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The impedance spectra of undischarged commercial alkaline zinc-manganese dioxide cells (Mallory, 
type MN 1500) have been measured. Newly produced cells have different impedance characteristics 
from ones stored for periods of time (up to one year). The difference introduced by the ageing process 
is interpreted as the effect of Hg on the zinc particle electrode. The impedance behaviour of the cells is 
dominated by the zinc negative electrode which behaves as a relatively simple charge transfer and 
diffusion process. The porous nature of the particulate electrode has relatively little effect on the 
behaviour of the zinc which behaves as quasiplanar. 

On discharging, the frequency spectrum changes as does the open-circuit potential, the latter due to 
the progressive change in composition of the positive electrode. The former changes as a consequence of 
the negative electrode reaction. 

1. Introduction 

We have reviewed the published work relating to 
the impedance of electrical storage cells [ 1] and 
demonstrated that the conventional Leclanch6 dry 
cell can be treated satisfactorily using convent- 
ional a.c. theory [2]. For the LeclancM cell in an 
undischarged state the behaviour was interpreted 
in terms of rate control by charge transfer and 
diffusion at a rough zinc electrode. The carbon/ 
manganese dioxide electrode behaved as a counter 
electrode of large surface area which contributed a 
small effect, represented in the cell analogue by a 
combined parallel resistance and capacitance. This 
picture of the cell was confirmed later [3] when 
the impedance of the separate cell components 
was measured. 

The effect of discharging the Leclanch4 cell on 
the impedance spectrum was considered in a 
further paper [4] and it was reported that dis- 
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charging down to the nominal fully discharged 
state did not change the rate-controlling mechan- 
ism, although the magnitudes of the impedances 
were progressively changed. In fact, in the range 
from fully charged down to 90% fully charged, 
the change in the in-phase component of the 
electrode impedance at a frequency of 31 Hz was 
proportional to the amount of charge delivered by 
the cell and this was associated with a very satis- 
factory statistical correlation (correlation coef- 
ficient 98.9%). This was considered to be a for- 
tuitous relationship for the LeclancM cell which 
might not be expected to hold generally. 

The so-called alkaline manganese cell is related 
to the Leclanch6 cell, the only difference being in 
the electrolyte, which is alkaline (KOH). The 
generally accepted mechanism for the alkaline 
manganese cell is 

Zn + 2OH--+ ZnO + H20 + 2e (1) 
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and 

2MnO2 + H20 + 2e ~ Mn2 O3 + 2OH- (2) 

giving the overall cell reaction 

Zn + 2MnQ -+ ZnO + Mn2 03. (3) 

In the whole-cell reaction there is no change in the 
concentration of the electrolyte solution and the 
equilibrium potential might be expected to be 
independent of the state-of-charge since the acti- 
vity of the solid species is to be considered con- 
stant and equal to unity. This is not observed in 
practice: the on-load cell voltage falls fairly 
linearly with time and even the open-circuited 
stabilized potential does not produce a constant 
cell potential. This behaviour follows from the 
electrochemical behaviour of the MnO2 electrode. 
For this system, Tye [5] reported that the activity 
of the Mn(III) and Mn(IV) species changes with 
the mote fraction conversion and that the behav- 
iour can be quantitatively understood on this 
basis (a difference in behaviour exists between 
"y-MnO2 and/3-MnO2, however, although this does 
not alter our present argument). 

We should expect therefore a change in im- 
pedance spectrum as the cell is discharged due 
both to the accumulation of ZnO in the vicinity 
of the negative electrode and to activity changes 
in the manganese dioxide. Part I of this paper 
records the results of experiments made with 
'alkaline zinc-manganese' cells at various stages 
of charge: the electrochemical interpretation will 
be given in Part II. 

Two groups of cells have been investigated; the 
first group was examined immediately after 
manufacture, the second group was stored at 5 ~ C 
for 12 months and then examined. This paper 
records the results. 

2. Experimental 

The cells investigated were the Duracell MN 1500 
type (Mallory Batteries Ltd) which are capable 
of delivering 1800 mAh at 20 ~ C. The dimensions 
are ~ = 14.5 ram, height = 50.5 mm, volume = 
7.4 cm 3 , weight = 23 g. The nominal voltage was 
1.5V. 

The experimental apparatus and procedure by 
which the impedance of the cell was measured 
when poised at the equilibrium potential have 

already been described. Cells were tested in 
quadruplicate, undischarged (stored and immedi- 
ately after manufacture) and after discharging 
galvanostatically at 25 mA (72 h rate). 

After the impedance data had been obtained 
as a Sluyters plot on an X - Y  recorder, they were 
fed into the computer via the punched tape from 
the frequency response analyser [3]. 

3. Results and discussion 

Fig. 1 shows a Sluyters plot corresponding to a cell 
immediately after manufacture. It consists simply 
of a small semicircular shape at high frequency 
giving way to an approximately rc/4 slope at low 
frequency. The slopes of the low-frequency lines 
are given in Table 1 and from these data values of 
40 ~ are typical. This is somewhat surprising since 
the cells incorporate negative electrodes made 
from zinc powder and it would be expected that 
a 22.5 ~ slope, characteristic of an electrode with 
semi-infinite pores, would be observed. The 
previously investigated planar zinc electrode gave 
an ideal slope of 45 ~ [2] for the dissolution 
process in acid solution; however, there was no 
doubt that this slope became much less, tending 
towards 22.5 ~ , as discharging roughened the elec- 
trode [4]. In this present case there is no doubt 
that the electrode is porous in the physical sense. 
However, there is sufficient data to indicate that 
it is not particularly porous in the electrochemical 
sense. This is confirmed by the results of impedance 
measurements on cells which have been stored for 
12 months at 5 ~ C. A typical impedance locus is 
shown in Fig. 2. Here the high-frequency circular 
shape is now very much enlarged and quite well 
defined. In fact, that of Fig. 2 is much better 
defined than that of Fig. 1, which is rather 
elongated. The slope of the low-frequency portion 
of Fig. 2 is 40 ~ confirming the data of Fig. 1. 

The interpretation of these curves is that the 
current-controlling reactions are charge transfer 
and diffusion at the zinc electrode and that the 
zinc electrode, although porous, physically behaves 
as if it were electrochemically planar. The reason 
for this possibly lies in the amalgamation process 
by which a small quantity of Hg (~ 7%) is intro- 
duced into the porous electrode in order to 
improve discharge behaviour and limit gassing 
from the negative electrode due to the hydrogen 
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Fig. 1. Impedance locus for newly produced MN 1500 
cell, frequencies marked on curve (Hz). 

evolution reaction. If we assume that the outside 
surfaces of the zinc particles have the highest con- 
centration of mercury then the reaction can be 
visualized as occurring at the outer face of the 
nominally porous electrode on a surface which is 
a highly concentrated amalgam. There are indi- 
cations of some porosity; the lines of Figs. 1 and 2 
come off the abscissa at an angle of less than 45 ~ 
yet the behaviour is redolent of a planar surface. 
This must imply that to some extent the zinc 
particles sinter together at points of contact and 
that the voids between the outer particles are 
removed. A contributory factor to this is that 
carboxymethyl cellulose is added to the amalgam 
which acts as an expander. The application of 
internal pressure during manufacture, when the 

2.5- -  

2.0 

1.5 

o 
L) LC 

0.038�9 
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Fig. 2. I m p e d a n c e  locus  for s tored  (12 m o n t h s ,  5 ~ C), 
ful ly charged  MN 1500 cell. 

I 
4.5 

current collector (central post) is fitted, coupled 
with this and the mercury-rich, semi-fluid outer 
surface of the particles accounts for the generation 
of a quasiplanar amalgam surface. 

With ageing, the surface concentration of 
mercury falls as the liquid metal diffuses into the 
centre of the zinc particles. The effect of zinc 
concentration on the charge-transfer resistance 
0 (the diameter of the high-frequency semicircle) 
of Zn (Hg) in alkali has been investigated by 
Gerischer [6] who confirms that 0 decreases as 
Czn increases in accord with 

R T  
0 = (4) .5 0.5 ZFk C~- C- 2+ s ~UHg Z,naq 

where k~ is the specific rate constant and the 
concentrations are those at the interface. If the 
geometry of the reactive interface is similar in 
new (0 = ~ 0.25 &2) and aged (0 = ~ 1.5 ~2) cells, 
then storage for one year at 5 ~ C implies a con- 
centration change of 36:1 taking place during this 
time. 

Fig. 3 shows the resistance and reactance 
presented in the form of a Randles plot. The 
expected shapes are observed: the curvature at 
high frequency represents the double-layer capaci- 
tance, the separation between the lines is (0 + R a )  
where the electrode resistance R a  (the intercept 
on the 1/coC axis) is enough to be insignificant 
and the lines at frequencies greater than 50 Hz are 
only approximately rectilinear. This is the effect 

0.4~ - -  

o.3c - ~  

2 

O.15 - 

_n.---nm 

0 [ W-1/2(S 112) 2 3 

Fig. 3. Randles representa t ion  (R and 1/oo0 versus co - t /2)  
o f  impedance data cor respond ing to  Fig. 1. 
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of the limited porosity which is better considered 
as a roughness. At high frequency the diffusion 
layer is thin compared with the roughness and the 
electrode behaves as a flat one while at low fre- 
quency the diffusion layer is thick and the elec- 
trode structure becomes more important; in other 
words the higher the frequency the more the phase 
angle approaches that for the planar electrode 
(45~ This can also be seen from Fig. 1 where 
initially the line comes off the semicircle at ~ 45 ~ 
at the lower frequencies this becomes 40 ~ . The 
curvature of the line at lower frequencies probably 
indicates the tendency to the limit of 22.5 ~ 
(unobtainable in these experiments due to the 
time needed to obtain data at ultra4ow frequencies). 

For the aged cells, the initial slopes at 45 ~ are 
missing, which implies that the structure of these 
is rather more porous (rough), i.e. the pores are 
deeper. 

Fig. 4 shows the impedance locus of a new cell 
which has been discharged for 5% of its rated 
capacity. The shape is approximately the same as 
in Figs. 1 and 2, i.e. a high-frequency semicircle 
followed by a line which goes off at something 
less than 45 ~ , although the first few data points 
appear to be at 45 ~ . This region is much less well 
defined than in Fig. 1 and it can be argued that the 
(new) cells with the highest surface concentration 
of Hg provide the system most likely to produce a 
quasiplanar surface. The diameter of the high- 
frequency semicircle is increased by the removal of 
the available charge; however, the slope of the low- 
frequency taft is largely unchanged. Progression to 
around 10% discharged (Fig. 5) increases the 
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Fig. 4. As Fig. 1, 5% discharged. 
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Fig. 5. As Fig. 1, 10% discharged. 

0.03 �9 

diameter of the semicircle but leaves the angle the 
low-frequency line makes with the abscissa almost 
unaltered. 

The same type of behaviour occurs with cells 
which have been stored; the general shape of the 
impedance locus remains the same but the position 
on the real axis is changed to higher values which 
indicate an increased resistance. This can be seen 
when Fig. 6 is compared with Fig. 2; the whole 
shape is displaced along the resistance axis by the 
discharging process. If the discharge simply pro- 
duced zinc oxide at the zinc electrode and Mn(III) 
at the manganese dioxide electrode so that some- 
what more resistive phases were produced, then 
this behaviour is readily understood. When Figs. 1 
and 4 are compared, it is evident that this simple 
process of cause and effect does not occur with 
the newly produced ceils. 

It is only when the newly produced cell is dis- 
charged to a value in excess of 15% that the shape 
of the impedance locus begins to change. Fig. 7, 
corresponding to 15% discharge, is considerably 
altered by a further 5% charge removal, as shown 

1.C 
2 
v 

0 .5  

0.03 

3000era~176 �9 �9 �9 �9 �9 300 �9 �9 0% 0.3 oe � 9  

I I I I I 

0 2.0 25 3.o 3.5 4.0 
R (10~) 

Fig. 6. As Fig. 2, 10% discharged. 
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o 

.~3 I.O 
o 

0.03 �9 �9 

3 03 �9 3000 3 0 o - - - ~ -  - - ' - J  

I i I I 
0.030 0.% 0,4 0.5 0.6 0.7 

o � 9  /::?(10 ~ }  

o�9 Fig. 9. As Fig. 1, 50% discharged. 

03.0 I i 4.5 5,0 

Fig. 7. As Fig. 1, 15% discharged. 

by Fig. 8, corresponding to 20%. Here the high- 
frequency semicircle has been flattened and a 
much more complex shape is apparent which 
ultimately goes off to the Warburg line. As the 
discharging continues the high-frequency part 
becomes more and more elongated as shown in 
Fig. 9, corresponding to 50%. 

The form of the Randles representations was 
altered in magnitude by the discharging process. 
Fig. 10 shows the changed form from the undis- 
charged cell represented by Fig. 3. The very 
slight 'relaxation' in the in-phase curves observable 
in the new cell is much better defined in the dis- 
charged cell but the general shape remains the same. 

Fig. 11 shows the impedance spectrum corre- 
sponding to 100% discharge. This plot is extremely 
complex and appears to consist of a high-frequency 
semicircle followed by another elongated circular 

�9 �9 

0,03Ul 

2 . 0 - -  

5.5 

).5 

I,C 
o 

3 

0.5 0 . 3 ~  0 �9 
3000 o gee 

I I I 
4.0 4.5 5.0 

R(10~)  

Fig. 8. As Fig. 1, 20% discharged. 

L 
0.8 

shape coming off in a part which resembles a 
Warburg line. The final part of the shape was at a 
frequency too low for clear definition even using 
our techniques. It is difficult to see how the com- 
ponents of the cell impedance may be recovered 
with confidence at frequencies below 0.01 Hz in 
view of the time required and the difficulties with 
cells containing porous commercial electrodes. 

The method of manufacture of these cells is 
to pour the amalgamated zinc powder into the 
cavity between the positive electrode and the elec- 
trode outer container which acts as the current 
collector. The positive and negative electrodes are 
separated by two thicknesses of separator material 
which is based on a nylon polyester. These poured 
electrodes and separators introduce a certain 
amount of non-conformity between the cells which 
is observed in a certain amount of variability from 
cell to cell. It also has the effect of producing a 
total cell behaviour which is in essence the envel- 
ope of a number of behaviours. The construction, 
moreover, precludes the possibility of testing each 

1 . 0 - -  �9 �9 

0 , 8  
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~ 0 . 4  

0 . 2  

O O g O 0 0 1  �9 
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I i i 
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Fig. 10. As Fig. 3, 70% discharged. 
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Fig. 11. As Fig. 1 ,100% discharged. 

electrode separately as we did for the Leclanch6 
cell [3] ; we must therefore infer what we can 
from the behaviour of the assembled cell. 

The composition changes in the cell which 
occur during the discharging process are reflected 
in the variation of the open-circuit potential V 
throughout the process (Fig. 12). The curve has 
the expected sigmoidal shape and ranges from 
1.58 V (V.mi 0 to 1.09 V after the nominal capacity 
has been delivered. This curve is generally as 
expected. There is a considerable range of dis- 
charge levels where a rectilinear relationship 
exists of the form: 

V = V-mi t - -B log(P/100 - - e )  (5) 

where P is the percentage discharge. The constant 
B is not, however, even approximately the 
Nernstian value of 60 mV over the central section 
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Fig. 12. Open-circuit potential  (stabilized) against dis- 
charge (%) for MN 1500 cell. 

of the curve, which is not surprising in view of the 
concentration changes in the celt, which are not 
as simple as those of Equation 2 for the MnO2 
electrode. 

The discharge of the zinc negative in alkali has 
been the subject of a great many investigations. 
In the main, systems have been chosen to yield 
model situations and there does not seem to be 
any record of investigations of exchange processes 
at very highly concentrated amalgams. Gerischer 
[6] has considered dilute amalgams and finds that 
the simple processes of charge transfer and diffusion 
account for his impedance data. Other workers 
have considered the solid metal [8-10]. It is 
generally considered that the process of zinc 
dissolution consists of 2 one-electron steps: 

Zn ~ Zn (I) (6) 

Zn (I) -+ Zn (II) (7) 

the second of which is the rate-determining step. 
If this is so and provided that the rates of Reactions 
6 and 7 are very different, then the impedance 
spectrum should consist of a high-frequency semi- 
circle followed by the Warburg shape for mass 
transport. Armstrong [9] has shown that under 
conditions where the Zn(I) intermediate is adsorbed 
at the electrode an inductive loop might be 
expected: this was never observed in any of our 
experiments but this might be due to the presence 
of ill-defined diffusion in the cell and also to 
the potential of the electrode being outside the 
region at which inductive loops might have been 
observed. 

An interesting feature of the cell results is the 
Warburg slope which is nearer 45 ~ for the plane 
electrode than 22�89 ~ for the porous electrode (see 
Table 1) and, moreover, this slope is observed 
virtually throughout all the states of charge. It is 
clear that the quasiplanar nature of the porous 
zinc electrode is maintained throughout all the 
states of charge. The interpretation of this effect 
is that a quasiplanar reaction zone occurs at the 
front of the electrode and progresses into the 
porous mass as the reaction proceeds. The pro- 
duct of the process is ZnO which remains as a 
porous structure overlaying the unreacted zinc. 
We are concerned therefore with a 'porous electro- 
lyte' and a quasiplanar electrode rather than a 
porous electrode reacting in depth. This type of 



372 S . A . G . R .  KARUNATHILAKA, N. A. HAMPSON, R. LEEK AND T. J. SINCLAIR 

behaviour has actually been observed visually with 
the porous zinc electrode [11 ] and inferred in the 
case of the PbO2 electrode [12]. 

The salient data from all the cell tests are given 
in Table 1. Discharging the cell generally increases 
the ohmic resistance, increases the charge transfer 
resistance and elongates the high-frequency semi- 
circular shape; finally this elongation is gross and 
may be considered the envelope of a whole series 
of semicircles centred on the real axis. 

The Warburg part of the impedance loci is 
approximately equiangled at all states of charge 
but begins to come off at lower frequencies as the 
degree of discharge is increased, indicating a less 
reactive system. The 'electrolyte' resistance of the 
cell generally increases with discharging as ZnO 
replaces the electrolyte. The fully discharged cell 
marks the ultimate end to this process and the 
very complex picture is difficult to interpret. 

3.1. State-of-charge test 

Attempts to correlate the impedance data with 
state-of-charge were not really successful, as 
judged by the correlation coefficients. The best 
parameter in the range 1-10% discharged was the 
in-phase impedance component for which a 
correlation coefficient of ~ 0.85 was found to 
apply at 0.5 Hz with a gradient of 0.005 gZ/ 
percentage discharge. This is too insensitive for a 
viable instrument and it was considered that the 
best procedure would be to recommend that a 

'go/no go' test for a satisfactory MN 1500 cell 
would constitute having a resistance of 0.30 f2 
at a frequency of 0.5 Hz coupled with an open- 
circuit voltage of 1.48 V. 

Acknowledgement 

We are grateful to Dr John Craft (Mallory Batteries 
Ltd) for provision of cells and discussion. This 
work has been carried out with the support of  Pro- 
curement Executive, Ministry of Defence. 

References 

[ 1 ] N.A. Hampson, S.A.G.R. Karunathflaka and 
R. Leek, J. Appl. Eleetroehem. I0 (1980) 3. 

[2] S.A.G.R. Karunathilaka, N. A. Hampson, R. Leek 
and T. Sinclair, J. AppL Electrochem. 10 
(1980) 357. 

[3] ldem, ibid 10 (1980) 583. 
[4] Idem, ibid 10 (1980) 799. 
[5] F. E. Tye, Electrochim. Acta 21 (1976) 415. 
[6] H. Gerischer, Z. Phys. Chem. 202 (1953) 302. 
[7] R. Huber 'Trockenbatterien and Luftsauerstaff- 

elemente', Varta Aktiengesellshaft, Hanover 
(1972) p. 80. 

[8] J.P.G. Farr and N. A. Hampson, Trans. Faraday 
Soc. 62 (1966) 3493. 

[9] R.D. Armstrong and M. F. Bell, J. Electroanal. 
Chem. 55 (1974) 201. 

[10] J. O'M. Bockris, Z. Nagy and A. Damjanovic, J. 
Electrochem. Soc. 119 (1972) 285. 

[ 11] P.C. Morgan, N. A. Hampson and D. L. Spiers, 
Surf. Technol. in press. 

[ 12] N.A. Hampson, S. Kelly and K. Peters, J. AppL 
Electrochem. 10 (1980) 261. 


