
Journal of Power Sources, 22 (1988) 21 - 27 23 

IONIC TRANSPORT STUDIES OF THE L$304:LizC03:LlC1 SYSTEM* 

B V R CHOWDARI and S K AKHTER 

Department of Physrcs, Natronal Unwerszty of Smgapore, Kent Ridge, Smgapore 0511 
(Smgapore) 

(Recewed March 10, 1987, m revised form Aprd 9, 1987) 

Summary 

Two samples of LlzSOa L1&03-L1C1, 1n the molar ratio of 57 38.5 
have been prepared under different experimental conditions One sample 
contamed a dispersed second phase of L1&OJ, the other LlzO These phases 
cause an enhancement 1n the conductivity compared with fl-L12S04 The 
characteristics of cells with different electrode mater& and L1$04*L1&03 - 
L1Cl as the electrolyte have been examined 

Introduction 

It 1s known that 11th1um sulphate crystallizes 1n a non-conductmg 
monoclinic phase (P-phase) at room temperature, and 1n a highly conducting 
cubic phase beyond 575 “C (a-phase) [l] The existence of the latter phase 
1n a stable form has stimulated interest m the appllcatlon of lithium sulphate 
to power sources In attempts [2 - 51 to improve the conductivity of mono- 
clinic L1$04, L1&03 was added 1n mol% ratios of 10 - 90 and the con- 
duct1v1ty was measured at 1 kHz. An L1$04 L1&03 system with a compow- 
t1on of 60 40 mol% was found to exhibit the maximum conductivity, 
namely, 2 43 X 10V3 (a cm)-’ at 450 “C Further, the addition of 5 mol% 
L1Cl to the eutectic increased the conductlv1ty (u) to 1 13 X low3 (a cm)-’ 
at 280 “C Such enhancement 1n the conductivity of monoclinic L1zSOe 
has given rise to the possibility of using the material 1n power sources 
operating near amblent temperature While the Arrhenlus plot (log (0) 
versus 1000/T) for undoped L1#04 was linear 1n the temperature range 250 - 
550 “C, an almost constant conductivity plateau was observed for the 
L1#Oa L1&03 system between 300 and 400 “C The Arrhenlus plot for the 
latter system could be separated mto several regions of different activation 
energies Such an observation 1s a typical characterlstlc of ahovalent, ion- 
doped, 1on1cally conductmg, crystallIne materials. 
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held at Smgapore, 2 - 6 June, 1986 
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In order to understand the origin of this behavlour of LiZSO L12C03, 
we have re-investigated this system by conductmg impedance and modulus 
spectroscopic studies on samples prepared under different experimental 
conditions It should be noted that earher measurements on the system were 
hrmted to 1 kHz, and such a procedure is madequate for separating mter- 
facial and bulk conductlvltles 

Experimental 

Powders of Li2S04.HZ0 (B.D.H., U K.), L&O3 (E Merck, F R G.) 
and LlCl (E. Merck, F R.G ) were annealed at 300 “C for 12 h, ground to a 
fme powder, and then mixed thoroughly m the mol% ratio 57-38-5. Two 
samples (I and II) with the same composltlon were prepared under different 
experlmental condltlons and studied at different temperatures. 

Sample I was obtamed by meltmg the above mixture of powders m a 
platinum crucible m open atmosphere, and then quenching to room tem- 
perature on a stamless-steel plate. The quenched material was annealed at 
300 “C m a vacuum furnace for 12 h and then pressed mto a pellet Sample 
II was prepared by meltmg the powder mixture under vacuum and then 
cooling to room temperature. Raman scattering studies revealed the presence 
of characterlstlc lines attributable to CO3 m the spectra of sample I, but not 
sample II. Although no dvect evidence for the presence of Ll,O m sample II 
could be obtamed from Raman studies, the melting of L1&03 under vacuum 
1s known to give rise to L1,O [6] 

Conductwlty measurements were made over the temperature range 
25 - 450 “C m a cell that was fast evacuated and then continuously flushed 
with argon gas Complex nnpedance mvestlgatlons were conducted m the 
frequency (F) range 5 Hz - 10 MHz by analysmg the amphtude and phase 
with a Hewlett-Packard model 3575A gam phase meter 

Open-clrcult voltage measurements and battery characterlzatlon were 
carried out using a Kelthley 614 electrometer The cells were housed m a 
Teflon tube closed by two stamless-steel discs of 10 mm dia. and 5 mm 
thickness Each cell consisted of Ll/sohd electrolyte/electrode, assembly 
was carried out m an argon-filled dry box to ensure the stability of hthmm 
metal 

Results and discussion 

Complex nnpedance data were obtamed for both samples I and II at 
drfferent temperatures, typical results for sample II are shown m Fig. 1. As 
the temperature 1s mcreased, it can be seen that all the depressed seml- 
circles both shift to higher frequencies and decrease m nze, resultmg m a 
smaller intercept with the real axis All the semlclrcles are followed by an 
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Fig 1 Impedance plots of L1$304 L1&!03 LlCl system (sample II) 

inclined straight line at lower frequencies A similar trend was observed m 
the data for sample I 

The high-frequency and low-frequency arcs arlse from bulk relaxa- 
tlon and mterfaclal effects, respectively The high-frequency data are due 
to ionic mlgratlon through the bulk of the solid electrolyte and the intercept 
gives the true bulk resistance, excludmg the electrode polarization. Conduc- 
tivity data for samples I and II as a function of temperature are given m 
Fig 2. Both samples I and II exhibit Arrhemus behavlour. Both the dlf- 
ference III conductlvlty between the two samples and the enhancement of 
the mdlvldual values compared with that for /3-LlZSOI) (also shown in Fig. 2) 
can be attributed to the presence of LIZCOs and Liz0 m samples I and II, 
respectively, as indicated by Raman studies Sample I has a conductlvlty at 
250 “C of 1 73 X 10v4 (a cm)-’ with an activation energy of 0 9 eV, these 
values are comparable with those reported earher [2]. By comparison, 
the conductlvlty of sample II at 450 “C 1s 1 3 X 10v3 (a cm)-’ 

Dlelectrlc properties of the above samples have also been studied. A 
typical plot of log F uersus log e’ for sample II is given m Fig. 3 It can be 
seen that the dielectric constant (E’) has a small value at low temperatures 
where space-charge effects are absent At low frequencies and high tem- 
peratures, lomc migration takes place and results m an mcrease m e’ by 
creation of space-charge layers at the electrodes The value of E’ has been 
found to decrease with increase m frequency and become saturated at higher 
frequencies for both samples I and II. It 1s mterestmg to note that the E’ 
value becomes constant at relatively higher frequencies when the tempera- 
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Fig 2 Arrhemus plots of L@Og L&O3 LKJl system 1, /3-Ll$TX& 2, sample II, 3, sample 
I, 4, log F,,, us 1000/T (sample II), 5, log F,,, us 1000/T (sample I) 
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Fig 3 Plots of log E’ us log F for L12SO4 L&O3 LX!1 system (sample II) at different 
temperatures 
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ture 1s raised This may be due to the fact that, at high temperatures, the 
Jump frequency of the mobile ion 1s large and resonates with the frequency 
of the applied electric field 

The frequency dependence of the dielectric loss (e”) or tan 6 for both 
the samples has been studied. Typical data for sample II are presented m Fig 
4 The value of tan 6 increases with mcrease m frequency to yield a peak 
value. The posltlon of this peak shifts to higher frequencies with increase m 
temperature Similar behavlour 1s exhibited by sample I However, a large 
uncertainty exists m determining the peak value of the tan 6 owmg to the 
broad nature of the tan 6 uersus log F curves. In materials with high ionic 
conductivity, the a c dlelectrlc loss 1s defined by 

o(w) - od c 
,I 

E”(W) = - and tan 6 = 2 
WE0 E’ 

where* u (w) 1s the measured a.c. conductlvlty at a given frequency (w); 
and (Td C is the d c conductlvvlty. Due to the proximity of u (w) and od C , 
a large uncertainty exists m determmmg the posltlon of the tan 6 peak. 
Hence, complex electric modulus (M* = M + JM”) formalism, which has a 
defmlte advantage over complex permlttlvlty (E* = (M*)-’ = E’ - JE”) for- 
malism, has been undertaken A plot of the complex modulus spectrum (M” 
versus log F) will suppress the gram boundary effects and will mainly reflect 
the bulk properties of the electrolyte 

The complex modulus spectrum for samples I and II were obtained 
at different temperatures, the data for sample II are given m Fig 5 As 
expected, the M” (w) peak is unambiguously defined The shapes of the 
peaks at different temperatures remam constant and the frequency (F,,,) 
correspondmg to the maxmum value of M” (M,,,) shifts to a higher value 
A plot of log F,,, uersus 1000/T (Fig 2) exhibits Arrhemus behavlour for 
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Fig 4 Plots of tan 6 us log F for L1$304 L&O3 LA21 system (sample II) at different tem- 
peratures 
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Fig 5 Plots of M” us log F for L12SO4 L&OJ LlCl system (sample II) at different 
temperatures 

both samples I and II The actlvatlon energies calculated from the log Fmax 
uersus 1000/T and log (UT) versus 1000/T plots are comparable wlthm 
experimental error Comparison of both the peak maxlma and the shape 
of log F uersus ill” and log F versus 2” curves reveals no substantial dlf- 
ferences This fmdmg lmphes that the mvestlgated samples are more akm to 
Debye-type solids which are usually described by a single parallel RC com- 
bmatlon [ 71 

In order to study the sultablhty of LizSO LI&O~ LlCl as a sohd 
electrolyte for battery purposes, the open-clrcult voltages (OCVs) of four 
cells using the highly conducting murture (z e , sample I) as solid electrolyte 
with different cathodes were measured at 20 “C The results are given m 
Table 1 

It 1s found that the experunentally measured OCVs are higher than the 
correspondmg theoretical values [S] for cells 1 - 3. Smce these experimental 
values are comparable wrth the theoretical voltage of hthlum metal with 

TABLE 1 

Theoretical and measured open-cucult voltages for given cells (electrolyte Ll#Oa Liz- 
co3 LlCl) 

Cell 
no 

Configuratlon Open-circuit voltage (V) 

Theoretical Measured 

1 Ll/electrolyte/AgI, Ag 2 089 29 
2 Ll/electrolyte/PbI, Pb 1 88 2 85 
3 Li/electrolyte/CuI, Cu 2 06 28 
4 Ll/electrolyte/CuCl + Cu + LiCl 2 75 2 75 
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reference to lodme (IZ), which 1s about 2.9 V, it 1s probable that IX 1s formed 
at the cathode While the OCVs of cells 1 - 3 do not remain stable for long 
periods, the OCV of cell 4 (Ll/electrolyte/CuCl + Cu + LlCI) has been found 
to be stable at 2.75 V for several months From a comparison of the 
measured and theoretical OCV of cell 4, it can be concluded that the 
electronic conductlvlty 1s neghglble and that the lomc transport number is 
close to unity Slmllar studies have been carried out using CuCl + Cu + LlCl 
as cathode and LiZSO L1&03 as electrolyte instead of LiZSO L&O3 - 
LlCl The OCV was 2.75 V and remamed stable for quite a long time 

The discharge characterlstlcs of a cell comprlsmg Ll/electrolyte sample 
I/V205 has been studied at 100 “C Current was drawn from the cell by con- 
necting to a reslstlve load of 1 Ma The OCV was 3 52 V After a discharge 
of about 8 5 mm, the OCV fell to 2 8 V and then declined to 1 V m about 
25 h 

Conclusion 

The greater conductlvlty of samples I and II compared with undoped 
L12S04 has been attributed to the presence and effect of a second, dispersed 
phase of L1,C03 or Ll,O The frequency dependence of the dielectric 
constant has been explamed on the basis of mterfaclal polarlzatlon of 
Ll ions The dielectric loss behavlour suggests the relaxation mechanism 
1s of the Debye type. The activation energies calculated from impedance 
and modulus data are comparable A study of the characterlstlcs of cells 
using different cathode materials mdlcates that a CuCl + Cu + LlCl cathode 
IS the most stable 
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