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summary 

Impedance measurements have been made on Ll/SO, (C) cells (manu- 
factured by a U.K. Company) at various states of charge. The mdwidual elec- 
trode impedances have been measured agamst a lithium reference electrode 
using a transfer function analyser. A model for the cathode behaviour is 
presented. From the values of the analogue circuit elements it is shown that 
there is a film on the undischarged cathode which mitially impaus the behav- 
iour. Over a large range of residual capacities the charge transfer resistance is 
relatively constant. There is evidence for the presence of adsorbed mter- 
mediates at the carbon matrix. 

Introduction 

The hthmm-sulphur dioxide cell is one of the most successful of the 
newly developing hthmm primary systems. It is capable, for example, of a 
very high energy density (330 W h kg-‘) coupled with a very long shelf life. 
Recently, we undertook an impedance study of small Li/S02 (C) cells (LO 
325 units manufactured by Duracell Batteries, Ltd.) contammg an aceto- 
nitrile-based electrolyte solution over a range of states of charge. 

The cell behavlour was described on the evidence of a relatively simple 
impedance locus (out-of-phase component of the electrode impedance dis- 
played against the m-phase component). The assumption that the hthmm 
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was the more irreversible of the two electrodes was considered to be correct, 
since the impedance data conformed to a simple Randles conversion for 
charge transfer followed by diffusion m solution. Moreover, the changes m 
the impedance with reactant concentration varied m the manner expected 
for a system m which the lithium dommated the cell behaviour Specifically, 
from the change m the charge transfer resistance, 8 (corrected for the ef- 
fective anode area), as the cell discharged, an estimation of the charge trans- 
fer coefficient for the Li+/Li exchange m the acetomtrile-SO? solution 
(0.37) was made (The product OCL, of the apparent charge transfer resis- 
tance 19 and the double layer capacitance C,, was found to be a very good 
assessment of the residual capacity of the cell [ 1, 21 ) 

It has since emerged, from momtormg the performance of other com- 
mercially produced Lr-SO,(C) cells, that the previously reported behaviour 
[l] is not consistent throughout the range of manufacturers For example, 
differences m the impedance of comparable units produced by Crompton 
Parkmson Ltd included an elongation m the charge transfer semicircle This, 
together with the appearance of an additional shape m the complex plane 
plot, suggested that the controlling mechamsm of these cells’ behaviour 
might be consistent with a porous electrode at which adsorption was a sigmf- 
icant process It was decided that the most convenient way to obtam a 
detailed study of the system was to mcorporate a third (reference) electrode 
withm the cell and so obtain the component (impedance) behaviour of both 
electrodes This paper records the results of such a study 

Experimental 

The experimental procedures for obtammg the impedance data, isolat- 
mg the component processes, and matchmg with numerical values have been 
described prevrously [ 3, 4). 

The cells used were Vidor Etemacell, size G20 (capacity 7.5 A h, rated 
load 1000 mA) specially modified to contain a lithium reference electrode. 
This was mtroduced mto the cell via glass seals on the plane end of the 
cylmdrical unit so that it lay tightly sandwiched between the anode and 
cathode but isolated from both by the microporous polypropylene sepa- 
rator. As such, it formed a rather complex thm layer cell 

The cells were discharged galvanostatically at 1 A for periods of 30 mm 
and allowed to equihbrate for three days before any impedance measure- 
ments were made. 

The impedance spectra of the anode with respect to the reference elec- 
trode, and the cathode with respect to the reference electrode, were ob- 
tamed after each discharge step. In this way, 15 states-of-charge were mves- 
tigated In order to confirm that the third electrode was behavmg as a true 
reference electrode, the two spectra were added together point by point, 
vectonally, and compared with the impedance of the whole cell. Figure 1 
for the undischarged cells shows this to be the case. 
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Results and discussion 

Figure 1 shows that the anode and cathode nnpedances which go to 
form the total cell impedance are of the same order of magnitude although, 
m general, that of the cathode was somewhat greater. Thus these particular 
cells were rate-controlled by both anode and cathode and it 1s not possible 
to ignore either electrode m a conslderatlon of the cell behavlour. 

The impedance plots of the cathode with respect to the reference were 
fitted to a model using the Taylor theorem approach [ 51. The model con- 
slstmg of a Randles cvcult modtiled for electrode roughness and porosity, 
and used by Hughes [ 11, did not give a sufficiently good fit m the present 
cases. The best fit was found by modlfymg this model to mcorporate adsorp- 
tlon on the cathode surface [6]. The presence of a dlelectrlc film on the 
surface [4] was represented by a series capacitance C,. It was not found 
necessary to associate a resistance parallel with C, m order to decompose our 
results (for an electrode perturbation greater than the 3 mV used m these 
expenments or for frequencies approachmg d.c. operation, this would have 
been necessary). A series mductance was also added to account for effects 
which mse from the cell geometry and mternal connections. A clrcult 
analogue for this model 1s shown m Fig. 2. 

The isolation of the 9 clrcult elements demanded that as many fre- 
quency values as (reasonably) possible be mvestlgated. We have used 60, 
which aves sufflclently precise values of the components to be estimated, 
with an acceptable least squares vmance of the computed values. 

-.40 ’ 0.00 0.20 0.40 0.60 0.60 
R/Ohm 

.00 

Fig 1 Cell and electrode impedances +, Ll/Ref,o, C/Ref, X, Ll/C cell, 0, impedance 
sum h/Ref + C/Ref (Shght difference from hnk cell impedance due to experlmental 
self perturbation ) 
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Fig 2 The analogue for the carbon electrode 8, charge transfer resistance, CL, double 
layer capacitance, R,i, solution resistance, W, Warburg impedance, Cs, film capacitance, 
Ls, contact Inductance, Cp, “mtermedlate” reactlon capacitance, Rp, “mtermedlate” 
reaction resistance 

-1°- i 
- 201 
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0 00 0.10 0.20 0.30 e.+0 I 
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Fig 3 Typical curve fitted to the experimental data for the cathode +, experimental 
points, -, computed curve 

Figure 3 shows a typlcal example of the experlmental data with a fitted 
curve. The validity of the model was confirmed by the excellence of the fits 
obtamed for all states of charge. 

Computed equivalent cvcult component values are given m Table 1 
The varlatlons of the components as charge 1s wlthdrawn from the cell 

is interesting and yields mformatlon regardmg the cathodic processes. The 
double layer capacitance, CL, has an mltlally low value correspondmg to the 
presence of an mtrudmg film of hthlum dlthlonlte on the surface This 
masking film very rapldly breaks on discharge to yield a relatively constant, 
active surface The value of C, rises to a maximum of - 4 X low2 F Just 
before the cell 1s completely discharged, then falls to a value of 3 X 10M3 F. 
This great Increase m electrode capacitance towards the cell exhaustlon pomt 
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possibly indicates the breakup of the cathode -the intrusion into the inner 
regions of the carbon crystalhtes leading to the final passlvatlon of the elec- 
trode This picture 1s supported by the parameters C,, R,, C,, which all 
indicate the break-up of the cathode structure as available charge 1n the cell 
1s exhausted. 

The charge transfer resistance, 8, 1s complimentary to the series and 
double-layer capacitances C, and CL Inltlally high, 1ndlcat1ng the presence 
of a retardmg film, 8 rapidly falls on the removal of charge from the cell, 
becoming more or less constant at 0.05 52 throughout the whole of the 
region of useful discharge. This, again, suggests that the m1t1ally protective 
film 1s readily removed and that the reduction of SO, occurs at a surface of 
approximately constant active area The Warburg coefflclent, u, which for 

O+ne+R 

:= ( ,/2/2)(RT/n2F2)[(C,43,)-1 - (C,fl,)-‘1 (1) 

provides further confirmation, 1n the present system, in which Li2S204 1s 
frurly insoluble and the other reactants are 1n excess, 1t becomes 

G = (1/~2)(RT/n2F2)(AC,~,)-’ (2) 

where CR and Da represent the concentration and dlffuslon coefficient, 
respectively, of S20e2- and A 1s the effective area of the electrode. In the 
present case the diffusing area of the electrode is, mltlally, relatively low 
and on discharge 1t rises to a fairly constant value 

The inductive component of the electrode impedance 1s clearly a com- 
plex quantity This, 1n our opmlon, 1s most likely linked to physical geo- 
metnc modlf1catlons w1thm the cell which occur as a consequence of volume 
changes within the carbon This material 1s disposed on an alumlnium mesh 
and 1t 1s reasonable to ascribe the major part of the inductive component to 
this source. 

The need for the parallel (R,-C,) clrcult 1n the analogue representation 
1s interesting, for 1t was not needed m the earlier lnvestlgatlon [l]. It re- 
presents the presence of some process 1n the cathode reaction which exerts 
a sign&ant current control 1n the experimental frequency range The pres- 
ence of an adsorbed intermediate such as SO,- or SOz2- at the electrode, or 
reactions of the type 

S02+e-----t So2-ads (3) 

SOZ-a& + SO,-,,, - s,0~$~- (4) 

or 

so2 + e- - so2-ads 

s"2-ads + e--s022-ads 

(5) 

(6) 



so2 + so22-s& - s*o.$2- 
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(7) 

would imply the observed reaction model. It IS not possible m this mvestlga- 
tlon, however, to decide which of these (or others) 1s the appropnate mecha- 
nism. The mterest hes m the quahtatwe differences between this and the 
previous mvestlgatlon which mdlcate slgmficant behavlour differences among 
the vmous available carbons (and catalysed carbons). A final pomt which 
mses from the work 1s that, while the product 1312~ was a useful parameter 
for residual capacity assessments for certain cell types, it was very insensitive 
m this case. (Table 1). 

Conclusions 

(1) The impedances of both anode and cathode are of the same order. 
(n) The cathode could be represented by a complex model based on 

charge transfer and diffusion, with allowance for adsorption and electrode 
films. 

(m) At high frequencies the geometry of the system gives rise to an 
mductlve branch m the impedance locus. 

(iv) Inltlally, the cathode 1s covered by a thm layer, probably of L&O, 
This 1s partially removed on discharging. 

(v) There 1s evidence of serious cathode dlsruptlon when the cell has 
been dramed of useful charge. 

(~1) There 1s strorig evidence for adsorbed mtermedlates on the porous 
carbon cathode matm. 
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