instantaneous orientations of the sur- 
rounding SO 2- ions. It is concluded that the 
rotating SO 4 groups represent a superposi- 
tion of a large number of different instanta- 
neous SO4 orientations, each coupled in a 
cooperative way to the motion of the Li + 
ions and of the SO4 groups in its immediate 
vicinity. Brillouin scattering studies on fcc 
Li2SO 4 yielded a low elastic wave velocity 
of the transverse mode in the (110) direction. 
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FIG. 1. Plots of  log o-T versus  T(K) -1 of  _ _ ,  pure 
Li2SO4; z~, 5 mole% Li2/WO 4 in Li2SO4; O, 10 mole% 
LizWO 4 in Li2SO 4 ; [], 5 mole% LizMoO 4 in LizSO 4 (Ref. 
(26)). 

This result was interpreted as indirect sup- 
port for the rotation-translational coupling, 
i.e., an interaction between transverse 
mode oscillations and the reorientations of 
the SO]- ion (29-31). 

Lund6n and associates (32-35) have in- 
voked and stressed the large difference be- 
tween the transition enthalpy of rotator 
phase Li2SO4-based compounds and their 
respective enthalpy of fusion, in contrast to 
the nonrotator phase compounds, to sup- 
port the paddle wheel mechanism. It was 
pointed out (36) and later recognized by 
Lund6n and Thomas (34) that since the rota- 
tional motion of SO 4 groups gives rise to 
oxygen disorder, a more representative 
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T A B L E  I 

m COMPARISON OF RELEVANT THERMODYNAMIC AND KINETIC PROPERTIES FOR FAST ION 

CONDUCTING COMPOUNDS 

A& 
AH t (J mole -1 - o-(S �9 cm t) Q(crT) Q(D) Q(Av) 

Salt Tt(K) (kJ mole-  t) K-~) at 823K (eV) (eV) (eV) Ref. 

Li2SOfl 850 24.8 29.1 0.86 0.43 0.34 0.40 (30, 33, 39) 
LiNaSO4 ~ 791 24.7 31.2 0.93 0.44 0.63 0.86 (30, 33, 34, 55) 
LiAgSO4 ~ 728 34.3 47.1 1.17 0.40 0.52 0.72 (30, 39) 
Lit 33Zn0~33SO4 ~ 755 25.2 33.4 1.00 0.36 0.19 (30, 33) 
Na2SO4 b 520 11.6 22.5 0.0007 0.47 (2, 3, 49, 50) 
AgzSO4 b 693 17.0 24.5 0.02 0.49 (3) 
Agl b 420 6.2 14.7 2.62 0.11 (33) 
LizCdCI4 a 620 1.6 C 0.37 (51, 52) 
Li2MnClb4 ~' 630 1. I ~ 0.45 (5/) 
Li2MgCI4 h 630 1.0 r 0.46 (51) 

.f 1.0 ~ 0.30"1. Li3N b 0.8 c 0 .49- /  (52, 53) 

Note. Tt transition temperature, bHt transition enthalpy, A& transition entropy, cr ionic conductivity, Q(o-T) activation energy 
from conductivity data, Q(D) activation energy fromLi + diffusion data, Q(Av} activation energy from rotational bandwidth data. 

u Rotator phases. 
h Nonrotator phases. 
" Extrapolated values from 773 K. 

property for comparison is the entropy of 
transition for rotator and nonrotator phases. 
Table I provides the relevant thermody- 
namic and kinetic data for fast conducting 
sulfates, Li2MCI 4 spinels, Li3N and AgI. It 
is evident that there is no correlation be- 
tween ASt values and o- values, and that 
the activation energies Q(o-T) for all sulfates 
both rotator and nonrotator phases, except 
Lij.33Zn0.33804, are effectively constant 
within limits, i.e., 0.44 _+ 0.04 eV. It is to be 
noted also that the nonrotators, Na2SO 4 and 
Ag2SO4, have ASt values comparable to that 
of the prototype rotator Li2SO 4. Further- 
more, some nonrotators have conductivity 
o- values equal to or greater than those for 
Li2SOn-based compositions. The evident 
correlation between the increase in conduc- 
tivity with the larger ionic radius of the guest 
ion, i.e., rNa+ = 116 pm, rag+ = 129 pm 
(CN = 6), is consistent with lattice expan- 
sion and increase in free volumes. 

Recently, Lund6n (37) invoked the higher 
cation diffusion for Li2SO4-based com- 
pounds linking high cation mobility with 
high conductivity in support of the paddle- 

wheel model. The cation diffusion coeffi- 
cients D, determined by tracer techniques, 
for a number of fast conducting Li +- and 
Ag+-bearing compounds are given in Table 
II. We note the tabulated D values do not 
show any clear distinctive feature for Li2SO 4 
rotator phases relative to nonrotator phase 
compounds. Furthermore, we note the D 
values for Li2SO4-based compounds are in- 
versely related to their respective conduc- 

T A B L E  11 

DIFFUSION COEFFICIENTS FOR Li  + AND A g  + in 

S o m e  Fast  Ion Conduc tors  

Sal t  T e m p  (~ D(cm2s  i) • l0  s Ref .  

L i2SO 4 550 1.59 (30, 54) 

i Li  * 1.00 
L i N a S O  4 550 N a  + 0 .93 (30, 54) 

550 t L i "  1.03 L i A g S O 4  A g  + 1.00 (30, 54) 

L i -  1.30 
Lii.33Zn0.33SO4 550 Z n  2+ 0 .14  (30) 

o~-AgI 200 1.76 (52) 
c~-RbAg415 25 1.75 (52) 
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tivity o- values in Table I, and the nonrota- 
tor Ag + compounds show comparable and 
higher diffusion coefficients than the 
LizSO4-based compounds. 

In summary, the structural studies show 
only that SO4 rotational motion occurs in 
Li2SO 4. These studies do not provide clear- 
cut evidence that Li + translational motion 
is strongly coupled to the rotational motion, 
i.e., to the paddle wheel mechanism of ion 
transport. Furthermore, the so-called rota- 
tor phase LizSO4-based compositions do not 
exhibit distinctive correlations either with 
respect to AS t or with o- and D values, when 
compared to nonrotator phases. 

B. Evidence Against or Failure to Support 
the Mechanism 

Frech and Cazzanelli (38) studied the 
band-width of the 92 cm ~ librational mode 
of the SO 4 group in LizSO 4 using a discrimi- 
nating Raman spectroscopic analytical tech- 
nique. Plots of the logarithmic bandwidth of 
the 92 cm -I mode versus 1/T, and of log 
conductivity o- for the Li + ion versus 1/T 
reported earlier (26), failed to show any 
meaningful correlation with regard to the 
jump in conductivity and the bandwidth 
break, their respective transition tempera- 
tures, or their activation energies over the 
critical temperature region. B6rjesson and 
Torell (39) extended the temperature range 
of this study in an attempt to separate the 
component of SO4 reorientation from the 
symmetric A I sulfate internal mode, by com- 
parison of polarized and depolarized spec- 
tral bandwidths. The plot of the rotational 
bandwidth versus temperature, Fig. 2, 
shows that the excess broadening in the low 
temperature monoclinic phase joins mono- 
tonically to that of the high temperature cu- 
bic phase. Figure 2 shows once again the 
failure to observe any parallel discontinuity 
in the bandwidth-temperature behavior to 
correlate with the observed discontinuity in 
the conductivity-temperature at 575~ 
That is, the transition of Li2SO 4 from the 
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Fro. 2. Reorientation broadening versus temperature 
in the monoclinic phase and the fcc rotator phase of 
LizSO 4 (Ref. (39)). 

monoclinic to the cubic plastic phase occurs 
as a sharp first order transition at 575~ 
with a concomitant sharp jump in Li + ion 
conductivity, but the reorientational motion 
in the SO4 ion sublattice becomes significant 
in the monoclinic phase at 450~ and contin- 
ues monotonically up to 800~ One would 
have expected a sharp discontinuity in the 
bandwidth-temperature behavior to occur 
near the phase transition temperature. This 
correlation of conductivity-temperature 
jump with bandwidth-temperature disconti- 
nuity was observed for other superionic 
conductors (40). 

The pronounced difference observed by 
B6rjesson and Torell regarding SO4 rota- 
tions between fcc Li2SO 4 and hexagonal 
Na2SO 4 is not relevant to the paddle wheel 
mechanism, which involves strong rota- 
tion-transport coupling between SO42- and 
Li+. The crucial fact is that Raman studies 
did not provide evidence for such coupling. 
B6rjesson and Torell also report a signifi- 
cant dispartiy between the activation ener- 
gies for SO~- rotation/reorientation in fcc 
Li2SO 4 and bcc LiAgSO4 (0.40 and 0.72 eV, 
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respectively) and the activation energies for 
cation diffusion (0.34 and 0.52 eV, respec- 
tively), shown in Table I. If there were cou- 
pling between the reorientations of the SO~- 
ions and the diffusing cations, one would 
have expected the activation energies to be 
very similar. 

A recent study by Mellander and Lazarus 
(41) on the dependence of Li § ion conduc- 
tivity in the plastic phase of Li2SO 4 at 650~ 
as a function of pressure showed a meaning- 
ful decrease in conductivity for pressures up 
to 0.6 GPa. From their data they calculated 
the jump frequency to be 2 • 10 Ij sec -f 
at 700~ whereas the librational mode for 
SO]- corresponds to 27.6 • 10 II sec -1 this 
leads to a jump to rotation ratio of 7 • 10 -2. 

A theoretical analysis using a rigid ion 
model to test for Li + ion-sulfate ion cou- 
pling in plastic phase Li2SO 4 was carried out 
by means of constant pressure molecular 
dynamics (42). This analysis revealed that, 
in a given simulation, only one unequivocal 
example of a "knock-on" in a 1000 oc- 
curred, i.e., a ratio of 1 • 10 -3 prevails. 

In summary, independent structural and 
dynamical studies have failed to provide pri- 
mary experimental support for the paddle 
wheel model of ion transport in Li2SO 4. 

Percolation-type Mechanism 

To postulate a mechanism for ion trans- 
port in a solid, one must consider the various 
factors that can affect intersite mobility, 
viz., crystal structure and lattice disorder, 
number of activated mobile ions, ion-ion 
interactions, vibration amplitudes of non- 
participating ions, lattice free volume, num- 
ber of occupancy sites, accessibility of 
empty sites to mobile ions, intersite bottle- 
neck size, lattice compressibility or resil- 
iency, etc. 

The qualitative resemblance of the log 
conductivity o- versus T -I plot with its 
sharp jump at the phase transition for 
Li2SO4, Na2SO4, Ag2SO4, K2SO4, AgI, to 

T A B L E  I I I  

C O N D U C T I V I T Y  V A L U E S  F O R  S O M E  

L i 2 S O 4 - N a 2 S O  4 C O M P O S I T I O N S  t' 

Composition log o-T(T - 470~ log o-T(T = 395~ 

Na~SO 4 1.00 - 1.40 

0.90 N a_~SO4 : 0. I 0 Li~SO 4 - 0.40 - 0.83 

0.80 Na,SO 4 : 0.20 Li~SO 4 - 0.34 - 0.84 

Note .  1" = 470~ one-phase  region: T = 395~ two-phase  region. 

" Taken from B.Sc. thesis of R. Samson (1987). 

the site percolation probability function, 
i.e., t o  the P(p) plot (43), provides evidence 
for the relevance of the percolation model 
for ion transport in these compounds. The 
jump in conductivity at the transition is ac- 
companied by a molar volume expansion, 
i.e., AV/V of 3 to 4.5% for Li2SO 4, Na2SO 4, 
and Ag2SO 4, which immediately suggests, 
ceteris paribus, a primary role for structural 
free volume in this behavior. Experimental 
correlations between enhanced ion conduc- 
tivity data and ionic radius ofisovalent guest 
ions, as well as the percentage of volume 
increase, have appeared in an earlier report 
(9). Recently, Dissanayake et al. (17) inter- 
preted their higher conductivity values for 
Li2SOn-Li2WO 4 compositions in terms of 
the larger WOe- giving rise to more intersti- 
tial space for Li + ion migration. Similarly, 
the higher conductivity values for Li 2 
SO4-Na2SO 4 compositions in the Na2SO 4- 
rich single phase region of phase diagram 
(44), given in Table IIl, are consistent with 
more interstitial space free volume for facil- 
ity of movement provided to the smaller ra- 
dius Li + ion by the fixed SO 4 sublattice of 
the hexagonal structure Na2SO 4. The same 
Alog(o-T)-AV% dependence is observed 
with glass and crystal phases of Na 4 
UO2(SO4) 3, where the glass molar volume is 
larger by -7% (12). Angeil has shown the 
corollary of this conductivity-volume 
expansion relationship by computer simula- 
tion studies on glass electrolytes, where a 
reduction in free volume and space available 
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for ionic mobility leads to lower conductiv- 
ity (45). The decrease in conductivity with 
increased pressure at constant temperature, 
i.e., decrease in free volume as reported by 
Mellander and Lazarus (41) for fcc Li2SO 4 
parallels the computer simulation result for 
glass electrolytes. 

Touboul et al. (18) interpreted their lower 
conductivity values for the Li2SO4-Li3PO 4 
system as "strong proof"  of the paddle 
wheel mechanism. Taking P-O and S-O 
bond distances as 152 pm and 149 pm in their 
respective tetrahedra, one calculates the 
moment of inertia r a t i o  I(P04)/I(s04 ) t o  be 
1.04--an insignificant effect on the rotation 
frequency, where /"(rot) = constant x I -j. 
However, the incorporation of PO43- on the 
SO]- sublattice with interstitial Li+, which 
was suggested to maintain electroneutrality 
in the absence of SOl- vacancies, is equiva- 
lent to an increase in lattice density or a 
decrease in free volume resulting in the ob- 
served drop in conductivity, as expected 
(41, 45). 

The results and discussion herein favor 
ion transport by a percolation-type mecha- 
nism where ion mobility is enhanced by a 
more open structural framework or larger 
free volume. The analogy of the percolation 
model still leaves unanswered the question 
of whether other factors contribute to ion 
passage through the bottleneck separating 
two available sites. In the case of the cubic 
LizSO4-based rotator compositions, the ro- 
tational motion of the SO 4 group and the 
compressibility of the lattice appear promi- 
nent. SO 2 rotation can facilitate passage of 
Li + ion through the bottleneck by providing 
an energetically favorable orientation, as 
suggested by Cava (46), which recently re- 
ceived qualified support with model calcula- 
tions by Frech (47). That is, SO 2- would act 
as a gate for Li + passage--open in favorable 
orientation, but closed in unfavorable orien- 
tation. [The "gate"  function bears no simi- 
larity to the paddle wheel action proposed 
by Lund6n]. The efficiency of the "open"  

orientation will be highest, i.e., maximum 
contribution to Li +, when the jump fre- 
quency of Li + is matched or synchronized 
with the SOl- rotation frequency. The ratio 
of rotation frequency to Li + jump frequency 
drops from -14  to - 9  when SO 2- is re- 
placed by WO] or MoO] in Li2SO 4, 
thereby increasing the Li + conductivity as 
observed (7, 26). The gate concept is also 
consistent with the unusually high conduc- 
tivity and very low activation energy ob- 
served when SiO 4 is incorporated in Li 
NaSO 4 with accompanying SO 2- vacancies 
on its sublattice. These vacancies represent 
a permanent "open"  gate condition. 

A comparison of the reported isothermal 
compressibilities of Li2SO 4 (41) and 
NASICON (48) shows that Kr(Li2SO4)/K T 
(NASICON) = 25; i.e., Li2SO 4 is more com- 
pressible or deformable by a factor of 25 
relative to NASICON. Another salient 
property relating to ion dynamics is activa- 
tion volume AV*, which is a measure of the 
volume change or lattice expansion as the 
mobile ion passes through the transport bot- 
tleneck. The Li2SO 4 to NASICON activa- 
tion volume ratio is 0.2, i.e., AV* (Li2SO4)/ 
AV* (NASICON) (41, 48). That is, a low 
AV* implies a large bottleneck size with 
easy transport of Li + ion resulting in a high 
conductivity or. These properties are com- 
patible with the high conductivity of Li2SO 4 
relative to other compounds without invok- 
ing paddle wheel action. 

Summary 

Experimental work to date, based on 
structural and ion dynamics studies in at- 
tempts to provide explicit support for the 
paddle wheel model of ion transport, have 
been unsuccessful. On the other hand, ion 
conductivity-temperature measurements 
on pure sulfates and on analogous sulfates 
incorporating isovalent or aliovalent guest 
anions show a definite qualitative resem- 
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blance to the percolation model of ion trans- 
port with free volume shown to play a pre- 
dominant role; i.e., higher volume enhances 
the conductivity. The energetically favor- 
able orientation provided by the rotation of 
SO ] in rotator compositions, i.e., open 
gate configuration, and the ease of cation 
passage through a large bottleneck size of a 
highly supple lattice are presented as con- 
tributing or determining factors. 
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Note added in proof. Lundrn has provided me with 
a photocopy of galley proofs of a study by M. A. K. L. 
Dissanayake, M. A. Careem, P. W. S. K. Bandaranay- 
ake, and C. N. Wijayasekera [Solid State lonics 47 
(1991) (in press)] on the ionic conductivity of a-Li2SO4 
incorporating 2.5-4.0 mole% LizWO 4. They interpret 
their data as convincing evidence for the "paddle 
wheel" mechanism of ion transport. A cursory exami- 
nation of their results shows a 5% drop in conductivity 
at 600~ and an 11% drop at 700~ for 1.0 mole% 
increase, viz 2.5-3.5, in Li2WO4 content while an in- 
crease in 0.5 mole% of Li2WO4, i.e., 3.5-4.0, affects a 
25% increase in conductivity at 600 and 700~ Further- 
more, their data differ from the G6thenburg results for 
undoped a-LizSO4, 6% higher at 600~ and 5% lower 
at 700~ overall difference of 11%. It has been 
our experience, consistent with literature reports, that 
measured conductivity data with less than 10% experi- 
mental error are the exception rather than the rule. 
Dissanayake et al. further conclude without experi- 
mental evidence that the higher conductivity values 
observed with Li2WO 4 compositions greater than 4 
mole%, i.e., 4-10, are due to the "two solid" phase 
presence. Invoking the "two solid" phase effect is a 
self-defeating argument militating against this interpre- 
tation as described in the above text. Furthermore, it 
bears repeating that Touboul et al. (18) report a de- 
crease in conductivity for the "'two solid" phase 
presence. 

Tables I and II include the compound LiAgSO 4 with 
relevant data taken from literature sources cited. It is 
to be noted that no such intermediate compound is 
evident in the phase diagram of the LizSO4-Ag2SO 4 
bindary system [H. 0ye,  Acta Chem. Scand. 18, 361 
(1964)]. 
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