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1 Introduction 

Zinc is one of the most attractive electrode materials for 
use in batteries: it is a base metal and has as such a favour
able thermodynamic electrode ( Zn/zn2+) potential. This metal 
has a high specific capacity (820 Ah.kg-1, 5854 Ah.l-1), 
which makes it especially suitable for application in systems 
where a low weight or volume of the battery is required. The 
high rate with which zinc can be discharged (> 1 kA.m-2) en
sures a high power density. Furthermore, zinc is a non-toxic 
metal, relatively cheap (about fl. 1,- a kg), abundantly a
vailable and easy to handle. Last but not least, because of 
its high hydrogen overvoltage, aqueous salt solutions can be 
used as battery electrolytes. 

The first application of zinc in an electrochemical cell, 
which is in fact the beginning of electrochemistry, dates 
back almost two centuries, when Volta used zinc-copper piles 
for the conversion of chemical into electrical energy. The 
use of zinc and copper was explored further and resulted in 
the Daniell cell in 1836. However, this cell soon passed into 
oblivion when Leclanche proposed a new type of primary (non
rechargeable) battery, based on zinc and manganese dioxide, 
in 1865. Since, various improvements were made to the Leclan
che cell, concerning cell design, type of separator and elec
trolyte materials, leading to a better shelf life, a higher 
capacity. and a less sloping cell-voltage profile during dis
charge. This battery is, despite the development of new types 
of cell over recent years (eg Mallory, lithium), still by far 
the most widely used primary cell. The strong market position 
of the cell is due to a combination of factors including low 
cost of materials and ease of fabrication. 

Rechargeable (secondary) batteries employing zinc as nega
tive electrode are produced on a very small scale. Nowadays, 
the lead-acid battery, the most important battery since it 
was first introduced in 1859 by Plante, takes up more than 
85% of the worldwide secondary battery market. The most famil
iar use made of this battery is for starting, lighting and 

- 1 -



ignition automotive applications. In many other fields it has 
to compete with the nickel oxide-cadmium battery, especially 
in consumer and small industrial applications. 

An incentive for the development of new types of batteries 
has come from a search for alternative energy sources as re
placement for fossil fuels in transportation vehicles. The 
need for replacing oil with alternative energy sources has 
become evident, since the first oil crisis in 1973. In addi
tion, emissions from internal combustion automobiles are 
largely responsible for the formation of photochemical smog 
in many urban areas, and in a lesser degree for the acidifica
tion of the soil and surface waters. So, alternative energy 
sources, especially for passengers transportation, are re
quired to reduce the pollution of air, water and soil and, to 
overcome the abuse of our limited natural resources. 

As yet, electric vehicles using lead-acid or nickel oxide
cadmium batteries cannot compete with internal combustion 
vehicles, mainly as a result . of the low energy density of 
these batteries. Therefore, research has focused on battery 
systems which have high energy and power densities. 

In Table 1.1 the characteristics of various batteries are 
summarized [1,2]. The high-temperature batteries exibit the 

Table 1.1 ·characteristics of various secondary battery systems, candi
dates for electric vehicle 

Battery Theoretical Present Performance 
type Cella) Energyb> Cella) Energyb) Oper.b) Cycleb) 

Volt. dens itt Volt. densitt Temp. life 
v Wh.kg- v Wh.kg- oc 

Pb/HzS04/PbOz 2.12 167 1.80-2.00 33 -20/40 good 
Cd/KOH/NiOOH 1.29 220 1.10-1.25 55 -40/50 very good 
H2/KOH/Ni00H 1.32 389 1.15-1.30 55 0/50 very good 
Zn/KOH/NiOOH 1. 73 321 1.40-1.60 75 -20/60 poor 
Zn/ZnBr2/Br2 1.85 431 1.60-1.75 48 20/50 moderate 
zn/ZnCI2tcl2 2.12 460 1.90-2.00 66 20/50 moderate 
Zn/KOH/air 1.62 1351 1.00-1.20 95 50/60 poor 
Na/ceramic/S 2.08 686 1. 50-1.70 220 300/350 moderate· 
Li/LiCl+KCl/FeS 1.34 1540 1.00-1.20 330 400/500 poor 

a) from Ref. [1] 
b) from Ref. [2] 
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highest theoretical and practical energy densities. However, 
these batteries are relatively costly. Moreover, the high tem
perature and the safety hazards inherent to the employed elec
trode1 materials, lead to all kinds of practical problems, 
when contemplating application in electric vehicles. The hy
drogen battery (nickel oxide-hydrogen) is by far the best re
garding cycle life. Unfortunately, this battery has a rela
tive low energy density and is much more expensive than most 
other batteries (eg about 30 times more expensive than lead
acid batteries), which precludes its commercial application. 

Prospects for zinc-halogen batteries are not as good as 
expected from their high (theoretical) energy density. These 
systems require storage of the halogen materials external to 
the cell and, especially in the case of chlorine, careful tem
perature control. Further adaptations are needed for electrol
yte circulation and safety reasons. Consequently, rather 
bulky systems, unsuitable for application in electric vehi
cles, are obtained. 

The zinc-air cell has a high energy density. However, it 
has a low operating voltage and a very low energy efficiency 
(app~oximately 40%). The air electrode, which is largely 
responsible for the bad battery performance, can function 
slightly better only at the expensive of even more platinum 
as additive to the electrode. 

All things considered, the most promising candidate for 
electric vehicle propulsion purposes, is the nickel oxide
zinc 1 battery. It has a relatively high operating voltage and 
a high energy and power density, Furthermore, it can be used 
within a wide temperature range, is relatively cheap and does 
not constitute an environmental threat, as many other battery 
systems do. 

Tqe electrochemical reactions during discharge in the nick
el o~ide-zinc accumulator are often written as: 

Zn + 20H- (1.1) 

( 1. 2) 
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So that the net cell reaction is: 

ZnO + 2Ni(OH)2 ( 1. 3) 

During charge the reactions proceed from the right to the 
left hand side. Though more expensive than sodium hydroxide, 

potassium hydroxide is used as battery electrolyte, in concen

trations of 4-10 M, because of its higher conductivity and 

carbonate solubility (Na2C03 precipitation can lead to silt
ing up of the porous electrode). In these concentrated KOH 

solutions in excess of 1M zinc oxide can be dissolved. 

Reaction ( 1. 1) is the overall reaction occurring at the 
zinc .electrode, and is in fact an electrochemical dissolution 

reaction followed by a precipitation reaction: 

Zn + 40H- ( 1. 4) 

ZnO.+ 20H- + H20 ( 1. 5) 

Thus, in contrast with most battery electrodes, the elec

trochemically active zinc species are not only present on the 
electrode, but also in the battery electrolyte. This consti

tutes one of the main causes for the problems encountered in 
cycling of the zinc electrode. 

The main disadvantage of the nickel oxide-zinc battery is 
its limited cycle life, due to the degradation of the zinc 
electrode. Shape change, dendrite formation and to a lesser 
extent. passivation and densification of the zinc electrode 
have been identified as the principal causes for the poor 

cycle life of the battery. 
Dendritic deposits have a fern-like structure, and are 

formed during charge of the zinc electrode at overpotentials 
greater than about 60 mv. The dendrites grow perpendicular to 

the zinc electrode in the direction of increasing zincate 
concentration. These dendrites, eventually, may short-circuit 

the cell making an abrupt end to an useful battery life. How
ever, this problem has been largely overcome by improvements 
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in separators and by additives to the electrode and electrol
yte, which mitigate dendritic growth. 

Shape change refers to the reduction of the electrochemi
cally active surface area of the zinc electrode during cy
cling. Active material moves away from the electrode edges 
and piles up towards the plate bottom and center, as is de
picted in Figure 1.1. The transport of zinc material progres
ses as cycling continues and leads to a reduction of the capa
city and serviceable life of the battery (in this thesis zinc 
material refers to all zinc species which entrain zinc, such 
as: Zn, ZnO, Zn(OH)2, K2Zn(OH)4, Zn(OH)42-, polymeric zinc 
species). Densification, loss of electrode porosity and pas
sivation of the zinc electrode are often observed at elec
trodes that have undergone shape change. 

Cycling 
____ __,[> 

Figure 1.1 Zinc electrode shape change. Freshly prepared electrode (left
hand side) and electrode cycled repeatedly (right-hand side) 

Studies about shape change have revealed that cell and 
electrode geometry, depth of discharge, type of separator and 
additives to the zinc electrode and battery electrolyte are 
probahly the most important factors which influence the ex
tent and rate of shape change. As yet, however, a solution to 
shape change is not envisaged. 

The solution to shape change must come from a thorough un
derstanding of the fundamental phenomena involved in the re
distribution of zinc material over the electrode. Therefore, 
the aim of this study is to elucidate the process and mecha
nism of shape change t leading to a model 1 which can account 
for the observed phenomena and, hopefully, can indicate how 

- 5 -



shape change can be (partially) prevented. 

To accomplish this goal a number of questions need to be 

tackled, such as: what is the amount of zinc material in

volved in the displacement process during charge and during 

discharge, what is the direction of the zinc material trans

port during the half cycles, how does hydrogen evolution or 

additives to the zinc electr.ode affect these processes and, 

most important, what is the driving force for the zinc mate

rial transport in the battery. 
In Chapter 2 of this thesis, recent literature on subjects 

related to zinc electrode performance in alkaline solutions 

are reviewed. The properties of alkaline electrolytes contain

ing zinc oxide or anodically formed zincate and, the anodic 

dissolution of zinc in alkaline solutions, are treated. Two 

existing models for shape change, based on membrane pumping 

and concentration cells, respectively, are discussed in de
tail. In some cases, these models can describe shape change 

to a certain degree. However, , they are both inconsistent as 
well as imcompatible with the results of other studies. 

To investigate the coulombic efficiency of the charge pro
cess of zinc, the amount of hydrogen produced during electro

deposition of zinc and during open-circuit potential has been 

investigated, using the rotating ring-disc electrode tech

nique. In Chapter 3 the data, obtained for various KOH and 
zincate concentrations and several disc current densities, 
are discussed. The influence of hydrogen gas bubbles on con

vective transport of zinc material in the battery is esti
mated from these data. 

Chapter 4 presents a study of the anodic behaviour of po
rous zinc electrodes to which certain metal oxides are added. 

Such metal oxides are commonly embedded in porous zinc elec

trode to increase .the hydrogen overvoltage so that the cou
lombic efficiency of the charge process is higher. However, 

they also appear to affect the rate of the shape change pro
cess. 

A report of the behaviour of zinc electrodes in actual 

(laboratorium built) batteries is given in Chapter 5. The 
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electrodes are cycled in different types of cell, with the 

aim to established how cell geometry affects the realization 

of shape change and the rate of the shape change process. 

In studies presented up till now, the extent to which 

shape change has progressed is measured by means of a post

mortem analysis of the zinc electrode. The zinc electrode is 

cut into a number of parts and the zinc and zinc oxide con

tent of the individual parts is determined. We have tried to 

monitor shape change in situ, ie during battery cycling, by 

means , of the radiotracer technique. A radiotracer ( 65zn) is 

uniformly incorporated in the zinc electrode or added to the 

battery electrolyte. The gamma radiation as a result of disin

tegration of the tracer is measured at several regions on the 

electz;ode. It indicates the amount of zinc material at the 

individual regions on the electrode. The measurement of the 

radioactivity over the electrode during battery cycling can 

present information about the amount of zinc material trans

ported over the electrode, and hence, about the shape change 

process. Results of these experiments, performed with zinc 

electrodes placed parallel and perpendicular to the earth's 

gravitational field, are reported in Chapter 6. 

In Chapter 7 further radioactive experiments, performed 

with zinc electrodes which had only a small part of the elec

trode made radioactive, are described. These data and the 

data give in Chapter 6 are discussed in relation to the a

mount of zinc material displaced over the electrode and the 

direction of zinc material transport during charge and during 

discharge. This leads to a concept for the process and mecha

nism of shape change. However, it functions only on a descrip

tive level. In itself it does not provide us with an original 

cause, ie a driving force. So, in Chapter 8, a model, based 

on density gradients and volume variations of the battery 

electrolyte during battery cycling, is presented. The results 

of the experiments performed in previous chapters are dis

cussed in regard to the new model. Furthermore, possible solu

tions! to shape change are discussed. 
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2 Literature Review 

Extensive reviews on the performance of zinc electrodes in 
alkaline solutions are available [ 1-4) . In this Chapter only 
selected topics will be treated, viz. the solution chemistry; 
the C).nodic dissolution of zinc; the behaviour of the zinc 
electrode in secondary batteries. 

2.1 Solution chemistry of zinc 

2.1.1 Solubility 

Zinc salts and -oxides as well as the products formed dur
ing discharge of zinc are very soluble in alkaline solutions. 
The value of the solubility appears to be almost independent 
of temperature [5) but is strongly dependent on the alkalini
ty of the solution [5-22]. 

32 
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Pigure 2.1 Solubility of ZnO (solid line) and supersaturated zincate spe
cies (dashed linel in KOH electrolytes (from Ref. [2]) 
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The solubility of ZnO is smaller than that of ZnO.%H20, 

which in turn is smaller than that of Zn(OH>2 [7]. A much 

higher concentration of zinc species in solution can be 

achieved by electrochemical dissolution of the metal, or by 

chemical dissolution of zinc salts or -oxides at elevated 

temperatures and subsequent cooling of the solution ( 11-16]. 

These solutions are called supersaturated or oversaturated 

solutions. However, neither seeding nor agitating causes 

precipitation, so they are not supersaturated in the strict 

sense. Zinc oxide precipitates slowly from these solutions, 

indicating a decomposition process. In fact, all solutions 

eventually assume the equilibrium zincate concentration when 

saturated with zinc oxide. The solubility limit for ZnO and 

supersaturated solutions is presented in Figure 2.1. 

The stability of supersaturated solutions appears to de

pend on the preparation method. Dmitrenka et al. [14] noted 

that the stability of chemically prepared supersaturated solu

tions is immeasurably higher than those prepared electrochemi

cally. For the latter solution it may take months [13-16] or 

even a year [2,11] to reach the equilibrium zincate concentra

tion (ie as if saturated with ZnO). Also, certain additives 

stabilize supersaturated solutions, such as: silicates [20 
,21), Li+ [21,22], sorbitol [21] or xylithol [16]. 

2.1.2 Solute species 

In concentrated alkaline solutions invariably zincate ions 

are formed [4], tetrahedrally coordinated complex ions: 

Zn(OH)42-. However, other species may be present. Bode et al. 

[18] suggested that even in unsaturated solutions, a complex 

with more than one nucleus, eg Zn2(0H)a4-, or strongly hy

drated zinc species must be present, which could explain the 

low dialysis- and diffusion coefficient of zincate solutions 

when compared with ferricyanide or chromate solutions. Cain 

et al. [12] found no evidence in favour of double or poly

nuclear compounds, although they emphasize that it is neither 

unreasonable nor inconsistent with their data that zinc spe

cies share protons or perhaps even oxygen atoms. 
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In supersaturated solutions species, other than Zn(OH)42-
have hot been identified. However, other species must be 
present in these solutions: Jackovi tz and Langer [ 17] con
cluded form spectral analysis of saturated and supersaturated 
solutions that the concentration of Zn(OH)42- in the latter 
type of solutions only slightly increases with increasing 
zinc content. Conductivity studies, performed by Liu et al. 

[19], indicate that in supersaturated solutions neutral asso
ciated ion pairs of potassium- and zincate ions are formed, 
however, the exact nature of these species remains a mystery. 

Dmitrenko et al. [14] have presented a model in which they 
descr~bed supersaturated solutions as complicated systems con
sisting of three states: the original zincate solution (I), 
an unFJtable (most likely colloidal) state (rii) I and a rela
tively stable polymeric state (II I) I where state (II) and 
(III) are in a dynamic equilibrium. For the polymeric chain 
they proposed the following structure: 

I\ I\ Ill 
Zn 

n 

OH 
I 

H 0 -Zn-0 H 
I 
OH 

Ill j
0
\ j

0
\ (2.1) 

Zn 
m n 

n>>m 

where, the complex ions, Zn(OH)42- or Zn(OH)4-k(H20)k(2-k)
act as a lace stabilizing the polymeric structure by means of 
hydrogen bonds. From Raman- [14] and UV-spectra [15] they de
duced that chemically and electrochemically prepared supersat
urated solutions do not contain the same solute species. More
over, they concluded that, in the electro-chemically prepared 
solutions, state (III) is absent, in agreement with the 
highElr decomposition rate of these solutions. 

According to Dmitrenko et al. [16] the instablility of 
both'types of supersat;urated solutions must be due to the in
stability of state (If). Since this state is in dynamic equi-
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librium with state (III}, stabilizing state (III} should re
sult in a lower decomposition rate of supersaturated solu
tions, which is important for slurry types of electrodes. 
Additives, which stabilize state (III), such as proton-dona
ting groups, were indeed found to stabilize supersaturated 
solutions [16,20-22]. 

The model is now widely accepted [13-16,20-22]; all experi
mental work performed sofar is consistent with the model and 
nobody has been able to come up with a feasable alternative. 
However, further work is urgently required. For instance, to 
clarify the exact nature of state (II) and to determine the 
values of nand min Equation (2.1). Furthermore, it is still 
unclear what the origin of the difference between chemically 
and electrochemically supersaturated solutions is. Evidently, 
for a better understanding of the solution properties (eg 

conductivity, viscosity, density) and the electrochemistry of 
zinc (eg type of cathodic deposit, the anodic dissolution 
rate, passivation phenomena) it is essential to gain know
ledge of the type of zinc species in solution, the role of 
solute and solvent concentration as well as the role of addi
tives on the composition of zincate solutions and, the type 
of solid zinc species (eg ZnO, Zn(OH)2, K2Zn(OH)4 [13]) which 
precipitate from these solutions. 

2.2 Anodic dissolution of zinc in alkaline solutions 

The anodic process at zinc electrodes has been investi
gated by numerous authors, using many techniques including 
potentiostatic, galvanostatic, potentiodynamic, impedance, 
transient and optical techniques. The KOH or NaOH concentra
tion in the solution varies from 0.1 to 15 M and the zincate 
concentration from o to 0.5 M. Still, no general accepted 
reaction mechanism -for the electrochemical dissolution of 
zinc has yet been established, despite the enormous effort. 
At present two reaction schemes are considered. One mechanism 
is presented by Farr and Hampson (23] and Dirkse and Hampson 
[24], henceforth called the F-mechanism: 
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znkink + OH - ZnOH~d (2.2) + rdsl 

ZnOH~d + ZnOHad + e + ••• rds2 (2.3) 

ZnOHad + OH - Zn(OH) 2 + e (2.4) + 

Zn(OH) 2 + 20H - + Zn(OH):- (2.5) 

They concluded from double-pulse studies in o .1 to 7 M 
NaOH that on a very short time scale (<10 ).IS) Reaction (2.3) 
is rate determining. On a longer time scale or at higher an
odic overpotentials Reaction (2.2) becomes rate controlling. 

Dirkse and Hampson [24-26] established that the exchange 
current density is independent of zincate concentration but 
dependent on hydroxyl concentration. Also, the value of the 
exchange current is markedly dependent on experimental condi
tions (eg method of determination viz. double-impulse, single 
pulse, potentiostatic pulse; time scale of the measurements). 
The anodic Tafel slope, derived by McBreen and Cairns [2] 
from the data of Farr and Hampson [23], varied strongly with 
potential. For low anodic overpotentials a slope of approxi
mately 65 mV and for hi<Jh anodic overpotentials a slope of 
approximately 320 mv was calculated. Note that neither Farr 
and Hampson [23] nor Dirkse and Hampson [24-26] corrected 
their data for the ohmic potential drop. In their view this 
drop may·be neglected in concentrated alkaline solutions. 

Another reaction scheme is due to Bockris et al. [27L 
henceforth designated as the a-mechanism: 

-Zn + OH + ZnOH + e (2.6) 

ZnOH + OH-: + Zn(OH); (2.7) 

:Z:n(OH); + OH - + Zn(OH); + e •..• rds (2.8) 

Zn(OH); + OH - Zn(OH):- (2.9) + 
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Based on galvanostatic and potentiostatic transient meas
urements at stationary electrodes, performed in 0 .1 to 3 M 
KOH and 0.0001 to o.s M zincate, they concluded that the sec
ond electron transfer determines the reaction rate. From theo
retical arguments they postulated Reactions (2.6) and (2.7). 

Bockris et al. found that the exchange current density was 
independent of hydroxyl and dependent on zincate concentra
tion. They observed a Tafel slope of 49 mv over a broad poten
tial range. The results from the potentiostatic and galvano
static experiments were in good agreement. 

Furthermore, they emphazised that compensation for the 
ohmic potential drop was necessary even though they used a 
special reference electrode construction in which this elec
trode could be placed very close to the working electrode (ap
proximately 25 ~). 

Obviously, the experimental results obtained by Farr and 
Hampson [23] and Dirkse and Hampson [24-26] are in conflict 
with those obtained by Bockris. et al. [27]. Dirkse [24,28-31] 
supplied further material supporting the F-mechanism. He ob
served from measurements at different ionic strength that the 
ionic strength influences the kinetics of the zinc electrode 
reaction and suggested that water may participate in the elec
trode reaction. 

The results of transient experiments performed by Muralid
haran and Rajagopalan [32] pointed to the F-mechanism; howev
er, their steady state data agreed better with the B-mecha
nism. 

The results of the extensive study of Hendr ikx et az. [ 33] , 
using the galvanostatic pulse technique at a stationary zinc 
electrode in 1.5-10 M KOH and 0.1 M ZnO solutions, pointed to 
the B-mechanism. They also showed that ionic strength had no 
influence on the mechanism and kinetics of the zinc electrode 
reaction. The data of other investigations [34-42], also the 
recent ones [38-42], are consistent with the B-mechanism. 

Summarizing, we can conclude that the anodic dissolution 
of zinc in alkaline solutions has been described with the B
and F-mechanism, both supported by a large group of investi-
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gators. However, a trend in favour of the a-mechanism can be 

clearly observed. 

The origin of the difference in data obtained by different 

workers is not well understood. We have the impression that 

the discrepancy in data can be attributed mainly to the range 

of anddic overpotentials and/or the pretreatment of the elec

trode. 

At 1low anodic overpotentials, hydrogen evolution may take 

place, so that the kinetics of the electrochemical dissolu

tion of zinc is obscured, as was reported by Armstrong and 

Bulman [ 34] . 

Chang [39] and Chang and Prentice [41-42] presented data 

which are consistent with the B-mechanism at low overpoten

tials (~ < 60 mV). However, at more anodic overpotentials 

they proposed a reaction scheme consisting of three parallel 

paths. They postulated that instead of, or together with 

ZnOH, Zn(OH)2, or at even more anodic overpotentials ZnO or 

Zn02, is strongly adsorbed on the electrode. So, this model 

predicts potential dependent Tafel slopes and exchange cur

rent densities. 

The pretreatment of the zinc electrode is obviously of 

great importance. Fletcher et al. [43] found anodic Tafel 

slopes of 42 ± 2 mv and 36 ± 3 mV for electrodes pretreated 
chemically (nitric acid) and electroqhemically, respectively. 

These1Tafel slopes were established over 3 decades in current 

density. Therefore, though not large, the difference in Tafel 

slope~? is significant. Furthermore, from ellipsometric stu

dies of the zinc electrode in nearly neutral solutions (0.2 M 

LiCl04), Hamnett and Mortimer [44] concluded that, only at 

more cathodic potentials than -1.4 V vs SCE, the electrode 

surface was free from a monolayer of zinc oxide. Cachet et 

al. (45,46] performed impedance measurements at the zinc elec

trode in alkaline solutions. They postulated that even at low 

cathodic overpotentials the electrode surface is covered with 

a film, composed of zinc and zinc oxide or hydroxide. 

Thus, it appears that the zinc surface is free from any 

oxide or hydroxide layer only if the electrode is polarized 
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cathodically, below a certain potential. Whether chemically 
or electrochemically etched, the electrode will therefore 
always be covered with a surface oxide, and the nature of 
this oxide and the roughness of the electrode will depend on 
the kind of pretreatment. 

So, the kinetic data may be affected by the range of over
potentials or the pretreatment of the electrode. Other fac
tors may be of importance also, such as: electrolyte purity, 
problems with compensation for the ohmic potential drop. Even 
if all these factors contribute to a considerable scattering 
of the data, it remains astonishing that such a wide variety 
of data on the kinetics for the zinc electrode has been ac
quired. 

2.3 Models for shape change 

Investigations of the shape change phenomenon is per se 
very time consuming. It can only be established in an actual 
battery configuration and hence the design of the cell is of 
crucial importance. Moreover, great care must be taken in the 
experimental build-up of the cell in order to obtain reproduc
ible results. 

Two models for shape change have been developed: the con
centration-cell model, due to McBreen [47], and the membrane
pumping model, due to Choi et a.Z. [48]. These models will be 
discussed in detail below. 

2.3.1 The concentration-cell model 

To investigate shape change of the zinc electrode, McBreen 
[47] developed a cell in which the potential could be meas
ured at 16 positions (uniformly spread) over the electrode, 
and the current to each of the 16 parts of a sectioned coun
ter electrode (cadmium). From this he deduced the current dis
tribution over the zinc electrode during cycling. Further
more, he established the polarizability (a~;ai) of zinc elec
trodes, used in the cycling experiments. He found that the 
polarizability of these electrodes is higher during discharge 
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than during charge. 
From the results of these experiments McBreen [47] arrived 

at a mechanism for shape change: in a cell with parallel elec
trodes, the primary current density will be higher at the 
edges 1 than at the center of the electrode. In a secondary 
cell, the edge effect will be largest at the top and sides of 
the electrode. So, here the corrective effect of the elec
trode polarizability will be greater than at the plate's cen
ter. The net effect is that at the beginning of cycling more 
zinc is deposited at the plate edges than is deplated in the 
subsequent discharge period. Consequently, at the plate edges 
the amount of reducible zinc species (eg ZnO, Zn(OH)42-) de
creases rapidly and so, after a short period of cycling, some 
of these positions polarize at the end of charge, resulting 
in a !harked drop in current to these positions. McBreen ar
gues further that the concentration gradients over the elec
trode !are cancelled by concentration cells rather than by dif
fusion, which he assumes to be a much slower transport mecha
nism. As a result of these concentration cells, zinc is dis
charged at the edges and deposited at the center of the elec
trode. 

During the first stages of the cycling experiment at the 
beginning of discharge, the electrolyte adjacent to the zinc 
electrode will become supersaturated with zincate. Since the 
electrode will be covered with zinc sponge over its total sur
face, the polarizability of the electrode will be low, and 
the current distribution will approach the primary current 
distribution. Consequently, the electrolyte at the edges will 
become supersaturated with zincate earlier than the electrol
yte at the center of the electrode. The concentration gra
dient between the edges and center of the electrode trans
ports i zincate from the edges towards the center of the elec
trode via diffusion. So, concentration cells during charge 
and qiffusion of zincate during discharge account for the 
observed shape change phenomenon, according to McBreen [47]. 

McBreens reasoning is unsatisfactory in several aspects. 
Firstly, it is inconceivable that the concept of concentra-
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tion cells applies only during charge and not during dis
charge. Besides, why should diffusion be a slow transport pro
cess during charge, and a fast one during discharge? Second
ly, a concentration cell in itself, does not provide a means 
for the transport of zinc material over the electrode. It 
results in a balance of reducible. zii).c species over the elec
trode, not by transport of zinc material over the electrode, 
but by a local dissolution or deposition of zinc. So, for a 
part of the electrode and the electrolyte in front of it, the 
total amount of zinc cannot change as a result of concentra
tion cells. 

2.3.2 The membrane--pumping model 

Choi et al. [48] developed a mathematical model for shape 
change, based on volumetric flows in the battery as a result 
of osmotic and electro-osmotic forces. The motion of the elec
trolyte together with the concentration of zinc species in 
the battery electrolyte determ~nes the movement of zinc spe
cies over the electrode. 

In greater detail, the process is as follows: during dis
charge, current flows from the zinc towards the counter elec
trode as is shown schematically in Figure 2.2. Potassium ions 
are transported in the same direction, across the separator, 
an electronic insulator, commonly, a cationic-exchange mem
brane. These potassium ions are surrounded by water molecules 
which accompany these ions along their path. Consequently, 
the electro-osmotic force generates a volumetric flow from 
the zinc towards the counter electrode compartment. At the 
same time, the hydroxyl ion concentration decreases in the 
zinc electrode compartment and increases in the counter elec
trode compartment, rendering an osmotic force, which induces 
water transport in the same direction as the electro-osmotic 
force. An osmotic effect is also induced by the production of 
zincate ions in the zinc electrode compartment. As a result, 
water will be transported from the counter electrode towards 
the zinc electrode compartment. This combination of osmotic 
and electro-osmotic effects is expected to produce a net val-
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Zinc Cotnter 

Membrane 

Figure 2.2 Schematic cell cross section and flow patterns during dis
charge (from Ref. [48]) 

umetric flow from the zinc electrode towards the counter elec
trode compartment, during discharge. During charge, the vol

umetric flow will be predominantly in the opposite direction. 

This implies, that there will be a downward convective 

flow in the zinc electrode compartment during discharge (cf. 
Figure 2.2) and an upward flow during charge. Thus, during 

charge; soluble zinc species are transported upwards and dur

ing d~scharge downwards. Taking into consideration that dur

ing discharge the electrolyte will be (super)saturated with 

zincate and during charge depleted in zincate, a relatively 
large amount of zincate is transported during discharge from 

the top towards the bottom of the electrode, and during 
charge, only a small amount is transported in the opposite 

directiion. Consequently, less zinc material moves upwards 

during charge than moves downwards during discharge. The net 

result after one cycle will be that zinc material is dis
placed from the top towards the bottom of the electrode. 

So, Choi et al. [48] can explain the displacement of zinc 

- 19 -



material from the top towards the bottom of the electrode 
during repeated cycling. However, their model cannot account 

for the accumulation of zinc material at the center, and the 

depletion in zinc material at the edges of the electrode, as 
is observed experimentally. 

Choi et al. [48] developed a mathematical model for shape 

change, based on the concept of osmosis and electro-osmosis, 
as described above. They calculated various parameters (eg 

solute concentration, current density, potential, zinc and 

zinc oxide content) as a function of the location on the elec

trode, A mathematial formulation of the shape change process 
is of course desirable. Nevertheless, the value of their cal

culations is doubtful. They had to make quite a number of 
assumptions (eg negligible activation overpotential, constant 

water concentration, independency of the diffusion- and trans

fer coefficients from solute concentration), which they did 
not discuss in regard to the impact on the outcome of the cal
culations. Moreover, the magnitude of a number of parameters 

and constants (eg ZnO precipitation and dissolution rate, dif
fusion coefficients, transfer coefficients in the membrane) 

were acquired from empirical equations or estimated by the 
authors themselves, but a parametric study was not carried 
out, as recognized by Choi et al. (49]. 

2.3.3 Experiments for model testing 

It is not easy to generate experiments which conclusively 
decide for or against one of the proposed models. Both models 
predict that during cycling concentration gradients develop 

over the electrode. For McBreens concentration-cell model 
[47] these concentration gradients are located between the 
periphery and center of the electrode; for Choi 's membrane
pumping model [ 48] between the top and bottom of the elec

trode. Both models a~ree that if the amount of electrolyte in 
the zinc electrode compartment is reduced, the shape change 

rate decreases and the potential distribution becomes less 
non-uniform (McBreen: between edges and center of the elec

trode, Choi et al.: between top and bottom of the electrode). 
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Howeve~, Choi 's model predicts an electrolyte flow parallel 

to the electrode surface, whereas in McBreens model the elec

trolyte is stationary. In Choi 's model the type of separator 

(eg micro-porous, cation- or anion-exchange membrane) is of 

importance for the occurrence of osmosis and electro-osmosis; 
in McBreens model, it will only affect the primary current 

distribution. 

Botp McBreen [47] and Choi et al. [49, 50] performed bat

tery cycling experiments. The results of the measurements of 

McBreen have been discussed in Paragraph 2.2. Though he 

showed that concentration cells are developed during cycling, 

he could not demonstrate that these concentration cells are 

indeed responsible for shape change. 
Choi et al. [49, 50] measured convective flow rates paral

lel to the zinc electrode surface during battery cycling. 

They found that the direction of the flow during charge is 

opposite the direction during discharge. The magnitude of the 

flow i,s similar for both half cycles. These observations were 
also ~ade by Hamby et al. [51]. Choi et al. [49, 50] found good 

agreement for the shape change pattern as predicted by the 

membrane-pumping model and as observed experimentally, but 

the origin of the convective flow was not established. 
McBreen and Cairns [2) observed that shape change occurred 

irrespective of the type of separator. However, a systematic 

study JOf the shape change rate in regard to the properties of 

the (membrane) separator has not been carried out. 

Po a and Wu [52, 53] tested zinc electrodes in batteries 

with 'special separator systems'. The edges of the separator 
were thicker than the center or were treated with Fe(OH)2, to 

accomplish a less non-uniform current distribution. For bat

teries employing these separators they found a significantly 

lower ~shape change rate, thus supporting McBreens concentra
tion-cell model [47). 

Gunther and Bendert [54] cycled zinc electrodes against 

segmented counter electrodes, where the current to the indi
vidual segments was controlled throughout cycling. Their re

sults indicated that concentration cells did arise. However, 
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the redistribution of zinc material over the electrode was 
found to be independent of the current patterns imposed on 

the counter electrode segments. They found that when the sepa
rations between the counter electrode segments were electrol

yte-filled channels, the zinc electrode shape change was di
rectly related to the size of that separation. They concluded 

that forced convection is an explanation for the observed 

shape change patterns, although they did not indicate the 

origin of the forced convection. 
Hamby and Wirkkala [55] measured the potential distribu

tion .over the zinc electrode, cycled in cells with severely 

limited convective flow. They observed, in contrast with the 
predictions of McBreen [47] and Choi et al. [48], that the 

potential over the zinc electrode was non-uniform. Also, they 

found that locations on the electrode with high overpoten

tials had gained in zinc material, for which they could not 
find a plausible explanation. 

In another study, Hamby et al. [51] determined concentra

tion changes in porous zinc electrodes during cycling, by 
extracting battery electrolyte (10 111) from the cell. The 

established K+ and zinc species concentration versus time 

curves were in disagreement with the values predicted by the 
model of Choi et al. [48]. With the aid of Zn and Cd micro

electrodes Isaacson et al. [56] confirmed the findings of 
Hamby et al. [51]. During charge the zincate concentration 
decreases to very low values { < 0. 1 M) , but increases to 
about four times the ZnO solubility during discharge. The 
hydroxyl-ion concentration remains approximately constant 

throughout the cycling process. 
Hence, neither model is supported with irrefutible evi

dence. On the contrary, several experiments have been perfor
med which present data in conflict with the proposed models. 
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3 Hydrogen Production during the Electrodeposition 
of Zinc from Alkaline Zincate Solutions 

3.1 Introduction 

The charge process of alkaline zinc secondary batteries is 
accompanied by the formation of hydrogen. The current effi
ciency, and partly, the energy efficiency of the charge pro
cess, are dictated by the production of hydrogen. The amount 
of hydrogen produced depends in turn on experimental condi
tions. such as: electrolyte and battery plate composition, 
current density, temperature. 

Hydrogen bubbles may cause electrolyte convection, in
ducing zinc material transport in the battery. Therefore, the 
rate of redistribution of zinc material over the electrode 
can be affected by hydrogen production. 

The deposition process of zinc from acidic electrolytes 
has been extensively studied b~cause of the economic interest 
of the process [1-5]. Literature on the electrowinning of 
zinc from alkaline solutions is sparse since application of 
this process is still limited. St-Pierre and Piron [6] stu
died the electrodeposition of zinc from alkaline zincate 
(0.92 M ZnO) solutions with copper and arsenide impurities. 
They found a 100 % current efficiency for NaOH concentrations 
in the range of 7.5 to 12.5 M, current densities from 50 to 
1000 A.m-2 and temperatures from 24 to 74 oc, in the presence 
of copper but not with arsenide. The appearance of the depos
it is only affected by the presence of arsenide impurity. 
St-Pierre and Piron also found that zinc electrowinning from 
alkaline zincate is more efficient and less affected by impu
rities in the electrolyte than from acidic sulphate solu
tions. In a recent review on zinc plating from alkaline 
zincate solutions [ 7], Wilcox and Mitchell contradict these 
results, and consider the alkaline bath to be less efficient 
than the acidic bath. However, the alkaline zincate baths 
have proved promising as an alternative for cyanide-based 
plating solutions. 
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Rogers and Taylor [8] studied zinc electrodeposition from 

alkaline zincate electrolytes (0.01-0.3 M zincate, 3 M KOH) 

with the rotating disc electrode and established separate 

zinc deposition and hydrogen evolution current density versus 

potential curves. They concluded that the zinc reduction 

reaction is always mass transport limited and, consequently, 

dendritic deposits are obtained. Since these dendrites are 
high current density sites on the electrode, hydrogen forma

tion will take place mainly at these dendrites. Mass trans

port enhancement as a result of hydrogen formation will be 

more efficient at high current densities, where dendritic 
nucleation is favoured rather than dendritic growth, thus 

creating a stable planar high surface area. Therefore, Rogers 

and Taylor conclude that some hydrogen production may be 
beneficial during the charging of the zinc secondary battery. 

Zinc electrode corrosion has been studied by several au

thors. Snyder and Lander [9] investigated the self-discharge 
rate of zinc battery electrodes as a function of KOH and 

zincate concentration and amalgamation level of the elec
trode. They found a decrease of hydrogen production with 

increasing KOH concentration and with increasing mercury 
content of the electrode. Dirkse and Timmer [ 101 obtained 

similar results for zinc ate-free alkaline media. In z incate

saturated alkaline solutions, zinc electrode corrosion was 
found to decrease significantly. In 'contrast with their 

results in pure KOH solutions, an increase of zinc corrosion 

was observed with increasing KOH concentration in the pres
ence of zincate ions, in agreement with the findings of 
Muralidharan and Rajagopalan [ 11]. 

Various methods for the determination of hydrogen have 

been developed in the past. However, the most commonly used 
techniques, are less applicable when very small amounts of 
hydrogen have to be determined; for example, the measurement 

of the total volume of H2 [9,10] is inaccurate, because the 

hydrogen solubility and dissolution rate in alkaline zincate 
electrolytes are unknown. Also, the determination of the to

tal weight of the zinc deposit and the electrochemical strip-

- 27 -



ping of zinc [1,2,4,8] are only accurate when the zinc depos

it is adherent and the corrosion of zinc is negligible. 

The rotating ring-disc electrode (RRDE) technique is a 
fast and reliable method, which can detect small amounts of 

dissolved hydrogen and has been used for the estimation of 

the coulombic efficiency of zinc electrodeposition from an 

acidic sulphate bath by Frazer and Hamilton [3]. 

In this Chapter the production of hydrogen during the 

deposition of zinc from aqueous alkaline zincate solutions is 

studied, using the RRDE technique. The amount of hydrogen was 

determined for various current densities, potassium hydroxide 

and zincate concentrations. The results are interpreted in 

relation to battery maintenance and preformance. An analysis 

of the applicability of the RRDE technique is presented. 

3.2 Experimental 

A standard three-compartment electrochemical cell with a 

Hg/HgO reference and a platinum counter electrode was used. 

The electrochemical measurements were made with a Tacussel 

bipotentiostat (Bi-Pad) and a Hewlett Packard HP 7046A XY

recorder. A detailed description of the rotating ring-disc 

assembly is given elsewhere [12]. 

The Pt/Au RRDE (r1 = 4.01, r2 = 4.40, r3 = 4.91 mm; disc 

area = 50.6 mm2) was polished with 0.05 ~ Al203. The plati

num ring was platinized and the collection efficiency deter

mined experimentally, using a freshly prepared solution of 

ferricyanide/ferrocyanide in 1 M KOH. The experimental col

lection efficiency was in good agreement with the calculated 

value, interpolated from the data of Albery and Bruckenstein 

[13], viz. both 0.24. 

The measurements of the hydrogen production during the 

deposition of zinc were made following a strict procedure. 

First of all, the collection efficiency of the Pt/Au RRDE was 

determined for the production of hydrogen at the gold disc in 

zincate-free KOH solutions. It was calculated from the formu
la [ 13]: 
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(3.1) 

Here, lR is the hydrogen oxidation current at the ring, N the 
collection efficiency, and ID the galvanostatic hydrogen for
mation current at· the disc. The ring potential, ER, was set 
at -0.20 V vs Hg/HgO, which is well within the mass transport 
region for the oxidation of dissolved hydrogen. Then, the 
gold disc was electroplated with a zinc layer (3 ~) from an 
alkaline zinc bath, containing no additives. A series of 
measurements was started at least 30 minutes after the elec
trode had been transferred to the cell. During this time, 
argon was bubbled through the solution to remove oxygen. Hy
drogen production during the deposition of zinc was measured 
as a function of current density {20 to 500 A.m-2) in an ar
gon saturated alkaline zincate electrolyte. The galvanostatic 
cathodic current was applied for 2 minutes irrespective of 
the current density used. A longer duration of the current 
'pulse' can cause zincate depletion and hydrogen saturation 
of the electrolyte and, eventually, even unacceptable ring
disc gap narrowing. The current pulse was followed by at 
least 2 minutes with no current at the disc. The collection 
efficiency was again determined at the end of each series of 
measurements after the zinc deposit had been removed. 

All experiments were performed at room temperature (21 ± 
2°C). The electrolytes were made from AnalaR-grade potassium 
hydroxide and zinc oxide and doubly distilled water. The con
centrations of the solute species are based on the assumption 
that zinc oxide is quantitatively converted to Zn(OH)42-. 

3.3 Results and discussion 

3.3.1 The hydrogen oxidation reaction at Platinum. 

It is known, that the presence of zincate ions in solution 
changes the behaviour of the platinum electrode. Therefore, 
first the oxidation of hydrogen at a platinum electrode was 
studied in alkaline zincate solutions. In Figure 3.1, a volt
ammogram is shown of a platinum ring electrode in an argon 
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Figure 3.1 Cyclic voltammogram at the platinum ring of a RRDE in an 
argon saturated solution of pure 7 M KOH (solid line) and 7 M 
KOH with 0.01 M zincate (broken line). Scan rate = 0.1 V.s-1, 
f = 25 s-1. 

saturated 7 M KOH electrolyte with and without zincate ions. 
The addition of zincate ions alters the voltanunogram in the 
low potential region, where zinc is adsorbed onto the plati
num electrode. The oxidation current decreases significantly, 
which indicates that the hydrogen adsorption at the platinum 
surface is largely inhibited in zincate containing electrol
ytes. 

Th.e oxidation of dissolved hydrogen is mass transport lim
ited, at potentials more anodic than the adsorption potential 
of zinc, as follows from a plot of the reciprocal Levich rela
tion, depicted in Figure 3. 2. Similar plots were obtained 
when the potential of the Pt-ring electrode was set at -0.25 
and -0.15 V, in stead of -0.20 v vs Hg/HgO. 

3.3.2 The RRDE collection efficiency 

The collection efficiency was determined from measurements 
with hydrogen produced at the disc in argon~saturated zincate
free KOH, solutions and calculated using Equation (3 .1). Pre-

- 30 -



30 

20 

10 

OL...-____ ----~, _____ _. 

0.00 0.25 0.50 
f-11215 112 

Figure 3.2 The reciprocal limiting current for the hydrogen oxidation at 
a platinum ring of a RRDE in a hydrogen saturated 7 M KOH 
solution, zincate-free (solid line) and with 0.1 M zincate 
(broken line), as a function f-1/2. ER = -0.2 V vs Hg/HgO. 

liminary experiments showed that freshly prepared platinized 

platinum deactivates slightly; this is attributable to slow 

oxidation of platinum and to textural changes of the plati

nized surface. A constant, though somewhat smaller value of 

the collection efficiency was observed, when the experiments 

were performed with an I aged I platinized platinum ring, wni~b,."', 

was treated in 1 M H2S04 and 1 M KOH electrolytes before a 

series of measurements. 

The experimental values of the collection efficiency as a 

function of disc current are presented in Figure 3.3 for vari

ous KOH concentrations. The collection efficiency is constant 

for low disc currents but decreases for higher disc currents, 

which is attributed to the formation of hydrogen gas bubbles. 

The contribution of these bubbles to the measured ring 

current is less than that of dissolved H2, because only dis

solved hydrogen can be oxidized at the platinum ring. Also, 

- 31 -



0.25 N 

7 

0.10 

0.05 

0.00 L-----'----L..-----1 

0 1 2 3 

Pigure 3.3 The collection efficiency at the Pt/Au RRDE for the hydrogen 
oxidation as a function of disc current. Numbers in Figure 
indicate CKOH (M). ER = -0.20 V vs Hg/HgO, f = 25 s-1. 

the transport of H2 in these bubbles from the disc to the 

ring has to occur through diffusion rather than by hydrody

namic flow which is slow, even for small bubbles. The pres

ence of hydrogen bubbles at the disc surface also causes mass 

transport distortion and inhomogeneity of the current density 
distribution. Therefore, if the hydrogen solubility value is 

exceeded and H2-bubbles are formed, the collection efficiency 

decreases and the RRDE technique cannot be employed. 

3.3;3 The deposition of zinc 

A voltammogram of the electrodeposition of zinc onto the 

gold disc of a Pt/Au RRDE from an argon-saturated o. 05 M 

zincate, 3 M KOH solution, is given in Figure 3.4. The disc 

potential was scanned between -0.5 and -1.6 V vs Hg/HgO, 

while the potential of the ring was kept at a constant value 

of -0.20 V. The deposition of zinc onto the .gold substrate 

begins at about -1.38 v. 
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Figure 3.4 Cyclic voltammogram at the gold disc of a Pt/Au RRDE. of an 
argon saturated 3 M KOH, 0.05 M zincate electrolyte; disc 
current (broken line), ring current (solid line). ER = -0.2 V 
vs Hg/HgO, f = 25 s-1, scan rate = 0.1 vs-1. 

The increase of the ring current before the electrodeposi~ 
tion of zinc at the gold disc occurs, is due to hydrogen evo
lution. As soon as a zinc monolayer is formed on the gold 
disc the ring current first decreases slightly, but then in
creases again at more cathodic disc potentials. During the 
anodic sweep, the disc current shows a peak due to the disso
lution of zinc. Then, at the end of this peak, the ring cur
rent also shows a peak due to the sudden onset of hydrogen 
evolution at the exposed gold substrate. 

3.3.4 The production of hydrogen during the deposition of zinc 

Hydrogen production during the deposition of zinc onto the 
zinc-plated gold disc was measured in 1 to 7 M KOH with 0.01 
to 0.20 M zincate. Figure 3.5 shows the applied disc current, 
ID, and the measured ring current, IR, versus time, for an 
experiment in a 1 M KOH, 0.05 M zincate solution. It is ob
served that the ring current is non-zero when the disc cur
rent is switched off. This ring current, IR(ID=O), results 
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Figure 3.5 The measured ring current versus time for various disc cur
rents, in an argon-saturated 1 M KOH, 0.05 M zincate electrol
yte. ER = -0.20 V vs Hg/HgO, f = 25 s-1, 

from the oxidation of dissolved hydrogen, produced during 
cathodic polarisation in previous experiments, and from hy
drogen produced by corrosion of zinc. 

Therefore, the ring current has to be corrected, to obtain 
the actual amount of hydrogen produced at the disc during the 
deposition of zinc. The hydrogen current, IH2 , is a measure 
of the fraction of the disc current used for the production 
of hydrogen and is calculated from the formula: 

(3.2) 

where IR is the measured ring current at the end of the 2 
minutes cathodic polarisation of the disc, IR(In=O) the ring 
current at the end of the 2 minutes period with zero disc cur
rent, and N the average value of the collection efficiency, 
measured before and after each series of experiments. 

In Figures 3.6, 3.7 and 3.8, the results of the hydrogen 
current measurements are presented as a function of disc 
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Figure 3.6 Hydrogen current as a function of disc current for a 1 M KOH 
solution with various zincate concentrations. Numbers in Fi~
ure indicate CK2Zn(0H) 4 (M). ER=-0.20 V vs Hg/HgO, f = 25 s- . 

current for various zincate and KOH concentrations. The plots 
show that IH2 increases with increasing disc current. For low 
zincate concentrations IH2 increases markedly with increasing 
disc current, whereas for higher zincate concentrations the 
increase of IH2 becomes smaller and smalier. 

The decrease of IH2 with increasing zincate concentration 
and increasing KOH concentration is summarized in Figures 3.9 
and 3.10, respectively. The decrease of IH2 with increasing 
cK2zn(OH) 4 is expected, since its limiting current increases 
when zincate concentration increases. The zinc equilibrium 
potential shifts to less negative values with increasing zinc
ate concentration, hence hydrogen production decreases at the 
same disc current density. 

The interpretation of the relation between IH2 and CKOH is 
IH2 with increasing CKQH cannot 
of the water and zinc reduction 

potential of both reactions 

less clear. The decrease of 
be the result of the change 
equilibrium potentials. The 
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Figure 3.7 Hydrogen current as a function of disc current for a 3M KOH 
solution with various zincate concentrations. Numbers in Fiy
ure indicate cK2Zn(OH) 4 (M). ER=-0.20 V VS Hq/HgO, f = 25 s-. 

shifts to more negative values but the shift of the water 
reduction potential is smaller than the one for the zincate 
reduction reaction. Assuming that the kinetics of both reac
tions are unaltered, relatively more hydrogen should be for
med at higher KOH concentrations and that is not the case. 

The kinetics of one or both reactions can be affected by 
the KOH concentration. In pure KOH solutions, the hydrogen 
production at a zinc electrode was found to increase with 
increasing KOH concentration, [ 11,14-16], except for concen
trations higher than 10M KOH [15]. several mechanism for the 
hydrogen evolution at a zinc electrode have been reported. At 
cathodic polarisations the proposed mechanism is [11,14): 

Zn + K+ + e + K(Zn) .... rds (3.3) 

K(Zn) + H20 + K+ + Zn + Hads + OH (3.4) 

2Hads + H2 (3.5) 
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Figure 3.8 Hydrogen current as a function of disc current for a 7 M KOH 
solution with various zincate concentrations. Numbers in Fiy
ure indicate cK2Zn(OH) 4 (M). ER=-0.20 V vs Hg/HgO, f = 25 s- . 

Reaction (3.3) is the rate determining step (rds). Since this 

step is dependent on potential and potassium-ion concentra

tion, it is expected that the hydrogen formation increases 

with increasing KOH concentration. 

media ( >10 M KOH), Iofa et al. [ 15] 

In concentrated alkaline 

found that the hydrogen 

production decreases with increasing KOH concentration. This 

can be ascribed to the decrease of the rate of Reaction (3.4) 

with KOH concentration, since the water concentration de

creases. Thus, at high KOH concentrations, Reaction (3.4) be

comes rate controlling, leading to a decrease of the hydrogen 

production with increasing KOH concentration. 

The presence of zincate ions in solution can affect this 

mechanism and can even lead to an alternative route along 

which the K(Zn) species is discharged. As an example we sug

gest reaction (3.6): 

K(Zn) + Zn(OH)~- + 
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Figure 3.9 Hydrogen current as a function of zincate concentration. Num
bers in Figure indicate applied disc current (mA). E~-0.20 V 
vs Hg/HgO, f = 25 s-1, CKQH = 1 M. 

This implies, that K(Zn) can be discharged via Reaction (3.4) 

and/or Reaction (3. 6). It is clear, that if Reaction (3. 6) 

takes place, hydrogen production slows down in favour of zinc 

electrodeposition with increasing zincate concentration. Al
so, with increasing KOH concentration the formation of the 

K(Zn) species increases whereas the discharge of this species 
via water reduction decreases. Hence, Reaction ( 3. 6) becomes 
more important at higher KOH concentrations, resulting in a 

decrease of hydrogen production with increasing KOH concen

tration. 

The decrease of hydrogen production with increasing CKQH 
can also be ascribed to the preferent adsorption of the hy

droxyl ion, which competes with the adsorption of hydrogen 
atoms at the zinc electrode surface, or to the increasing 

screening effect of the water molecules by the potassium ion 
in the double layer [15]. None of these models or the model 
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Figure 3.10 Hydrogen current as a function of KOH concentration. Numbers 
in Figure indicate applied disc current (rnA). ER=-0.20 V vs 
Hg/HgO, f = 25 s-1, cK2Zn(OH) 4 = 0.05 M. 

proposed in the above section can be supported with irrefu

table evidence. In particular, for our model, the reduction 

of the potassium ion and its incorporation in the zinc sur

face lattice (see Equation (3.3)) has not been investigated 

and, hence, remains uncertain. However, our model accounts 

for the increase of hydrogen production during the deposition 

of zinc with increasing applied disc current density and 

decreasing zincate and KOH concentration, which is not the 

case with the other models. 

3.3.5 The corrosion of zinc 

It was pointed out earlier that at zero disc current a non

zero ring current is measured, IR(Io=O). This hydrogen oxi

dation current is due to dissolved hydrogen as a result of 

previous disc current pulses, IR 9 ( Io=O), and to corrosion of 

zinc, IRcorr(Io=O) (Equation 3.7). The corrosion rate can be 
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Figure 3.11 Ring current at the beginning of a series of experiments, ie 
before zinc deposition experiments were performed and after 
the 30 minute stand in solution, as a function of KOH concen
tration for various zincate concentrations. Numbers in Fiy
ure indicate cK2Zn(0H) 4<M>. E~-0.20 V vs Hq/HgO, f = 25 s- • 

estimated from ring current data at the beginning of a series 
of experiments, viz. before disc currents were applied, but 
after the oxygen had been removed from the solution. In Fig
ure 3.11, these ring current data are plotted versus KOH con
centration for various zincate concentrations. The Figure 
shows that the amount of hydrogen increases with increasing 
KOH and decreasing zincate concentration, in agreement with 
the findings of Dirkse and Timmer [ 10] and Muralidharan and 
Rajagopalan [11]. 

(3.7) 

Dirkse and Timmer ascribe the decrease of the corrosion 
rate in electrolytes saturated with ZnO to a slow dissolution 
of anodic reaction products. A protective layer of ZnO or 
Zn(OH)2 is formed at the zinc surface, a phenomenon also ob-
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served by Cachet et al. [17,18]. Therefore, an increasing 
zincate concentration results in a decrease of the zinc disso
lution rate and consequently, in a decrease of the corrosion 
rate. 

Muralidharan arid Rajagopalan [ 111 did not discuss the in
crease of the corrosion with increasing KOH and decreasing 
zincate concentration. Dirkse and Tinuner [ 101 only discussed 
zinc electrode corrosion in concentrated alkaline electrol
ytes(> 35 wt% KOH). If it is assumed that the anodic process 
determines the corrosion rate, it is likely that the increase 
of corrosion with increasing KOH concentration can be attrib
uted to the increasing solubility of the protective layer of 
ZnO or Zn(OH)2 on the electrode surface. However, more re
search has to be performed to understand the processes in
volved in zinc electrode corrosion. 

3.3.6 The calculation of the hydrogen current 

The aim of this work is to determine the amount of electro
chemically formed hydrogen during the electrodepostition of 
zinc. However, during cathodic polarisation of the disc, the 
measured ring current is not only due to the oxidation of 
electrochemically formed hydrogen, IRE, but also due to the 

e oxidation of dissolved hydrogen, IR(Io<O), and of hydrogen 
formed as a result of the chemical reaction of zinc and wa
ter, ie 'corrosion', IRcorr(Io<O). 

(3.8) 

The hydrogen current which corresponds with electrochemically 
formed hydrogen is equal to the ratio of IRE and the collec
tion efficiency. In this Chapter the hydrogen current is cal
culated from Equation (3.2), where the measured ring current 
is corrected with the non-zero ring current at open-circuit 
potential of this disc, IR(Io=O). Combination of Equation 
(3.2). (3. 7) and (3.8) and assuming that IR9 (Io<O) is equal 
to IR9 (Io=O), ie during the period in between deposition ex
periments the amount of dissolved hydrogen remains constant, 
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yields Equation (3.9). At low KOH concentration IRcorr(Io=O), 
the corrosion at open-circuit potential, and IRcorr(Io<O) are 

(3.9) 

of almost no significance, whereas at high KOH concentration 
they cannot be neglected ( c:f. Figure 3. 11) . But even at high 
KOH concentration and small applied disc currents, the 
corrosion terms in equation (3.9) may cancel out. The 
chemical dissolution of zinc at high cathodic disc currents 
is expected to be vanishingly small and, therefore, only at 
high KOH concentration and high disc currents, an error is 
introduced in the calculation of IH2 with Equation (3.2), its 
value being smaller than that obtained from the ratio of IRE 
and N. 

3.3.7 The hydrogen solubility in alkaline zinc:ate electrolytes 

It is obvious that the hydrogen solubility sets the upper 
limit for which the RRDE technique can be applied. The solu
bility of H2 in pure KOH solutions can be obtained from liter
ature data [ 19], from which the maximum ring current, rRsol, 
can be calculated. However, data on the solubility of H2 in 
alkaline zinc ate solutions, are not published in the litera
ture. Therefore, rotating disc electrode (RDE) experiments 
were carried out to estimate the hydrogen solubility. 

The hydrogen oxidation is mass transport limited at a Pt
RDE, at a potential of -0.2 V vs Hg/HgO, as was shown in Fig
ure 3.2. The limiting current at the disc, II, can be calcu
lated with the Levich Equation [20], which can be written as: 

Il = S f1/2 (3.10) 

S: 1.55 n FA D~~3 v-1/ 6 cH
2 

(3.11) 

In these equations, n, F and A have their usual meaning, 
DH2 is the diffusion coefficient of H2, f the rotation fre
quency, v the kinematic viscosity and cH2 the concentration 
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Figure 3.12 The Levich slope of the hydrogen oxidation reaction at a 
platinum electrode versus KOH concentration ( zincate-free, 
hydrogen saturated). E =-0.20 V vs Hg/HgO, f = 25 s-1. 

of hydrogen in the electrolyte. The plot of I1 versus fl/2 

results in a straight line, with a slope, s, depending on 

DH2 , CH2 and v. 

The slope of the plot of I1 versus fl/2 was established 

for various hydrogen saturated zincate-free alkaline electrol

ytes. In Figure 3.12, these slopes are plotted versus KOH con

centration. In Table 3.1 these results are sununarized with 

data of the hydrogen solubility. It appears that the ratio of 

'fable 3.1 Hydrogen solubility data and Levich slopes for pure KOH elec-
trolytes. 

CKOH C!H2 s s -1 ·CH2 
M mM mA.s-1/2 mA.~1. 8-1/2 

1 0.575 77 133 
3 0.315 40 126 
7 0.100 13 130 

10 0.041 5 128 
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Figure 3.13 The Levich slope of the hydrogen oxidation reaction in a 
hydrogen saturated 7 M KOH at a platinum electrode versus 
zincate concentration. E= -0.20 V vs Hg/HgO, f = 25 s-1 

s and cH2 is constant for KOH concentrations from 1 to 10 M. 

Thus, the factor DH2 
213v-116 is constant over the range of 

KOH concentrations studied. 

A similar procedure was followed for the determination of 

the hydrogen solubility in alkaline zincate electrolytes. A 

plot of the slope as a function of zincate concentration in 7 

M KOH, is depicted in Figure 3.13. Assuming that the change 

in magnitude of the slope only depends on· cH2 , as was the 

Table 3.2 Calculated hydrogen solubility in 7 M KOH and various zincate 
concentrations. 

0 
0.1 
o.s 
1.0 

s 
-1/2 mA.s 

13.0 
10.7 

6.3 
4.5 

0.100 
o.oa 
0.047 
0.034 



Table 3.3 Estimated maximum ring current for various electrolyte compo
sition, calculated from experimental Levich slopes. 

CKOH cK2Zn(OHl4 rRsol 
M M rnA 

1 0 400 
1 0.1 290 
3 0 210 
3 0.2 120 
7 0 65 
7 0.2 40 

case with the pure KOH electrolytes, S is a measure for the 
hydrogen solubility in alkaline zincate electrolytes, which 
can be calculated from these data. The results for the 7 M 
KOH zincate electrolytes are presented in Table 3.2. 

The maximum amount of hydrogen, which can be measured 
reliably with the RRDE technique can be evaluated from these 
data. Values of the maximum ring current, IRsol, for various 
electrolyte compositions, are presented in Table 3.3. 

IRsol concerns the total amount of dissolved H2, calcu
lated from the hydrogen solubility. It offers a first approxi
mation of the maximum amount of hydrogen, which can be detec
ted with the RRDE technique. However, the ring current associ
ated with the maximum amount of H2, which can be determined 
during the deposition experiments, IRmax, will differ from 
this value. This difference between IRsol and IRmax, depends 
on experimental conditions and is mainly due to hydrogen 
supersaturation and to the presence of dissolved hydrogen, 
resulting from previous deposition experiments. Therefore, 
IRmax cannot be evaluated a priori, and IRsol has to be used 
as an indication of IRmax. 

It is clear that the domain of hydrogen currents, which 
can be reliably measured with the RRDE technique, decreases 
with increasing KOH concentration. The hydrogen solubility 
decreases ( cf. Table 3. 1) and zinc corrosion increases (see 
Figure 3.11) with increasing KOH concentration. In fact, meas
urements in 10 M KOH are unreliable as a result for this limi
ted domain of hydrogen currents. 
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3.4 Conclusion 

The RRDE technique offers an elegant and useful method for 
the detection of hydrogen in alkaline electrolytes, particu
larly in the less concentrated alkaline solutions. 

The hydrogen solubility in various alkaline zincate elec
trolytes is estimated from Levich plots, assuming that the 
slope of the Levich plot depends only on hydrogen concentra
tion in the electrolyte. 

With the RRDE technique, the amount of hydrogen produced 
during zinc electrodeposition and zinc electrode corrosion 
has been determined for various alkaline zincate electrol
ytes. It was found that the hydrogen production increases 
with decreasing zincate and KOH concentration. The estab
lished hydrogen formation curves indicate that in battery 
electrolytes (8 M KOH, 1 M zincate) the hydrogen production 
during zinc electrodeposition is very small. Even at the end 
of the charge half cycle, when zincate concentration will be 
at a minimum, but KOH concentration at a maximum, hydrogen 
production will still be small. The battery charge efficiency 
will be lowered by 0,5 % at most as a result of electrochemi
cally formed hydrogen. However, this value depends not only 
on the applied current density and initial solute concentra
tions but also on the kind of zinc electrode (type of binder 
material and additives, and porosity), purity of the electrol
yte and battery cell geometry (electrolyte volume and current 
density distribution). Hence, it is concluded that in zinc 
secondary batteries, hydrogen is produced mainly through zinc 
electrode corrosion. 

The recommendation of Rogers and Taylor [8] that hydrogen 
formation should be allowed for so as to improve stirring of 
the electrolyte must be contradicted. Hydrogen gas bubble 
formation will cause a considerable increase in the local 
current density and in the ohmic drop in the vicinity of the 
bubble, which is a considerable drawback with only a small 
gain in electrolyte stirring. 
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4 The Role of Metal-oxide Additives on the Kinetics 
of the Electrodissolution of Zinc 

4.1 Introduction 

To improve zinc electrode performance in primary and secon
dary batteries various types of additives are incorporated in 
the zinc electrode. For primary batteries shelf-life is ex
tended by means of corrosion inhibitors: predominantly mercu
ry is used as such. In secondary batteries binder materials, 
surfactants and corrosion inhibitors are added to the zinc 
electrode or battery electrolyte. The impact of binder materi
als [l-3] and surfactants [4-5] on zinc electrode performance 
is understood fairly well. 

The role of corrosion inhibitors, most often inorganic 
metal oxides, is less clear. It was found that metal-oxide 
additives, apart from lowering hydrogen production, also in
fluence battery cycle life and the extent and rate of shape 
change. Himy [6] studied combinations of metal oxides as addi
tives for zinc electrodes. He concluded that though these 
metal oxides are sparingly soluble in the battery electrol
yte, two types of metal oxides can be distinguished: slightly 
soluble and virtually non-soluble. The non-soluble type acts 
as an expander, by preventing recrystallization and densifica
tion of the porous electrode. The 'soluble' metal oxides tend 
to replate on the more active zinc sites during charge, thus 
covering the freshly plated zinc with corrosion inhibitor. 
The codeposition of slightly soluble metal oxides was also 
proposed by Melnicki et al. [ 7] . Biegler et al. [ 8] studied 
various types of additives, but were unable to formulate an 
overall mechanism for the role of additives in zinc elec
trodes. However, they also showed that some metal-oxide addi
tives acted as expanders. From investigations on porous elec
trodes containing metal-oxide additives [9] and on the deposi
tion of zinc onto foreign substrates [10], McBreen and Gannon 
deduced that the role of the additive is actually a substrate 
effect; ie the kinetics of the zinc reaction depends on the 
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kind of substrate. 

The electrodissolution of zinc at porous electrodes was 

investigated by McNeil and Armstrong with the rotating disc 

electrode technique [11]. They found potential-dependent ano

dic Tafel slopes for solid and porous electrodes. At additive

free PTFE-bonded electrodes, the Tafel slope was twice as 

high as at solid electrodes. The mercuric-oxide containing 

porous electrodes display a behaviour that resembles that of 

solid zinc electrodes. Duffield et al. [12] showed that at 

low anodic overpotentials the anodic dissolution of zinc at 

porous electrodes is under diffusion and kinetic control. At 

porous electrodes containing mercuric oxide as an additive, 

the zinc reaction is only diffusion controlled. 

The kinetics of the zinc reaction at porous electrodes 

containing other additives has not been investigated sofar. 

Therefore, the role of metal-oxide additives was investigated 

using the rotating disc electrode (RDE) technique, for porous 

zinc electrodes. As metal-oxide additives, PbO, Hgo, CdO or 

In203 were applied. Additionally, the electrodes were exam

ined with scanning electron microscopy and by cyclic voltam

metry. 

4..2 Theory 

The kinetics of the electrodissolution of zinc in alkaline 

solutions can be examined with the rotating disc electrode 

(RDE) technique. The theoretical framework has been presented 

by Armstrong and Bulman [ 13] and was extended by Baugh and 

Higginson [14]. An outline of the results of their investiga

tions is given below. 

The zinc reaction in alkaline solutions, may be written as: 

Zn + 40H- (4.1) 

At low current densities the dissolution characteristics of 

this reaction can be evaluated with the RDE technique, pro-
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vided the following requirements are fulfilled: 

- The activity of hydroxyl ions at the electrode surface, 

is constant. If the bulk and surface hydroxyl ion activ

ity are nearly equal ( ie the time-scale of the experi

ments is relatively short), the surface hydroxyl ion 

activity will be considered constant. 

- The activity of the pure zinc metal is unity. 

-The activity coefficient of the zincate ion is constant. 

For only small changes in zincate-ion and hydroxyl-ion 

concentrations (low anodic polarisation of the disc), 

the activity coefficient will be considered constant. 

- The concentration of zincate ions is much larger at the 

electrode surface than in the bulk electrolyte. For a 

small electrode surface to electrolyte volume ratio and 

a short duration of the experiment the concentration of 

zincate ions in the bulk electrolyte is negligible. 

With these assumptions, the net charge-transfer current 

density for the oxidation of zinc in alkaline solutions is 

given by: 

(4.2} 

Both the forward and backward rate constants, kf.and kb, res
pectively, are potential dependent and applicable for a par

ticular value of the hydroxyl ion activity. Also, since the 
surface concentration of the zincate ion, cs, is used in this 

equation, the backward rate constant includes a term for the 

(constant) zincate-ion activity coefficient. The diffusion 

current, id, can be written as: 

(4.3) 

where D is the diffusion coefficient of the zincate ion and & 

the diffusion layer thickness given by [3]: 

(4.4) 
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which introduces its dependence on the rotation speed, ~. Sub
stituting cs from Equation (4.3) into Equation (4.2) yields: 

1 1 K1 
- = -· + 1/2 (4.5) 
i i i ~ 

"" "' 
i 

<lO nFkf 

K1 = 1. 61 kbD-2/3"1/6 

Thus a plot of i-1 versus ~-1/2 will yield a straight line 
with intercept im-1 and slope K1 im-1. From a plot of the log
arithm of the charge-transfer controlled current, i.,, versus 
potential, the Tafel slope can be obtained. Furthermore, as
suming thermodynamic equilibrium at the electrode, the sur
face concentration of zincate ions and the electrode poten
tial can be related via the Nernst Equation, which may be 
written as: 

(4.6) 

where K2 is a constant for a constant hydroxyl ion concen
tration. A plot of potential versus log(cS) will be linear of 
slope RTln(lO)/nF, viz. 29.2 mV (21 oc). For a reversible 
electrode process the forward and backward rate constants are 
large, so that: 

(4.7) 

Combining Equations (4.5), (4.6) and (4.7) learns that the 
slope of the plot of i-1 versus ~-1/2, S, is a function of 
potentials, viz.: 

nFE 
log S = K3 - RT ln (10) (4.8) 

where K3 is a constant. Hence, a plot of E versus log s shows 
a straight line with a slope of -RT ln(10)/nF. 

Equation (4.2) and (4.3) can be equated at any potentials: 
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. ( 4. 9) 

The relation between the zincate concentration at the elec
trode surface and the electrode rotation speed can be ob

tained from rewriting Equation (4.9): 

1 
(4.10) 

The reciprocal surface concentration of zincate ions, calcu
lated from Equation (4.3) and plotted versus wl/2, results in 

a straight line. 

With Equation (4.5) the kinetics of the electrodissolution 

of zinc can be examined. The reversibility of the electrode 

process and the existence of Nernstian equilibrium at the 

electrode surface can be examined using Equations (4. 8) and 
(4.10). Furthermore, these equations provide a verification 

of the validity of the assumptions made in the derivation of 
Equation (4.5). 

4.3 Experimental 

4.3.1 Cell assembly and preparation of the electrolyte 

A standard three-compartment glass cell was used with a 

platinum counter electrode and a Hg/HgO reference electrode. 
The cell is fully described elswehere [ 15]. After the cell 
had been filled with electrolyte solution the working elec
trode was mounted and argon or nitrogen (oxygen-free) was 

bubbled through the electrolyte for at least half an hour. 
All electrolyte solutions were zincate-free and were pre

pared from a purified 10 M KOH stock solution, made up from 
AnalaR-grade KOH and doubly-distilled water. The stock solu

tion was purified by electrolysis in a two-compartment poly
ethylene cell during at least one week, using a zinc cathode 

and nickel anode. The current density. applied to the zinc 
cathode was 10 mA.cm-2 for a 250 ml aliquot. During the whole 
procedure argon or nitrogen was bubbled through the electrol-
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yte. All experiments were performed at room temperature (21 + 
1 °C). 

4.3.2 Electrode preparation 

Solid zinc dis~ electrodes were made of a polycrystalline 
zinc rod ( 99.98% Merck) machined to 6 mm and embedded in 
KelF. The electrodes were polished with 0.3 and 0.05 ~ 
Al203. Prior to the RDE experiments, the electrode was set at 
a potential of -1.5 V for 5 minutes. 

Porous zinc discs were prepared from poly-tetrafluoro
ethylene-bonded zinc oxide [ 16] , to which 1 or 5 wt% CdO, 
PbO, HgO or In203 was added. The electrode paste (45 mg) was 
pressed onto a silver-plated nickel current collector with a 
pressure of 350 kg.cm-2 during 90 seconds. To improve adher
ence of the paste small holes had been drilled in the current 
collector. The disc fits exactly in the cylindrical opening 
in the RDE and a macroscopically flat electrode is obtained. 
The superficial area of the porous disc electrode is 0.2 cm2. 

The porous electrode was charged potentiostatically at 
-1.5 V vs Hg/HgO until the cathodic current dropped below 0.5 
rnA. Galvanostatic charging of the electrode was found to be 
inapplicable due to either too much hydrogen evolution or 
unpractically long charge times. The electrolyte was then 
removed from the cell and quickly replaced by freshly pre
pared electrolyte, such that the electrode potential was set 
at -1. 5 V while immersing the electrode in the fresh elec
trolyte. The cathodic current remained at a level of 5 to 10 
rnA for several minutes, particularly with additive-free elec
trodes. The charge process continued until the electrolyte 
was deoxygenated, usually for half an hour. 

A typical charging curve for an additive-free porous elec
trode and an electrode containing 1 wt% HgO is presented in 
Figure 4. 1. At the beginning of the charge process the cur
rent increases but passes through a maximum after about 40 
minutes and slowly drops to 0.5 rnA after about 3 and 4 hours 
for the electrode with 1 wt% HgO and the additive-free 
electrode, respectively. The total amount of charge passed 
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Figure 4.1 Chargi09 curves for an additive-free porous electrode 
(-------) and a porous electrode containing 1 wt% HgO as 
additive (-- -); 1M KOH, E = -1.5 V vs Hg/HgO. 

through is for the additive-free electrode about 30% more 

than the theoretical capacity; for the electrode with 1 wt% 

HgO it is close to the theoretical capacity, which 
found with other additive-containing electrodes. 

curves of electrodes with 5 wt% HgO resembled the 

was also 
Charging 

charging 
curve of the electrode with 1 wt% HgO, except that the cur

rent maximum arised earlier in the charging process. Similar 

behaviour was observed with electrodes containing PbO and 

In203. For electrodes prepared with CdO as additive the cur
rent maximum was observed already after 10 to 15 minutes. 

4~3.3 Electrochemical procedures 

The electrochemical experiments were performed with a 
Wenking potentiostat (POS 73) and a Philips XY-recorder (PM 

8043). For the study of the kinetics of the zinc· electrode 

reaction voltammograms at constant rotation frequency were 

recorded with a scan rate of 1 or 2 mv.s-1. The scan range 
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was from -1.44 to -1.34 v vs Hg/HgO. Prior to a scan the 

electrode was charged until the cathodic current dropped 

below 0.5 mA or for at least 5 minutes. 

Using the current-interrupter technique the ohmic poten

tial drop was determined at the end of the charge period and 

at the end of a series of experiments. The voltage drop was 

recorded with a transient recorder (HP 3437.A) coupled with a 

computer {HP 9825 B). The voltammograms were corrected for 
the ohmic drop afterwards. 

4.4 Results 

4.4.1 The structure oE the porous electrode 

The structure of the surface of the porous electrode 

matrix was investigated with scanning electron microscopy 
(Cambridge Stereoscan S 200). A photograph of a freshly pre

pared porous electrode containing 1 wt% PbO as an additive is 
presented in Figure 4. 2, showing a uniformly spread micro

porous structure. The type and amount of additive appeared to 

be of little significance for the structure of the electrode 
surface. This was also observed for charged and oxidized elec

trodes. Photographs of a charged and an oxidized electrode, 

which also contained 1 wt% PbO, are presented in Figures 4.3 
and 4.4, respectively. Before the photographs were taken the 

charged electrode had been in contact with air for about 5 

minutes; the oxidized electrode was kept in contact with air 

for more than 24 hours. The charged and oxidized electrodes 

show pores with a larger diameter than the freshly prepared 

electrode and it appears that some of the smaller pores are 
blocked, probably by zinc oxide. 

4.4.2 Cyclic voltammetry 

In Figure 4. 5 a cyclic voltammogram at a stationary solid 

zinc electrode in a 1 M KOH electrolyte solution is pre

sented. It can be observed that the electrode becomes pas
sivated at a potential of -1.15 V vs Hg/HgO. The electrode 

remains in the passive state until the potential becomes more 
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Figure 4.2 SEM photograph of a freshly prepared electrode containing 1 
wt% PbO. 

Figure 4.3 SEM photograph of a charged electrode containing 1 wt% PbO. 
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Figure 4.4 SEM photograph of an oxidized electrode containing 1 wt% PbO. 
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Figure 4.5 Cyclic voltammogram at a stationary solid zinc electrode in 1 
M KOH. Scan rate 50 mv.s-1. Scan range -1.7 to -1.0 V. 
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Figure 4.6 Cyclic voltammogram at a stationary additive-free porous 
electrode in 1 M KOH. Scan rate 50 mv.s-1. Scan range -1.6 to 
0.1 v. 
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Figure 4. 7 Cyclic voltammograms at a stationary porous electrode 
containing 1 wt% HgO in 1 M KOH. Scan rate 50 mv.s-1. NWllbers 
in Figure indicate scan number. Scan range -1.6 to 0.3 V. 
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Figure 4.8 Cyclic voltammograms at a stationary porous electrode contain
ing 1 wt% Inz03 in a 1 M KOH electrolyte. Scan rate 50 
mv.s-1. Numbers in Figure indicate scan number. Scan range 
-1.7 to -0.1 V. 
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r.ag.e 4.9 Cyclic voltammogram at a stationary solid zinc <------> and 
additive-free porous (- - ~> electrode in 7 M KOH. Scan rate 
50 mV. s-1. Scan range for solid electrode -1. 7 to -1.0 V. 
Scan range for porous electrode -1.6 to +0.1 V. 
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Figure 4.10 Cyclic voltammograms at a rotating porous electrode prepared 
with 1 wt% CdO as additive in 1 M KOH. Scan rate 2 mv.s-1; 
(------) 25, (-- -) 16, (-- --) 9, ( •.... ) 4, <-.-.-)2Hz. 

cathodic than -1.10 V in the cathodic scan. A cyclic voltam
mogram at a stationary additive-free porous electrode in 1 M 
KOH is given in Figure 4.6. As compared with the solid zinc 
electrode, the anodic peak current is much higher for porous 
electrodes. During the anodic sweep the decrease of the cur
rent occurs at more anodic potentials and is less abrupt than 
for solid electrodes. Also, during the cathodic scan the re
dissolution peak is relatively small. Additive-containing 
electrodes show similar characteristics, except for the 
indium oxide additive. 

Figure 4. 7 shows a cyclic voltammogram at a porous elec
trode with 1 wt% HgO in a 1 M KOH electrolyte. During repeat
ed scanning between -1.6 and 0.3 V the voltammogram changes 
continuously. Generally, the anodic peak current was lower 
during the first scan than during the second scan. The third 
and subsequent scans showed a slightly decreasing peak cur
rent and also, a more pronounced decrease of . the current 
after the peak. During the first few cathodic scans, general-
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ly, a small redissolution peak is observed which becomes smal
ler during repeated cycling and, finally, almost disappears. 

In Figure 4. 8, cyclic vol tammograms at a porous electrode 
containing 1 wt% In203 are presented. A second anodic peak 
between -1.0 and -0.9 V is observed only with this additive. 
Also, during the cathodic scan the redissolution peak is much 
more pronounced, and even increases during repeated cycling. 

The KOH concentration has a marked influence on the shape 
of the voltammograms at solid and porous electrodes. In Figu
re 4.9 a voltammogram at an additive-free electrode in a 7 M 
KOH solution is given. During the anodic scan the peak cur
rent is higher in the 7 M KOH than in 1 M KOH solution. Also, 
during the cathodic scan a marked redissolution peak can be 
observed. The shape of the voltammogram scarcely alters dur
ing repeated cycling. 

The reduction of anodically formed Zn(II)-species at a por
ous electrode was monitored as a function of rotation frequen
cy. The current-voltage curves for various rotation frequen
cies are depicted in Figure 4.10 for a porous electrode pre
pared with 1 wt% CdO as additive. The curves were recorded 
with a 5 minute interval, in which the electrode was charged 
potentiostatically at -1. 5 V vs Hg/HgO. During the cathodic 
scan the current decreases whereas during the anodic scan the 
current increases slightly with increasing rotation frequen
cy, but not as much as Levich law asks for. 

4.4.3 The kinetics of the electrodissolution of zinc 

Current-voltage curves at solid zinc electrodes in 1 M KOH 
are recorded for various rotation speeds and then corrected 
for the ohmic potential drop. The corrected current-voltage 
curves are plotted in Figure 4.11. Levich plots are depicted 
in Figure 4.12. The electrode rotation frequency, f, is used 
here instead of the angular rotation velocity. However, they 
are linearly related and differ only by a constant factor (w 

= 211'f). Good straight Levich plots are obtained. Typically, 
the statistical error in the slope and intercept is about 1 
and 2 %, respectively. From these Levich plots the charge-

- 61 -



limA 
5.00 
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Figure 4.11 Voltammograms at a rotating solid zinc electrode in 1 M KOH. 
Scan rate 1 mV. s-1; Numbers in Figure indicate rotation 
frequency. Scan range -1.44 to -1.34 v. 
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Figure 4.12 Levich plots for solid zinc for the data obtained from 
Figure 4.11. Numbers in Figure indicate potentials. 
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Figure 4.13 Plot of log Im versus potential ('Tafel' plot) for solid 
zinc. Slope of line is -30 mV. 

4.50 

3.50 

2.50 .................................................................... """'--........................... ....... 
-1.40 -1~ -1.36 -1.37 -1.36 -1.35 

E/V vs HgiHgO 

Figure 4.14 Plot of log S versus potential for solid zinc. Slope of line 
is -30 mv. 
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Figure 4.15 Plot of (cS)-1 versus £1/Z for solid zinc. Numbers in Figure 
indicate potentials. 
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Figure 4.16 Plot of log cs versus potential for solid zinc. Rotation 
frequency: clos.ed circle '0' open triangle 2., open circle 4, 
cross 9, closed triangle 16, open rectangle 2.5 Hz. 
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Figure 4.17 
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Voltammograms at a rotating porous electrode containing 5 
wt% CdO in 1 M KOH. Scan rate 1 mv.s-1. Numbers in Figure 
indicate rotation frequency. Scan range -1.44 to -1.34 V. 
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Figure 4.18 Levich plots for a porous electrode containing 5 wt% CdO for 
the data obtained from Figure 4.17. Numbers in Figure 
indicate potentials. 
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Figure 4.19 Plot of log Ioo versus potential for a porous electrode 
containing 5 wt% CdO. Slope of line is 36 mV. 
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Figure 4.20 Plot of log S versus potential for a porous electrode 
containing 5 wt% CdO. Slope of line is -30 mv. 
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Figure 4.21 Plot of (cS)-1 versus fl/2 for a porous electrode containing 
5 wt% CdO. Numbers in Figure indicate potentials. 
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Figure 4.22 Plot of E-log c8 for a porous electrode containing 5 wt% 
CdO. Rotation frequency: closed circle '0', open triangle 2, 
open circle 4, cross 9, closed triangle 16 Hz. 
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transfer controlled current, i,, was calculated and plotted 
logarithmically versus potential, giving a 'Tafel' plot as 
presented in Figure 4. 13. A straight line is obtained for 
potentials between -1.395 and -1.36 V with a slope of 29 mV. 
Below -1.395 V results are scattered and at more anodic poten
tials than -1.36 V the Tafel plot is curved. A plot of the 
logarithm of the slope of the Levich plots versus potential, 
given in Figure 4. 14, is linear of slope -30 mv, in accord
ance with the prediction for a reversible electrode process. 
This plot is not curved at potentials more anodic than -1.36V. 

The zincate ion concentration at the electrode surface is 
calculated from Equation (4.3), using the RDE geometrical sur
face area, a diffusion coefficient for the zincate ion of 7 
10-6 cm2.s-1 [18] and a kinematic viscosity of 1.063 10-2 
cm2.s-1 [19]. Plotting (cS)-1 versus f1/2 results in straight 
lines, as can be observed from Figure 4. 15. The statistical 
error in the slope and intercept of these lines is 2% and 1%, 
respectively. From these plots it can be deduced that the con
centration of zincate ions at the electrode surface increases 
with increasing anodic overpotential and with decreasing rota
tion frequency. In Figure 4.16 log (cS) is plotted versus po
tential. For the rotation frequencies used in this study, the 
E-Log (cS) slope is about 30 mV. However, the slope slightly 
increases with increasing anodic overpotential, indicating 
departure from Nerstian equilibrium at the electrode surface. 
The curve for a rotation frequency of zero was calculated 
from the intercept of the lines in Figure 4.15. 

The kinetics at porous electrodes was evaluated in a simi
lar fashion as for solid electrodes. Results will be discus
sed for the case of a porous electrode containing 5 wt% CdO, 
which is typical for all porous electrodes. 

Figure 4.17 shows vol tammograms corrected for the ohmic 
potential drop, at v·arious rotation frequencies for a porous 
electrode prepared with 5 wt% CdO as additive. The curves 
were recorded with at least a 5 minute interval. During that 
time the ~lectrode was. recharged potentiostatically at -1. 5 
V. The electrode is assumed to be fully charged if the catho-
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die current has decreased to 0. 5 rnA. Subsequent curves were 
recorded by taking high and low rotation frequencies, alter
nately. Several curves were re-determined and commonly repro
ducibility was good, provided the electrodes were fully 
charged. The scan rate was 1 mv.s-1. With higher scan rates 
( > 10 mV. s-1), it was observed that the current was nearly 
independent of rotation frequency in the potential range 
studied. 

Figure 4.18 shows the i-1 versus f-1/2 plots for the data 
given in Figure 4.17. Linear plots are obtained for poten
tials more anodic than -1.395 V vs Hg/HgO. For the electrode 
containing 1 wt% CdO the statistical error in the slope and 
intercept of these lines is similar to that found for solid 
zinc. For all other porous electrodes the statis- tical error 
in the intercept of Levich plots is about 2% to 4%. The error 
in the slope is considerably higher, on average 15%; and very 
high values are found for electrodes prepared with PbO and 5 
wt% In203, viz. 20 to 25%. From the intercept of the Levich 
plots ioo is established and the logarithm of ioo versus poten
tial plot is depicted in Figure 4.19. The slope of the 
straight line in this Figure is 35 mV, but it can be seen 
that the Tafel plot is slightly curved and an increasing Ta
fel slope will be obtained with increasing anodic overpoten
tial. A plot of log (S) versus potential is given in Figure 
4.20. The line has a slope of -31 mV, but this curve is cur
ved also: the slope decreases with increasing overpotential. 

A plot of (cS)-1 versus f1/2 at various potentials results 
in straight 1 ines, which are shown in Figure 4 . 21 . For the 
electrode prepared with 1 wt% CdO as additive the statistical 
error in slope and intercept of these lines is 2 and 1%, res
pectively. However, for the other porous electrodes the error 
is significantly higher: the error in the slope is 2 to 4%; 
in the intercept an average error of 18% is found; and very 
high errors are found for the additive-free and PbO-contain
ing electrodes, viz. 25 to 30%. 

The logarithm of cs is plotted versus potential in Figure 
4.22. As was observed with solid zinc electrodes, the curves 
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Table 4.1 Kinetic data for solid and porous electrodes in 1 M KOH 

Electrode Additive Slope of Slope of E(I=O) Io 
Amount E-log I., E-log S 

wt% mV mV v mA 

Solid 29.3 -30.3 -1.420 0.046 
Porous 

Add-free 46.0 -42.3 -1.408 0.180 
In203 1 33.7 -31.8 -1.403 0.185 

5 42.0 -36.8 -1.414 0.141 
CdO 1 30.4 -28.8 -1.405 0.174 

5 36.4 -29.9 -1.408 0.106 
PbO 1 33.4 -43.0 -1.400 0.314 

5 39.9 -36.5 -1.412 0.100 
HgO 1 35.2 -44.9 -1.411 0.149 

5 37.4 -32.5 -1.408 0.100 

are parallel for all rotation frequencies. The slope calcula

ted from data at potentials between -1.385 and -1.360 V vs 

Hg/HgO is 35 mV. However, the plots are curved, particularly 

at low anodic. overpotentials, where only a potential-depen

dent slope can be determined. 

The results with other electrodes are presented in Table 4.1 

and 4. 2. In Table 4 .], E(I=O) is the potential at which the 

current is zero in the current-voltage curves recorded as in 

Figure 4. 17. It can be observed that for the In2o3 and PbO 

additive this potential decreases with about 10 mV when 

increasing the amount of additive from 1 to 5 wt%. For the 

CdO additive this decrease is only 3 mV whereas for the HgO 

additive an increase of 3 mV is observed. An exchange cur

rent, I.,, may be calculated from the intercept of the Tafel 

plot at the potential E(I=O). The result of these calcula

tions is also given in Table 4 .1. The Io value of the solid 

electrode is in good agreement with the findings of Frazer et. 

al. [17]. They found an exchange current density of 1.56 

A.m-2, ie 0.044 mA.- The Io value is much smaller for the 

solid than for the porous electrode. 

The potential dependence of log (cS) for various rotation 

frequencies is presented in Table 4;2. The surface concentra

tion at f = • o • Hz was calculated from the intercepts of 
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Table 4.2 E-log cs slopes for solid and porous electrodes in 1 M KOH 

Electrode Amount 1 0 1 Hz 2 Hz 4 Hz 9 Hz 16 Hz 25 Hz 
wt% mV mV mV mV mV mV 

Solid 29.9 30.2 29.8 29.9 30.0 30.0 
Porous 

add-free - 38.1 46.0 44.9 45.9 46.0 
In2o3 1 31.8 33.0 33.5 32.9 33.5 

5 37.6 40.6 41.1 41.2 41.4 
CdO 1 28.9 29.2 29.3 29.5 29.6 

5 30.3 34.0 34.7 34.9 35.4 
PbO 1 42.0 34.6 34.3 34.1 33.8 

5 34.7 39.6 39.3 39.6 40.0 
HgO 1 42.1 37.6 36.4 36.6 36.4 

5 31.8 35.9 35.6 36.3 36.9 

plots of (cS)-1 versus fl/2. The slopes were calculated for 

potentials between -1.385 and -1.36 V vs Hg/HgO. For solid 

zinc, at all rotation frequencies, the slope of E-log (cS) 

approaches the theoretical slope, see Equation (4.7). For all 

other electrodes the slope is higher, except for the elec

trode prepared with 1 wt% CdO. Also, the slope is the highest 

at f = 1 0 1
, except for the electrode containing 1 wt% PbO as 

additive. Electrodes with E-log (cS) slopes which deviate 

markedly from the theoretically expected slope ( cf. Table 

4.2) also show non-theoretical E-log S slopes (ct. Table 4.1). 

The surface concentration at E(I=O) was calculated by 

extrapolation of the linear portion of the E-log (cS) plots. 

For two rotation frequencies, f = I 0 I and f = 16 Hz, the 

results are summarized in Table 4.3. As expected, see Section 

4.2, the surface concentration is higher at lower rotation 

frequencies; cs is lower at solid zinc than at porous elec

trodes. Increasing the amount of additive results in a higher 

value of cs for the. In203 and CdO additive but results in a 

lower value of cs for the HgO and PbO additive. The value of 

cs is much higher at the additive-free electrode than at 

additive-containing electrodes, except for the electrode 

containing 1 wt% PbO. In fact, results of the porous elec

trode prepared with 1 wt% PbO do not fit with the trend of 

results of other electrodes ( cf. Tables 4. 1, 4. 2 and 4. 3) . 
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Table 4.3 Calculated surface concentration of zincate ions at E(I=O) 

Electrode Additive cs cs 
Amount j.llliO 1. Clll-3 IJlliOl. em-3 

wt% f = '0' Hz f = 16 Hz 

Solid 0.407 0.117 
Porous 

Add-free 14.3 0.933 
In2o3 1 2.9 0.648 

5 4.5 0.667 
CdO 1 0.6 0.363 

5 4.0 0.461 
PbO 1 33.5 1.63 

5 5.2 0.514 
HgO 1 5.7 0.731 

5 1.7 0.451 

Though no clearcut reason can be given for this behaviour, 

results of this electrode are ignored for the discussion of 
the role of the metal-oxide additive on the kinetics of the 
electrodissolution of zinc. 

4.5 Discussion 

4.5.1 The porous electrode structure 

The porous electrode structure was found to be scarcely 
affected by the type and amount of additive in the zinc elec

trode. However, the 'state' of the electrode, ie whether it 
was freshly prepared, charged or oxidized, appeared to be of 

importance for the structure of the porous electrode. With 
the freshly prepared .electrode usually an evenly spread micro~ 

porous structure is observed. Pores with larger diameter can 

be observed from the photographs of the charged and oxidized 
electrode, see Figures 4.3 and 4.4, respectively. These lar
ger pores may be created during charge, when hydrogen is for
med concurrently with zinc electrodeposition and small pores 
are widened. 

The structure of the charged and oxidized electrode . are 
similar but different from the freshly prepared electrode. On 
the charged and oxidized electrode not only larger pores but 
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also less porous areas are observed. For oxidized electrodes 
it seems obvious that due to corrosion of zinc, zinc oxide is 
formed and small pores are silted up whereas larger pores 
remain open. For charged electrodes this explanation seems 
inadequate. However, it was observed that when a charged elec
trode was taken from the cell for a few minutes and was expos
ed to air, after immersion in the electrolyte, the cathodic 
current at -1.5 V vs Hg/HgO remained at a level of 5 to 10 rnA 

for several minutes, particularly when the electrode was addi
tive-free. The porous zinc electrode corrodes rapidly, so 
that a charged electrode used for the SEM observation may 
look similar to oxidized electrodes. 

Another explanation for the loss of porosity at charged 
and oxidized electrodes can be given. The charge process pro
duces hydroxyl ions which slowly diffuse out of the porous 
matrix into the bulk electrolyte. Consequently, the hydroxyl 
ion concentration in the pores increases. Since the solubil
ity of zinc oxide increases with increasing KOH concentra
tion, zincate ions may be produced. These zincate ion can 
diffuse through the pores of the electrode and deposit at the 
pore wall and pore mouth, thus slowly blocking the pores. As 
the pores become blocked, the diffusion of hydroxyl ions is 
hindered and the above mechanism is enchanced. 

This could also explain the fact that in the cyclic voltam
mograms the highest anodic peak current is observed during 
the second sweep. During the first scan, zinc at the front of 
the porous electrode dissolves anodically. Therefore, zinc at 
the pore mouth of blocked pores is also dissolved, so that 
during the second scan the unblocked pores can participate in 
the anodic process and a higher anodic current is observed. 

4.5.2 Cyclic Voltammetry 

The porous nature of the PTFE-bonded electrode can also be 
deduced from the cyclic voltammograms presented in Figures 
4. 6-4. 9. The anodic peak current may be as high as seven 
times the current observed at solid electrodes. 

From Figure 4. 7 it can be observed that the electrode 
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performance deteriorates rapidly during repeated cycling, 

whereas during a single scan the electrode consumes only 

about 2 % of its theoretical capacity. This was found for all 

electrodes cycled in a 1 M KOH solution, irrespective of the 

kind of additives. This can be attributed to hydroxyl ion 

depletion in the pores, leading to the formation of an in

creasing amount of insoluble anodic product. During cathodic 

polarisation the hydroxyl ion concentration in the pores 

increases again, but never to an extent as to compensate the 

decrease during discharge. The hydroxyl ion depletion can 

also be the reason why the redissolution peak is small and 

disappears during repeated cycling. The passive film formed 

during discharge, cannot be dissolved during the cathodic 

scan. In fact, a cyclic voltammogram at a porous electrode in 

7 M KOH solution (see Figure 4.8) shows that redissolution of 

zinc occurs to an appreciable extent. Also, subsequent cyclic 

voltammograms in a 7 M KOH solution were nearly identical, 

from which it can be inferred that hydroxyl ion depletion 

does not occur. Hence, in a 1 M KOH solution the deteriora

tion of the electrode must be caused by hydroxyl ion deple

tion. 

The cyclic voltammograms of porous zinc electrodes contain

ing Inz03, see Figure 4.8, show two features not encountered 

with other porous electrodes: a second anodic peak and a more 

pronounced redissolution peak. Since during the charge pro

cess Inz03 is reduced to the metal [ 9 l , the former can be 

ascribed to the oxidation of indium (E
0 
In/In2o3 = -1. l V vs 

Hg/HgO [18]). The current of the second anodic peak decreases 

during the subsequent scan and the peak is almost absent dur

ing the .fifth sweep. Hence, the indium-oxidation rate decrea

ses, probably due to increasing hydroxyl ion depletion and 

ohmic polarisation within the porous electrode. The reduction 

of In203 is not observed from the cyclic voltammograms. Since 

the solubility of Inz03 is small [17], it is unlikely that 

the anodic product dissolves in the electrolyte. Probably, 

oxidized indium is redeposited, and in the process the indium 

framework is enlarged. 
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The more pronounced redissolution peak indicates that 
indium forms a framework within the porous matrix where re
dissolution of zinc can take place. Most likely, it prevents 
the formation of compact passive layers, which are insoluble 
in the hydroxyl ion depleted solution. As opposed to other 
metal-oxide containing electrodes, due to the redeposition of 
indium on active sites, the metal framework is enlarged and 
redissolution is enhanced. 

4.5.3 Kinetics of the electrodissolution at solid zinc electrodes 

The results with solid electrodes are in agreement with 
the findings of Baugh and Higginson { 14] , except for the 
smaller Tafel slope. The nearly theoretical slope for the 
plot of log cs and log S versus potential indicates that the 
surface zincate ion concentration is equal to the equilibrium 
concentration. However, at higher anodic overpotentials the 
plots of log cs versus potential in Figure 4.16 are slightly 
curved. This indicates that at these higher polarisations of 
the disc the assumption required for the derivation of the 
relations become invalid. Moreover, the hydroxyl ion concen
tration and the zincate-ion activity coefficient will not be 
constant. 

Baugh and Higginson [14] found a Tafel slope of 42 mV. The 
Tafel slope derived from our experiments is significantly 
lower, viz. 29 mV. At higher anodic potentials (E > -1.36 V 
vs Hg/HgO) the Tafel plot is curved and a Tafel slope close 
to 40 mv is obtained. A Tafel slope of about 30 mV was also 
found by Kabanov [ 20], Armstrong and Bulman [ 13] and by 
McNeil and Hampson {11]. Assuming the mechanism presented by 
Bockris et al. [21], a Tafel slope of 30 mV implicates that 
the fourth step, the formation of Zn(OH)42- from Zn(OH)3-, is 
rate determining. Most workers find this explanation unsatis
factory and attribute a slope unequal to 40 mV; to electrode 
pretreatment. Frazer et al. [19] pointed out that if the elec
trode was not chemically etched prior to the kinetic experi
ment, a .lower value of the Tafel slope is obtained, but they 
were unable to formulate a reason for this behaviour. McNeil 
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and Hampson [11] found potential-dependent Tafel slopes even 
at low anodic overpotentials (n < 60 mV): the Tafel slope 
increases with 1 mV for a 1 mV increase in anodic overpoten
tial. They claim that their results are 'wholly' consistent 
with literature data. Indeed, Tafel plots of several workers 
[ 14,16,1?, 21] are slightly curved, but do not approach the 
curvature found by McNeil and Hampson. They argue that at low 
anodic overpotentials (n > 40 mV) a film of anodic products 
is formed. Recently, Cachet et al. [22] pointed out that even 
at low cathodic polarisations a film of zinc and zinc oxide 
or -hydroxide is present at the electrode surface. Baugh and 
Higginsion [14] attribute the curvature of the Tafel plot in 
7 M KOH at anodic potentials higher than -1.38 V vs Hg/HgO to 
hyd;roxyl-ion depletion. They considered the change, in the 
value of the activity coefficient of the zincate ion, due to 
changes in the hydroxyl ion concentration to be insignifi
cant . However, Boden. et al. [ 23 1 and Hendr ikx [ 24] showed 
that the value of the zincate-ion activity coefficient at 
constant zincate ion concentration changes drastically. 
Hence, a curvature of Tafel plots must be due to hydroxyl ion 
depletion, changes in zincate-ion activity coefficient and to 
formation of a porous layer at the electrode surface. 

4.5.4 Kinetics of the electrodissolution at porous electrodes 

Generally, with porous electrodes, Levich plots and plots 
of (cS)-1 versus f1/2 yield a fit for the straight line, 
which is not as good as is observed with solid zinc. This is 
the result of the smaller rotation frequency range for which 
RDE experiments can be carried out. Rotation frequencies 
higher that 16 Hz (in some cases 25 Hz) are omitted, because 
at these higher rotation frequencies the RDE diffusion layer 
model [3] breaks down, due to the roughness of the porous 
electrode surface. 

From Table 4.1 it can be seen that E(I=O) is significantly 
lower for solid zinc than for porous electrodes. This indi
cates that at E(I=O) the production of zincate ions is lower 
at solid zinc than at porous zinc; as confirmed by the sur-
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Figure 4.23 Tafel lines of additive-free and lwt% metal-oxide containing 
electrodes. 
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Figure .4.24 Tafel lines of additive-free and Swt% metal-oxide containing 
electrodes. 
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face concentration of zincate ions at E(I=O), given in Table 
4.3, which is lower at solid that at porous zinc. However, it 

must be emphasized that the surface concentration of zincate 
ions is based on the geometrical surface area of the porous 

electrode. and not on the electrochemically active surface. 

Generally, the value of I 0 is an indication for the kinet

ics of the electrode process. However, I 0 for solid and I 0 

for additive-free electrodes differ by a factor of 5. It is 

unlikely that this is the result .of changing kinetics due to 

the presence of PTFE binder in additive-free electrodes, as 
was also stated by Duffield et al. [ 12]. However, since the 

r 0 value is linearly related to the electrode area, I 0 offers 

an estimate for the electrochemically active electrode area. 
Then, for the additive-free electrode the' area is about five 

times larger than for solid electrodes. A similar value for 

the ratio of porous to solid electrode area can be calculated 
from the anodic peak current in the cyclic voltammograms, cf. 

Figures 4.5 and 4.6. I 0 values of electrodes prepared with 1 

wt% metal oxide as additive are close to the value found for 
the additive-free electrode, except for the electrode contain

ing 1 wt% PbO. Hence, the electrochemically active surface of 

these electrodes must be similar to the one found for the 
additive-free electrode. For the group of porous electrodes 
containing 5 wt% metal-oxide additive, r 0 values are lower, 

which can be attributed to a lower internal surface area or 
to a decrease of 
Karunathilaka et al. 

reversibility of the electrode process. 
[25] found that for HgO additives the 

porous structure is partially destroyed and a more 'liquid

like' structure is observed. Therefore, it seems most likely 
that the internal electrode area decreases due to the increas
ing metal-oxide content. 

The potential dependence of log I..,, log S and log cs, as 

reported in Tables 4:1. and 4.2, is calculated for potentials 
between -1.385 and -1.360 V vs Hg/HgO. At more cathodic poten

tials and for porous electrodes the plots are strongly cur
ved, cf. Figures 4.19, 4.20 and 4.22; possibly, as a result 
of hydrogen evolution, as has also been reported by McNeil 
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and Hampson [11}. At potentials more anodic than -1.360 V the 

plots are slightly curved. This can be interpreted, in accord

ance with porous electrode theory [26], as confirming that at 

higher anodic overpotentials the current arises from the 

front of the electrode and a more irreversible electrode 

behaviour is observed. Also, the experimental slopes differ 

from the slopes predicted by theory. This shows, as has been 

discussed for solid zinc electrodes at high anodic overpoten

tials, that the hydroxyl ion concentration and the zincate 

ion activity coefficient are not constant. 

For solid electrodes, the results of the RDE experiments 

clearly indicate thermodynamic equilibrium of zincate ions at 

the electrode surface. The porous electrode prepared with 1 

wt% CdO as additive exibits also nearly theoretical E-log S 

and E-log cs and, hence, electrode behaviour is as observed 

for solid zinc. For all other porous electrodes deviating 

E-log S and E-log cs slopes are found, indicating departure 

from Nernstian equilibrium at the electrode surface. 

Comparing the data for the additive-free electrode with 

the data. for additive-containing electrodes, it can be seen 
that the most significantly deviating E-log S and E-log cs 

slopes are found for the additive-free electrode, cf. Table 
4.1 and 4.2, respectively. Hence, the addition of metal ox-. 

ides to porous electrodes affects the anodic dissolution of 
zinc. Roughly speaking, metal-oxide containing electrodes 

tend to behave more like solid zinc; most strikingly this is 

observed for the electrode prepared with 1 wt% CdO. This re
sult was also found by .Duffield et al. [12], for HgO-contain

ing electrodes. 
However, increasing the amount of additive in the porous 

electrode, results in an increase of the E-log cs slope, as 

can be seen from Table 4. 2. This indicates that increasing 
the metal-oxide content aggravates the distortion of Nernst

ian equilibrium at the electrode surface; and, in this res

pect, the behaviour of the electrodes containing 5 wt% addi

tive is more like that of the additive-free electrode than 
that of solid electrodes. 
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The Tafel slope of the additive-free electrode is higher 

than the Tafel slope of solid zinc. Porous electrodes con

taining 1 wt% metal-oxide additive show a lower Tafel slope 

than electrodes prepared with 5 wt% metal oxide as additive. 

Tafel lines derived from data within the potential range 

-1.385 and -1.360 V vs Hg/HgO for electrodes containing 1 and 
5 wt% additive are depicted in Figures 4 . 23 and 4 . 24, res

pectively. For comparision also the Tafel line for the addi

tive-free electrode is given in these Figures. The average 

slope for all porous electrodes is 37.2 ± 4. 2 mV. Since the 

statistical error in each E-log I~ slope is about 3 mV, from 

these data it can be concluded that due to the metal-oxide 

additive the mechanism of the electrodissolution of zinc is 
affected marginally, if at all. 

4.6 Conclusion 

It has been shown that the RDE technique can be applied 
for a study of the kinetics of the anodic dissolution process 

of zinc in 1 M KOH at solid and porous electrodes. With solid 

electrodes literature data are confirmed. At porous elec
trodes, generally potential-dependent E-log I , E-log S and 

E-log cs slopes are found, particularly at low anodic over
potentials. At higher anodic overpotentials curvature is less 

significant, but the experimental slopes differ from the theo
retically expected slopes. However, at low anodic overpoten
tials E-log S and E-log cs slopes are found, as predicted by 
the theory. 

It has been shown that the addition of metal oxides to 
porous electrodes results in a decrease of the internal elec

trode surface area. It can be concluded that metal oxides 
tend to destroy a part of the porous structure, but may in

crease the availability of electrode material. Also, the elec
trode kinetics of metal-oxide containing electrodes resembles 

that of solid zinc rather than that of additive-free porous 
electrodes. 

From cyclic voltammograms and exchange currents of porous 
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metal-oxide containing electrodes it is concluded that the 

polarizability of porous electrodes containing 1 or 5 wt% 

metal-oxide additive has similar values. Hence, the accel

erated shape change behaviour of mercury-containing elec

trodes, cannot be explained on the basis of the polarizabi

lity of the porous electrode, as proposed by McBreen and 

Gannon [9]. 

A more pertinent reasoning as to the role of the individ

ual metal-oxide additives cannot be given on the basis of the 

experiments described in this Chapter. 
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5 Shape Change in Cells of Different Geometry 

5.1 Introduction 

The zinc electrode shape change rate is related to cell 
design and several operating parameters. A number of these 
can be adjusted such that the rate of redistribution of zinc 
material over the electrode is effectively reduced. This 
holds for the Zn to NiOOH stoichiometric ratio, the type of 
separator, the depth of discharge, the degree of amalgamation 
of the zinc and the (mis)alignment of the zinc and nickel 
electrodes in the cell pack. Other cell design parameters, 
such as: zinc to NiOOH electrode distance, the amount of elec
trolyte and the presence and location of an electrolyte reser
voir have .either not been investigated or their impact on the 
shape change process is not well established. 

Choi et al. [1] proposed a model for shape change based on 
membrane pumping. A prerequisite of the model is that excess 
electrolyte (electrolyte reservoir) has to be present at the 
top of the electrode pack. However, McBreen and Cairns [ 2 1 
state that excess electrolyte and a higher electrolyte level 
do not have a significant effect on the shape change rate. No 
significant differences are noted in the behaviour of cells 
in which the electrolyte is completely contained in the po
rous electrodes and separators, and cells with free electrol
yte over the top of the electrodes. Paradoxically, McBreen 
[3] and Dalin [4] found that shape change occurs more slowly 
in tightly packed cells than in loosely fitting cell packs. 
Therefore, in this Chapter, the impact of the zinc to nickel 
electrode distance, forced convection of the battery electrol
yte and the positioning of an electrolyte reservoir on zinc 
electrode shape change are investigated. 

5.2 Experimental 

5.2.1 Electrode preparation 

Zinc electrodes were prepared from poly-tetrafluoroethy-
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Table 5.1 Characteristics of battery cell types 

Cell Config. Internal Cell Electrolyte Current Charge 
Type Electrodes dimensions Volume Time 

mm ml A h 
h X W X d 

v-cell Ni-Zn-Ni 100 X 37 X 4 4.5 o.z 2.5 
H-cell Ni-Zn-Ni 4 X 37 X 55 5.5 0.2 2.5 
D-cell Ni-Ni-Zn 39 X 35 X (l+d)* 1.4(l+d)* 0.1 5 
C-cell Ni-Ni-Zn 67 X 33 X 7.5* 14* 0.1 5 

* Zinc electrode compartment. 

lene (PTFE)-bonded zinc oxide (5L to which 2 wt% HgO was ad

ded. The electrode paste (2.1 g) was pressed onto the current 

collector, a silver-plated nickel screen (35 x 39 x 0.3 mm), 

to obtain an electrode with a theoretical capacity of 1.3 Ah. 

As counter electrodes sintered, nickel-hydroxide electrodes 
were employed (Varta, Germany, 35 x 39 x lLB mm) with a nomi

nal capacity of o. 5 Ah. The electrolyte was prepared from 
AnalaR-grade KOH, ZnO and LiOH with concentrations of 9. 5, 

1.0 and 0.5 M, respectively, and doubly-distilled water. 

5.2.2 Cell construction and battery assembly 

The characteristics of the investigated cell types· are 
presented in Table 5. 1. The vertical cell (V-cell) has been 

designed to. investigate zinc electrode behaviour under re
stricted battery electrolyte-volume conditions. Since the 
zinc electrode is sandwiched between two counter electrodes, 

the reference electrode capillary was drilled at the side of 
the cell; position d in Figure 5.1. The cell was filled with 

electrolyte and vacuum treated. The electrolyte level was 
about 10 mm over the top of the electrodes. 

In the horizontal cell (H-cell) the electrodes are placed 
perpendicular to the· earth's gravitational field. For the H

eel! the electrolyte reservoir is positioned, as for the V

cell, at the top of the electrodes, ie where the current lead 

has been spot-welded onto the current collector. The electrol
yte reservoir is larger than for the V-cell (see Table 5.1). 
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Figure 5.1 Positions of the reference electrode capillary in the C- and 
D-cell (position a, band c), and in the V-cell (position d) 

Both in the H- and V-cell the zinc electrode was wrapped in a 

Rai P-2291 40/20 separator, a weak-cationic membrane, such 

that three layers of the membrane separated the zinc. and coun
ter electrodes. 

The distance cell (D-cell) consisted of a counter electro
de (35x39x2 mm) and zinc electrode compartment (35x39xl mm), 

separated by three layers of the membrane separator and a 
spacer with a rectangular hole at the position of the elec

trodes (35x39 mm). The elect.rode compartments, the spacer and 

separator were clamped together by screws and secured with 

'0'-rings. In the D-cell the electrolyte reservoir is absent. 

With three reference electrode capillaries at the back side 

of the zinc electrode, the electrode potential can be meas
ured over the zinc electrode, as shown schematically in Figu

re 5.1 as positions a, b .and c. 
The assembly of the convection cell (C-cell) is similar to 

the D-cell, but the zinc electrode compartment is larger than 

for the D-cell (cf. Table 5.1). In the c-cell a convective 

electrolyte flow along the zinc el~ctrode can be induced. To 
accomplish the electrolyte flow, electrolyte reservoirs were 

implemented beneath as well as above the top of the elec
trodes. A drawing of the convect.ion cell is given in Figure 

5.2. A piece of flexible polyethylene material was mounted at 

the bottom of the zinc electrode compartment. Via a movement 
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of a piston, outside the cell, against the polyethylene mate
rial a pulsating electrolyte flow is induced in the zinc elec
trode compartment. The electrolyte flow velocity can be con
trolled by varying the frequency or amplitude of the movement 
of the piston; in practice, however, only electrolyte veloc
ities between about 5 and 10 cm.s-1 could be induced. 

5.2.3 Battery cycling procedures 

The batteries were cycled with a constant current density, 
73 A.m-2, which implies a current of 0. 2 A for the v- and 
H-cell, and of 0.1 A for the other cell types. For all cell 
types the maximum amount of charge is o. 5 Ah. The cut-off 
cell voltage during charge is 2.05 V and during discharge 1.0 
V. An automatic cycling device was developped which has been 
described in extenso elsewhere [6]. 

5.2.4 Ex-situ analysis of the zinc electrode 

At the end of the cycling experiment the batteries were 
disassembled in the discharged state and photographs were 
taken from the electrodes. The electrodes were rinsed with 
doubly-distilled water and cut into four parts of about equal 
area. The zinc material (zinc and zinc oxide/ hydroxyde etc.) 
of each part was dissolved in 2 M HN03. The solution was di-

Zinc 
electrode 

Separator 
I 

.... -

Nickel oxide 
- - eiectrode 

Figure 5.2 Schematic drawing of the C-ce11. 
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Figure 5.3 Capacity versus cycle number curve for a zinc electrode 
cycled in the V-cell. 

luted to a Zn(II) concentration of about l.lo-3 M and the pH 

was adjusted to 3. The zinc content of these solutions was 

determined polarographically, using a Metron 663 VA stand 

polarograph and a Metron E506 Polarecord. 
The results are presented .as the amount of zinc on a cer

tain part of the electrode per unit area relative to the to

tal amount of zinc on the electrode per unit area, viz.: 

(5.1) 

where mi is the amount of zinc at part i and Ai the area of 
part i. 

5.3 Results 

5.3.1 Vertical Cell 

A capacity versus cycle number curve for a nickel oxide

zinc accumulator cycled in a V-cell is given in Figure 5. 3. 
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0.62 0.94 

1.24 1.24 

Figure 5.t Zinc content per unit area measured at the four parts of the 
electrode relative to the total zinc content per unit area on 
the electrode for the electrode cycled in the V-cell after 23 
cycles. 

The capacity is defined here as the percentage of the prede
termined amount of charge input ( ie o. 5 Ah) retrieved from 
the battery during discharge. After 8 cycles the capacity 
drops gradually. After 23 cycles the battery was dismantled 
and shape change was observed. 

The shape change pattern of the zinc electrode can be seen 
from Figure 5.4. This figure shows the zinc content per unit 
area measured at the four parts of the electrode relative to 
the total zinc content per unit area. Evidently, the top 
parts are depleted and the bottom parts are enriched in zinc. 

For cycles . 5, 15 and 20, the zinc electrode potential, 
monitored during cycling at position d, is presented in Figu
re s.s. At the end of the charge period the potential of the 
zinc electrode decreases. With increasing cycle number the 
potential at the end of charge decreases, indicating that the 
zinc electrode is capacity limiting. The potential at the end 
of discharge increases with increasing cycle number. Since, 
it was visually observed at the end of the cycling experi
ment, that zinc is definitely present on the electrode, it 
appears that part of-the zinc cannot be discharged. 

5.3.2 Horizontal cell 

The capacity versus cycle number plot for a battery cycled 
in a horizontal cell shows a trend similar to that found for 
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Figure 5.5 Zinc electrode potential measured at position d (V-cell, ct. 
Figure 5.1) versus time during cycles 5, 15 and 20 . 

Figure 5.6 Photograph of the electrode cycled in the H-cell taken after 
4 7 cycles; (A) Side of the electrode facing upwards (Bl Side 
of the electrode facing downwards 
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1.43 1.31 

Figure 5.7 Zinc content per unit area measured at the four parts of the 
electrode relative to the .total zinc content per unit area 
for the electrode cycled in.the H-cell after 47 cycles. 

the V-cell, except that the capacity decreases more slowly. 

The shape change pattern on the zinc electrode can be seen 

from the photographs of the electrode taken after 4 7 cycles 

and the zinc content per unit area at the four parts of the 

electrodl:) relative t;o the total zinc content per unit area, 

given i;n the Figures 5.6 and 5.7, respectively. In contrast 

with the cycling experiments in the V-cell, generally, zinc 

material had accumulated at one side of the zinc electrode 

(the side facing upwards, see Figure 5. 6A), whereas the other 

side is df:!pleted in zinc material (the side facing downwards, 

see Figure 5.6B). 

5.3.3 Distance cell 

Cycling tests with the D-cell were performed with zinc to 

nickel electrode distances ranging form o to 5 mm. In the 

D-cell with a distance of o mm, the battery could not accept 

the predetermined amount of charge during the first cycle. 

The charge acceptance decreased to very low values within a 

few cycles and the cycling test was aborted. It appears that 

the battery cannot ·operate successfully with such a small 

amount of battery electrolyte. 

For batteries with zinc to nickel electrode distances of 

1, 2 and 5 mm, the capacity versus cycle number curves are 

presented in Figure 5. 8. The cycling experiment was discon-
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Figure 5.8 Capacity versus cycle number curve for zinc electrodes cycled 
in the D-cell and d = l, 2 and 5 mm. 

tinued after 27, 12 and 45 cycles, respectively, and shape 

change is observed for the three electrodes. In Figure 5.9 A, 
B and c, the zinc content per unit area measured at the four 

parts of the electrode relative to the total zinc content per 

unit area is presented for zinc electrodes cycled in the D
cell with d = 1, 5 and 2 mm, respectively. 

For zinc electrodes cycled at d = 1 and 5 mm the shape 
change patterns are similar (Figures 5.9A and 5.9B). For 

these electrodes the capacity dropped below 50% after 14 and 
44 cycles, respectively. This shows that the shape change 

rate increases with decreasing zinc to nickel electrode dis
tance. The cycling experiment with d = 2. mm was terminated 
after 12 cycles, while the capacity is still 77%. For this 

electrode the shape change process has not progressed as much 
as for the other electrodes ( cf. the results in Figure 5. 9C 
and Figure 5.9A or 5.9B). 

For a D-type battery with d 1 mm, the zinc electrode 

potential, measured at locations a, b and c of the electrode, 
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A 8 c 
Figure 5.9 Zinc content per unit area measured at the four parts of the 

electrode relative to the total zinc content per unit area 
for the electrode cycled in the D-cell. (A) d = 1 mm, after 
21 cycles (B) d = 5 mm, 45 cycles (C) d = 2 mm, 12 cycles. 

for cycle number 5, 15 and 27, is given in Figure 5.10 A, B 
and C, respectively. The potential distribution varies con
siderably over the electrode. The potential decreases during 
charge and increases during discharge more rapidly at the top 
than at the bottom of the electrode. 

In the D-oell also experiments were performed without sepa
rators placed between the zinc and counter electrode. The dis
tance between zinc and counter electrode was fixed at 8 mm in 
order to avoid dendrite shorting as much as possible. Howev
er, the coulombic efficiency remained significantly lower 
than for batteries with membranes, viz. about 80-85 and 93-
97%, respectively. This indicates that internal shorting 
occurred despite the large distance between the electrodes. 
Also, it was noted that after only 5 cycles zinc accumulated 
at the bottom of the electrode and made direct contact with 
the counter electrode. The battery capacity remained about 80 
to 85% throughout the cycling experiment. After 28 cycles the 
battery was dismantled and shape change was observed. 

5.3.4 Convection cell 

Battery cycling experiments in the C-cell were performed 
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Figure 5.10 Zinc electrode potential monitored at positions a, b and c 
(D-cell, ct. Figure 5.1) versus time at d = 1 mm. (A) cycle 
5, (B) cycle 15, (C) cycle 27 

with and without forced convection. If forced convection was 
applied to the electrolyte in the zinc electrode compartment 
(approximately 5 cm.s-1). the zinc material appeared to be 
uniformly distributed over the electrode, as can be seen from 
the photograph taken after 28 cycles, given in Figure 5 .11. 
The potential distribution was nearly uni.form over the elec
trode, except that the potential at the top of the electrode 
was during charge slightly higher and during discharge slight
ly lower than the potential at the bottom of the electrode. 

For an electrode cycled in the C-cell if no convection was 
applied, almost all zinc material is found at the bottom of 
the electrode. A photograph of this electrode, taken from the 
cell after 19 cycles, is presented in Figure 5.12. During 
cycling the potential distribution over the zinc electrode is 
non-uniform, corresponding with the highly non-uniform zinc 
material distribution. 

5.4 Discussion 

5.4.1 The capacity and the potential distribution 

The capacity of the nickel oxide-zinc battery passes 
through a maximum with increasing cycle number (see eg Figu-
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Figure 5.11 Photograph of the zinc electrode cycled in the C-cell with 
forced convection after 28 cycles. 

Figure 5.12 Photograph of the zinc electrode cycled in the C-cell 
without forced conversion after 19 cycles. 
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res 5.3 and 5.8). At the beginning of the cycling experiment 
the capacity is low, while the battery can accept the prede
termined amount of charge easily; ie the charge cell cut-off 
voltage is not reached at first. Of course, this cannot be 
caused by hydrogen evolution during charge. The potential of 
the zinc electrode is not cathodic enough. Also, if hydrogen 
is the cause for the low capacity, more than 60 ml of hydro
gen gas should have been produced, which has never been noted. 

Most likely, the low capacity can be attributed to the 
forming process of the electrodes: the battery is assembled 
in the discharged state and the amount of charge required to 
fully charge the electrodes is more than twice the amount 
delivered to the battery during one cycle. During these first 
cycles a zinc matrix is developed on the zinc electrode. 

Once the capacity reaches its maximum value the battery 
can sustain this level of charge output until the battery is 
unable to accept the predetermined amount of charge any more; 
ie the cut-off cell voltage is exceeded prematurely and the 
charge process will be aborted. The capacity decreases rapid
ly during the next cycles, whereafter the extent of decrease 
of the capacity diminishes. 

This decrease of the capacity is not caused by depletion 
in zinc. Zinc is definitely present on the electrode as was 
confirmed by visual inspection at the end of cycling. Howev
er, the availability of the zinc on the electrode decreases, 
predominantly as a result of the redistribution of zinc mate
rial over the electrode. This can be seen from the potential 
distribution given in Figure 5.10. The changes in the poten
tial during charge as well as during discharge are larger at 
the top than at the center of the electrode, and, the changes 
at the center are larger than at the bottom of the electrode. 
Hence, the top of the electrode must be depleted in zinc mate
rial in an earlier stage of the charge and discharge process 
than the center or bottom of the electrode. Thus, the poten
tial measured at the three positions on the electrode indi
cates that zinc material has been transported from the top 
towards the bottom of the electrode. 
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Roughly, the capacity of the electrode indicates the pro
gress of the shape change process, as can be seen from Fig
ures 5. 8 and 5. 9. For the electrodes cycled in the D-cell, 
with distance 1 and 5 mm, the capacity at the end of cycling 
was low and the shape change pattern on both electrodes are 
similar. However, for the electrode, cycled in the D-cell 
with d = 2 mm, the cycling test was discontinued when the 
capacity of the battery was still high. Figure 5.9C shows 
that the redistribution has not progressed as much as for the 
other two electrodes (cf. Figure 5.9A and 5.9B). Thus, quali
tatively, a decrease of the capacity and larger potential 
differences over the zinc electrode indicate that shape 
change is in progress. However, quantitatively the extent of 
shape change on the electrode and the rate of the shape 
change process cannot be obtained from capacity or potential 
data, because these data relate to the availability of active 
material on the electrode. And the availability decreases 
amongst others due to the (local) depletion in zinc, but also 
due to passivation of the zinc or densification of parts of 
the electrode. 

5.4.2 Cells of different geometry 

Shape change is observed for all zinc electrodes, except 
for electrodes cycled in the convection cell when forced con
vection was applied to the electrolyte in the zinc electrode 
compartment. The pattern of redistribution of zinc material 
and/or its rate differs for different cell types. 

For zinc electrodes cycled in the vertical cell, zinc mate
rial accumulates at the center and bottom of the electrode. A 
similar shape change pattern is found for electrodes placed 
in the D-cell and the H-cell. However, zinc material agglom
erated at the bottom of the electrode in the C-cell when no 
forced convection was applied to the electrolyte. The C-cell 
differs from all other cells in that an electrolyte reservoir 
is also present at the bottom of the zinc electrode. It ap
pears that, because of this electrolyte reservoir, transport 
of zinc material from the top towards the bottom of the elec-
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trade is increased. It is conceivable that the bottom elec

trolyte reservoir 'traps' electrolyte with a high zincate 

concentration, which has a higher electrolyte density than 

the electrolyte above the reservoir (see Chapter 8). 

The results of zinc electrodes cycled in the D-cell show 

that shape change occurs more slowly at larger interelectrode 

distances. This points out that the amount of battery elec

trolyte is of crucial importance to shape change. Note, that 

no electrolyte reservoirs were implemented. The anodic prod

uct formed during discharge of the zinc electrode can dis

solve completely in the battery electrolyte at larger inter

electrode distances. The precipitation of zincate onto the 

electrode, which at smaller interelectrode distances occurs 

predominantly at the bottom of the electrode, does not occur. 

Hence, during charge the supply of zincate ions to the top of 

the electrode is larger. The result of one charge-discharge 

cycle is that less zinc material is transported over the elec

trode and, therefore, shape change is retarded. 

Shape change was observed also for the zinc electrode cy

cled in the D-cell without separator. This indicates that 

membrane pumping [1] cannot be the principal driving force 

for shape change, as as been suggested also by McBreen and 

Cairns [2]. However, if the non-uniform current density dis

tribution coupled with concentration cells should explain 

shape change [3], then it is expected that zinc material 

accumulates at the center of the electrode, which is clearly 

not observed from our experiments (see Figures 5.4, 5.6, 5.7, 

5.9 and 5.12). Also, this model predicts a non-uniform poten

tial and current distribution over the electrode: the center 

of the electrode being a low current density region with 

small deviations from the equilibrium potential; the top and 

bottom being high current density regions with large devia

tions from the equilibrium potential. Our results show that 

the potential deviations increase in the series: bottom, 

center and top of the electrode (cf Figure 5.10), which is in 

disagreement with the predictions of the concentration-cell 

model. Thus, it appears that the concentration-cell and 
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membrane-pumping model do not describe the shape change 
phenomenon satisfactorily. 
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6 The In-Situ Monitoring of Zinc Electrode Shape Change 

6.1 Introduction 

The study of zinc electrode shape change has been per
formed by ex-situ and in-situ techniques [1-8]. In the elabo
rate ex-situ and, hence, 'post-mortem' analysis of the shape 
change phenomenon, the zinc- and zinc oxide distribution over 
the zinc electrode is determined gravimetrically and colorime
trically [1-3]. The in-situ techniques are based on the deter
mination of the superficial current density distribution over 
the zinc electrode. A decrease of the local current density 
implies a loss of active material on that part of the elec
trode and, inversely, an increase of current density implies 
an accumulation of active material. However, changes of the 
current density distribution due to other causes, like altera
tion of electrolyte conductance or passivation and densifica
tion of the electrode, are neglected. 

Furthermore, the current density distribution is not meas
ured directly, but is deduced from the determination of the 
potential distribution over the zinc electrode [4,5] or from 
the current density distribution over a sectioned counter 
electrode [6-8]. Thereby, it is assumed that the measured pa
rameter and the current density distribution are continually 
related in a straightforward way, which is certainly untrue. 

An even more serious drawback of this technique, in fact 
of all techniques applied up till now, is that information is 
obtained on the overall process rather than on the movement 
of zinc species over the electrode during the cycling pro
cess. Therefore, it was investigated whether zinc electrode 
shape change could be monitored in situ using a novel ap
proach, ie: the incorporation of a radiotracer, 65zn (half
life 244 days), in the battery and following its movement 
when cycling the nickel oxide-zinc battery. The location of 
labeled material in the battery can be determined by measure
ment of the spatial distribution of the radioactivity in the 
battery. Since the chemical and physical properties of the 
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tracer are, apart from its radioactivity, identical to non

radioactive zinc, the movement of the tracer indicates the 

movement of zinc material over the electrode. However, with 

the radiotracer technique it is virtually impossible to dis

tinguish between zinc species in the electrolyte and on the 

electrode or between metallic zinc and oxidized zinc species. 

Thus, zinc material refers to all zinc species, whether on 

the electrode (eg Zn, ZnO, Zn(OH)2, K2Zn(OH)4) or in solution 
(eg Zn(OH)-3, Zn(OH)42-, polymeric zincate ions). 

During battery cycling the radioactivity distribution pre

sents an indication of the zinc material distribution over 

the electrode, provided the specific activity over the elec

trode remains constant throughout the cycling process, ie a 

constant ratio of 65zn radioactivity to total Zn mass. 

The radiotracer experiments were carried out with homoge

neously labeled zinc electrodes as well as with zinc elec

trodes which had only a small radioactive part: 'spot' elec

trodes. In this Chapter homogeneously labeled zinc electro-

0 
[(50.7 %) 

~~Zn (tv2 244 days) 
EC1 (50.7%) 

1.116 MeV EC2 ( 47.8%) 

~~Cu (stable) .13+( 1·5 %) 

2~gHg (t1; 246.8 ddys) _ 
(100 %) 

.132 0.279 MeV 
(<0.004 %) 

zgfrl (stable) ® f(81.5 %) 

Figure 6.1 Simplified decay scheme of 65zn (A) and 203Hg (B). 
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des, ie electrodes with uniform specific activity, are stud
ied during battery cycling. The distribution of radioactivity 
over the zinc electrode indicates the zinc material distribu
tion over the electrode; therefore, zinc electrode shape 
change can be monitored in situ. 

It is well known that the zinc electrode shape change is 
accelerated when mercuric oxide is added to the zinc battery 
plate [9). The origin of this deleterious effect is scarcely 
understood in spite of the fair amount of studies [9-11]. The 
role of the mercury additive with respect to zinc electrode 
shape change can also be studied with the radiotracer tech
nique. The 203Hg (half-life 46.8 days) radiotracer was incor
porated in the zinc electrode and its displacement over the 
electrode was detected during repeated cycling of the secon
dary battery. 

6.2 Experimental 

6.2.1 Zinc electrode preparation and cell assembly 

Poly-tetrafluoroethylene(PTFE)-bonded zinc oxide [10] was 
used for the preparation of the zinc electrodes. This PTFE
bonded zinc oxide was pressed onto a silver-plated nickel 
screen (35x39x0.3 mm) to obtain a zinc electrode with a thick
ness of about o. 7 mm and a theoretical capacity of 1. 3 Ah 

[ 5). The electrode was wrapped in a separator, Rai P-2291 
40/20, a weak-cationic membrane, and sandwiched between two 
sintered nickel-oxide electrodes (35x39x0.8 mm, 0:4 Ah in 
capacity each, Varta, Germany). The battery was assembled in 
the discharged state. 

The experiments were carried out, using polyacrylate verti
cal cells (V-Cell) and horizontal cells (H-Cell) in which the 
electrodes are placed both parallel and perpendicular to the 
earth gravitational field, respectively (cf. Chapter 5). The 
batteries were operated in the flooded and vented mode. The 
horizontal cell has only a small opening at the reservoir end 
so that gas produced at both electrodes could not readily 
escape, as is the case with V-cells. 
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The battery electrolyte was prepared from doubly-distilled 

water, AnalaR-grade potassium hydroxide and zinc oxide with 

initial concentrations of 10 and 1 molar, respectively. Since 

zinc oxide is quantitatively converted to zincate according 
to Equation (6.1): 

(6.1) 

the KOH concentration can decrease from 10 to approximately 8 

molar. The air in the electrolyte and electrodes is removed 

by placing the assembled cell in a vacuum chamber for at 

least 30 minutes. 

The 65zn and 203Hg radiotracers were prepared by neutron 

irradiation of (PTFE-bonded) zinc oxide and mercuric oxide, 

respectively. The irradiations were performed at the Inter

faculty Reactor Institute at Delft. The irradiated samples 

were stored for about 4 weeks to allow induced short-lived 
activity to decay, eg 69IDzn (13.9 h), 197Hg (64 h) and 197~g 

(24 h). After this decay, the purity of the radiotracer was 

checked by Ge(Li) gammaspectrometry. The specific activity of 

the radioactive samples was in the order of 50 GBq.kg-1 for 
65zn and 300 GBq.kg-1 for 203Hg. 

Three series of experiments were performed 

a. 65zinc-labeled electrode. 

Radioactive PTFE-bonded zinc oxide was well mixed with 

non-radioactive PTFE-bonded zinc oxide. This mixture 

was used to prepare an electrode with uniform specific 

activity. The electrolyte was prepared with non-radio

active zinc oxide. 
b. 65zinc-labeled electrolyte. 

The battery was assembled with initially non-radioac

tive electrodes. The battery electrolyte was prepared 

with radioactive zinc oxide. 

c. 203Hg-labeled electrode. 

Radioactive mercuric oxide was mixed with PTFE-bonded 

zinc oxide and this mixture was used to prepare an elec

trode containing 2 wt% HgO. 
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Figure 6.2 The experimental set-up for the radiotracer measurements. 

6.2.2 Battery cycling tests 

The nickel oxide-zinc batteries were cycled galvanostati
cally with a current of 0.2 A (73 A.m-2). The cycling experi
ment started with a charge half-cycle. Cell voltage, during 
charge and discharge were recorded for all batteries. The 
zinc electrode potential (versus a Hg/HgO reference elec
trode) was recorded for the V-cell only. A device was develop
ed for automatically cycling of the batteries. The charge pro
cess was ended if the preset time of 2.5 hours or if the cell 
cut-off voltage of 2.1 V was exceeded. The discharge process 
was continued until the cell voltage dropped below 1.2 V. At 
the end of a half-cycle (charge or discharge), a rest period 
of 0.5 h was introduced. 

6.2.3 The detection of radioactivity 

65zn disintegrates with a half-life of 244 days via elec
tron captures and emission of a gamma ray and/or emmision of 
a positron to stable 65cu. A simplified decay scheme is pre
sented in Figure 6 .1A. The gamma ray, used for detection of 
65zn, has an energy of 1.116 MeV and an emission probability 
of· 50.7%. The annihilation of each positron produces two 
gamma rays with an energy of 0.511 MeV. 

Figure 6.18 shows the decay scheme for the mercury label. 
203Hg disintegrates with a half-life of 46.8 days to stable 
203Tl, via emission of 1)- particles and a gamma ray with an 
energy of 0.279 MeV and an emission probability of 81.5%. 
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Figure 6. 3 The subdivision of the electrode surface for measurements 

with the conical collimator (A) and the rectangular 
collimator (B). 

The radiotracer measurements were performed during the 
rest period of the battery cycling regimen. The experimental 
set-up for the gamma-ray measurement is given in Figure 6.2. 
The cell is positioned accurately by a set of blocks, thus 
enabling the measurement of the radioactivity at nine regions 
on the zinc electrode. These nine regions on the zinc elec
trode are depicted in Figure 6. 3 for two types of collima
tors, a 'conical' and a 'rectangular' one. 

The conical collimator consists of a brick of lead (200x 
100x100 mm) in which a conical hole is made. The radius of 
the circular cross-section at the cell side is 5.5 mm and at 
the detector side 40 mm. The geometrical efficiency, ie the 
ratio of the surface area of the detector which can detect 
radiation directly, and the surface area of the sphere with a 
radius equal to the distance of the radiation source from the 
detector, for the conical collimator is 1%. Due to this rela
tively 'high' efficiency low activities can be measured over 
acceptable time intervals. With the positioning of the cell 
in front of this collimator the activity at about 95% of the 
zinc electrode area can be determined, step-wise. 

The rectangular collimator is manufactured from a brick of 
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lead ( 150x100x100 mm) in which a rectangular hole ( 13. oox 

11.67 mm) is made. The dimensions of this hole at the cell 

side and at the detector side are identical. With this colli

mator the activity over the total surface of the zinc elec

trode can be detected, but the specific activity of labeled 

material must be higher than with the conical collimator, 

since its geometrical efficiency is only about 0.05%. 
The 1.116 MeV gamma ray of 65zn and the o. 279 MeV gamma 

ray of 203Hg are detected with a cylindrical Nai(T1) scintil

lation crystal with a radius of 38.1 mm and a length of 76.2 
mm. ·For 65zn the pulse-height analyser was set to measure 

photons with an energy between 1. 05 and 1. 25 MeV, for 203Hg 

the setting was between o. 255 and o. 305 MeV. These settings 

reduced interference in the measurements of lower energy 

(Compton or scattered) photons. All measurements were per

formed with a preselected time interval. Its magnitude de
pends on the observed counting rate, ie the number of meas

ured pulses in the photopeak per second, to obtain a statis

tical error lower than 5%. The observed counting rate at a 

region on the electrode, nr, is corrected for the background 
counting rate, nb, and for the decay of the radionuclide. 

. . 
Thus, the background- and decay-corrected counting rate, nr,c 

is calculated from the formula: 

(6.2) 

In this Equation ~t is the time elapsed since the start of 

the cycling experiment and t112 the half-life of the radio

nuclide. The exponential term in Equation (6.2) corrects the 
activity data for the decay of the radionuclide since the 

start of the cycling experiment. Therefore, the radioactivity 

data of a certain region on the electrode can be interpreted 
directly. From the background- and decay-corrected counting 

rate the activity at a certain region on the electrode, Ar 

(in Bq), is calculated from the formula: 

Ar = nr,c * A. (6.3) 
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where X is the conversion factor, including the efficiency of 
the experimental set-up and the yield of gamma rays for each 
disintegration of the radionuclide. The efficiency of the 
experimental set-up, was determined from the measurement of 
the counting rate of a 65zn or 203Hg point source, of which 
the activity was accurately known at the time of the measure
ment (calibration sources). 

6.2.4. Ex-situ electrode analysis 

At the end of the cycling tests the batteries were disas
sembled and photographs were taken from the zinc electrodes. 
Then,. the radioactivity distribution over the zinc and nickel 
electrodes was determined separately. The radioactivity of 
the electrolyte was also examined. 

The electrode mass was scraped from the nine fictitious 
regions (13.00xll.67 mm) on the zinc electrode. The nine sam
ples were weighed and their radioactivity, specific activity 
and PTFE content established, by courtesy of Mrs. c. Zeegers, 
at the Interfaculty Reactor Institute at Delft. 

It was found that for all electrodes the amount of PTFE 
per region was nearly equal over the electrode and close to 
the theoretically expected value. Evidently, since the total 
amount of electrode material_per region varies over the elec
trode, the PTFE concentration in the electrode material is 
not constant over the electrode. 

Within the experimental error, the specific activity over 
the zinc electrode was found to be uniform for electrodes pre
pared with uniform specific activity. 

6.3 Results and Discussion 

6.3.1 65zn distribution-at open-circuit potential 

A battery was assembled with a freshly prepared electrode 
of which a small part was made radioactive: a spot electrode 
(the preparation of the electrode is described in Chapter 7). 
This battery was not cycled, but was kept at open-circuit po-
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Figure 6.4 The relative battery capacity during cycling of a battery 
with the zinc electrode with uniform specific activity (65zn) 
in a vertical cell. 

tential over more than 4 months. The activity of the radioac
tive spot remained virtually constant during this period, and 
the radioactivity of the electrolyte at the end of the test 
was less than 2% of the radioactivity at the spot. This indi
cates that though the battery electrolyte is not Zno-satu
rated, the chemical dissolution rate of ZnO and the exchange 
with zincate ions in solution is small, as was also found by 
Dirkse et al. [12]. Hence, any change in radioactivity over 
the electrode during repeated cycling will be the result of 
the charge and discharge processes in the battery. 

6.3.2 Cycling experiment with 65zn in the electrode 

I The in-situ monitoring of the shape change pattern 

An electrode with uniform specific activity was continuous
ly cycled in a vertical cell, which was filled with non-radio
active electrolyte. The change of the relative capacity dur
ing the cycling process is given in Figure 6.4. The relative 
capacity is defined here as the ratio of the charge output 
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Figure 6.5 The change of the radioactivity at the nine regions on the 

electrode (cf. Figure 6.3) with uniform specific activity 
during cycling. Measurements were performed with the conical 
collimator. 
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Figure 6.6 
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The relative radioactivity distribution at the nine regions 
on the electrode (cf. Figure 6.3) with uniform specific acti
vity, measured after 52 cycles. The radioactivity was meas
ured with the conical collimator. 

and the predetermined charge input. It is observed that the 
battery can accept the predetermined amount of charge for 
about 9 cycles. The current efficiency is about 95%, except 
for the first cycles. The capacity drops to about 40% in the 
next 20 cycles and remains at this level for another 20 cy-
cles. At the end of the cycling test, after 52 cycles, the 
electrode was taken from the cell and shape change was ob-
served. 

During the cycling experiment the distribution of the 
tracer over the electrode was monitored with the conical col
limator. The change of the radioactivity in each of the nine 
regions on the electrode is depicted in Figure 6. 5. At the 
start of. the cycling experiment the activities of the indi
vidual regions are not equal. This can be attributed to inac
curacy in the measurement of the radioactivity (see Section 
6.4), and possibly, to a minor extent to small differences in 
zinc electrode thickness and to local inhomogeneities in spe
cific activity. 

Figure 6. 5. shows that the movement of the tracer occurs 
from the start of the experiment. The three top positions be
come more and more depleted in radioactive material, whereas 
the botto.m positions gradually gain radioactive material. The 
changes in the measured radioactivity over the electrode be
come smaller as battery cycling proceeds. 
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Figure 6.7 The relative electrode mass distribution at the nine regions 
on the zinc electrode (cf. Figure 6.3) with uniform specific 
activity, after 52 cycles. 

The radioactivity at a certain region on the electrode is 
related to the amount of labeled material at that region. 
Since initially, the specific activity over the electrode is 
uniform, it will remain constant in time (cE. section 6.2.4), 
and the amount of labeled material presents an indication for 
the total amount of zinc ~aterial. 

Therefore, the radioactivity distribution presented in 
Figure 6. 5 shows that during cycling significant changes of 
the zinc material distribution occur. The top of the elec
trode looses zinc material which agglomerates at the bottom 
of the electrode. Thus, the redistribution of zinc species 
over the zinc electrode, ie zinc electrode shape change, can 
be monitored in situ. 

II The ex-situ determination of the shape-change pattern 

The radiotracer technique can also be applied for the ex
situ analysis of the zinc material distribution over the zinc 
electrode. After 52 charge-discharge cycles the electrode has 
been taken from the cell and the radioactivity over the elec
trode was measured. In Figure 6.6 the relative radioactivity 
distribution is presented, which may be compared with the 
relative electrode mass distribution and the photograph of 
the electrode, given in Figures 6. 7 and 6.8, respectively. 
The zinc material distribution derived from these three figu
res are in general agreement. 

- 110 -



Figure 6.8 Photograph of the electrode with uniform specific activity, 
taken after 52 cycles . 

The photograph shows that shape change has occurred. It 

offers a general impression of how zinc material is distrib

uted over the zinc electrode surface. The electrode mass dis

tribution, given in Figure 6.7, offers a less qualitative pic

ture of the zinc material distribution , though since PTFE and 

probably water and KOH are embedded in the electrode mass, 

the relation between zinc material and electrode mass distri

bution is semi-quantitative. The radioactivity distribution 

is quantitatively related to the zinc material distribution 

provided the specific activity over the electrode is con

stant. As was pointed out before, the specific activity is 

uniform over the electrode , and so will be constant in time, 

as was confirmed experimentally. Therefore, the radiotracer 

technique also provides a non-destructive and non-elaborate 

method for the ex-situ determination of the shape change pat

tern on the zinc electrode . 
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The change of the radioactivity at the nine regions on the 
electrode (cf. Figure 6.3) during cycling of the battery 
with initially only radioactive electrolyte. Measurements 
were made with the conical collimator. 
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6.3.3 Cycling experiment with 65zn in the electrolyte 

For an uniformly labeled electrode the contribution of 

radiation from labeled zincate ions in solution to the meas
ured radioactivity over the electrode is expected to be negli
gible, since the concentration of zinc material is much lar
ger in the electrode than in the electrolyte. However, the 
radioactivity distribution as observed in Figure 6. 5 changes 
drastically within a few cycles, which is attributed to the 
movement of zincate ions in solution. Though during charge 
the zincate concentration will be small, it may rise apprecia

bly during discharge. , 
The influence of labeled zincate ions in solution on the 

measured radioactivity distribution was examined by perform
ing a cycling experiment with a battery. assembled with an 
initially non-radioactive zinc electrode and a radioactive 
(65zn) electrolyte in a vertical cell. After 52 cycles the 

cycling experiment was discontinued and zinc electrode shape 
change was observed. 

The radioactivity distribution during the cycling test was 
determined using the conical collimator and is given in Figu
re 6.9. Similar to the results depicted in Figure 6.5 the top 
regions loose and the bottom regions gain radioactive mate
rial. However, for the first five cycles the top regions show 
an increase of radioactivity, which is also noted at the 
other regions. Therefore, the increase at the top is not 
caused by the movement of radioactive zincate ions from the 
bottom or middle regions towards the top of the electrode. It 
must be caused by the deposition of radioactive zincate ions, 
which are supplied by the electrolyte just over the top of 
the electrodes: the electrolyte reservoir, which is not seen 
by the detector, and hence, not taken into account in the 
radioactivity measurement. 

During these first cycles the specific activity over the 
zinc electrode and in the battery electrolyte will change 
markedly, due to mixing of non-radioactive zinc material on 
the electrode with radioactive zinc material in the electrol
yte. After these first cycles it will change only marginally. 
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Figure 6.10 The relative battery capacity during cycling of the battery 
with the mercuric-oxide containing ~inc electrode. 

However, since the deposition of zincate ions differs for 
different regions on the electrode and since at the top re
gions a large electrolyte reservoir is present, from which 
radioactive zincate ions can be supported, the specific acti
vity over the electrode will not be constant. Also, the spe
cific activity will be affected by the extent of penetration 
of radioactive zincate ions into the porous electrode, by the 
thickness of the electrode and by the redissolution of zinc. 
Thus, though the trend of. the plots in Figure 6.5 and 6.9 are 
similar, at least after the first few cycles, the zinc mate
rial distribution cannot be obtained from the experiment with 
the battery with initially only radioactive zinc material in 
the electrolyte. 

The increase of radioactivity at the top positions at the 
start of the cycling experiment indicates that the existence 
and position of an electrolyte reservoir is of crucial impor
tance for zinc electrode shape change. It also shows that 
zincate ions are transported over the electrode via the bat-
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tery electrolyte. This will be further discussed in the next 
Chapter. 

6.3.4 The mercury additive and zinc electrode shape change 

When mercuric oxide is added to the zinc battery electrode 
it is reduced to metallic mercury at the beginning of the 
first charge half cycle. This was observed clearly from the 
cell voltage and zinc electrode potential which are both con
siderably lower at the beginning of the first charge half cy
cle as compared with batteries with additive-free zinc elec
trodes or with mercuric-oxide containing electrodes during 
subsequent charge half cycles. 

The capacity curve, given in Figure 6.10, differs from the 
curve observed for additive-free batteries, cf. Figure 6.4. A 
steeper decline and almost no plateau value of the capacity 
are observed. Also, a shorter battery cycle life was found 
for the mercury containing electrodes. After dismantling of 
the cell zinc electrode shape change was observed. 

The experiments with the 203Hg label were carried out with 
electrodes with uniform specific activity, ie a constant 
ratio of 203Hg radioactivity to total Hg mass, in vertical 
cells, using the rectangular collimator in the measurements. 
Figure 6.11 presents the 203Hg radioactivity distribution 
during the cycling experiment. During cycling the radioac
tivity distribution changes only marginally and thus, the 
spatial distribution of the mercury tracer does not alter 
significantly. 

The shorter cycle life of batteries with mercury-contain
ing zinc electrodes is attributed to the more rapidly devel
oping shape change process [9-11]. McBreen suggested that the 
mercury-oxide additive, which is reduced . to mercury during 
the first charge period, increases the polarizability of the 
zinc electrode [14,15], thus causing a more non-uniform cur
rent density distribution, and hence, an accelerated shape 
change behaviour [8]. However, in Chapter 4 it has been demon
strated that the polarizability of the mercury-containing and 
additive-free porous zinc electrode is similar in magnitude. 
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Other authors [9,11] observed that during repeated cycling 

the zinc electrode becomes depleted in additives, due to de

tachement of zinc material and loss to the electrolyte and 

separator, which occurs more rapidly than zinc electrode 
shape change. However, the· results given in Figure 6.11 do 

not show that mercury species are displaced over the elec

trode. As the radiotracer distribution remains virtually 
constant during repeated cycling, it is unlikely that the 
mercury additive is transported over the electrode. 

Melnicki et al. [ 13] argued that codeposi tion of mercury 

could influence the zinc deposit morphology and hence, zinc 

electrode shape change. The codeposition of mercury during 
charge implies that mercury species are present in the bat

tery electrolyte, probably as the mercurate ion. The concen
tration of the mercurate ion in solution will be very small, 

since, apart from the high anodic potential needed to oxidize 
mercury in the zinc electrode, the solubility of the oxida
tion product, mercuric oxide, in this medium is very small 

[ 13]. Also, assuming that an electrolyte flow is induced in 
the zinc electrode compartment [3,16], a net transport of the 

mercury tracer over the electrode should be observed, since 

the mercury tracer will be present in solution predominantly 
during discharge. However, our results (cf. Figure 6.11) 

point out that no net transport of mercury species and prob
ably, no transport of mercury species occurs at all. Hence, 
the codeposition of mercury is unlikely to be the cause of 
the accelerated shape change behaviour. 

An answer to the role of mercury cannot be given solely on 

the basis of the data obtained from the radiotracer measure
ments. However, the radiotracer measurements show that during 

battery cycling the mercury-zinc ratio over the electrode 
varies considerably, since the zinc material distribution 

changes (cf. Figure ·6.5-6.8) but the spatial distribution of 
mercury species does not change ( cf. Figure 6. 11) . The mer
cury-zinc ratio decreases at positions where zinc material 

accumulates and it increases at positions depleting in zinc 
material. The changing mercury-zinc ratio over the electrode 
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Figure 6.11 The change of the mercury radioactivity at the nine regions 

on the electrode (cf. Figure 6.3) during cycling of a bat
tery with a mercury-containing zinc electrode. Measurements 
were made with the rectangular collimator. 
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is hardly an explanation for the observed accelerated shape 
change behaviour. It shows that if processes at the zinc elec
trode are affected by the mercury additive (which may be very 
small), the differences in mercury-zinc ratio over the elec
trode enlarges its effect. 

6.4 The 'apparent' and 'true' radiotracer distribution 

The measurement of the radiation intensity over the elec
trode yields an ·apparent' rather than an actual or 'true· 
radiotracer distribution. For the electrodes with uniform 
specific activity the reasons are: 

1. A three-dimensional radiotracer profile exists, whereas 
a two-dimensional profile is determined. 

2. The area of a region on the electrode for which the 
zinc material distribution is to be determined, differs 
from the area for which the radioactivity is measured, 
due to the geometry of both cell and collimator. 

3. The radiation observed at a region is partially due to 
radiation from surrounding regions, due to the imper
fect shielding of the collimator. 

These three items are discussed in detail below for 
electrodes with uniform specific activity. 

6.4.1 The three-dimensional radiotracer profile 

A three-dimensional 65zn profile exists in the battery due 
to the presence of the tracer in solution and to the non-zero 
thickness of the zinc electrode. The measurement of the 65zn 
radiation at a region yields the total amount of zinc: ie on 
the electrode and in solution. The zinc concentration is much 
smaller in solution (zincate species) than in the electrode 
(zinc or zinc oxide), typically in a ratio of 1 to 90, respec
tively. Moreover, tlie zinc content in solution is small at 
the end of the charge half cycle and also at the end of cycle 
life. The observed radiotracer distribution will then ap
proach the distribution of the tracer on the electrode and 
thus indeed zinc electrode shape change is determined. So, 
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Figure 6.12 The effect of the position of the radiotracer in the cell 
(distance dl on the circle surface area (radius rl observed 
by the detector (dashed lines). The dimensions given are not 
to scale. 

though the two-dimensional profile obtained with the radio

tracer technique is not equivalent to the radiotracer distri

bution over the electrode, it is concluded that the measured 

radiation intensity distribution is a reliable indication for 

the zinc material distribution over the zinc electrode. 

6.4.2 The surface area of the radiotracer measurements 

The zinc electrode is subdivided into fictitious 9 rectan

gles of equal surface area (13. OOx11. 67 nun). The results of 

the zinc material distribution refers to this subdivision. 

However, the electrode area of which the radioactivity is 

measured, is not equal to these rectangular areas but depends 

on the geometry of collimator and cell, and on the distance 

of the cell from the collimator and detector. Figure 6.12 

depicts part of the cell in front of the conical collimator. 

Note that the dimensions of all components in this drawing 

are not to scale. Assuming that the radiotracer is on the 

zinc electrode and that the electrode has zero thickness (ie 

a two~dimensional radiotracer profile), Figure 6.12 shows 

that the distance of the zinc electrode from the collimator 

determines the surface area of the electrode from which radia

tion can be observed by the detector. Hence, a shift of the 

zinc electrode (variation of distance d) causes an alteration 
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Figure 6.13 The two rectangles represent adjacent regions on the zinc 
electrode for which the zinc material content is to be exam
ined. The circles indicate the surface area observed by the 
detector, using the conical collimator, when the radiotracer 
is concentrated on the zinc electrode and the electrode is 
at the average position, viz. d = 2 mm. 

of the observed radioactivity distribution. 

A much more important consequence of the location of the 
tracer in the battery is that the surface area on the zinc 
electrode covered by the area of the collimator's 'window' , 

depends on the geometry of the experimental set-up. In Figure 
6.13 this is drawn for the conical collimator. The two adja

cent rectangles present two regions on the electrode of which 

the zinc material distribution is to be determined. The cir
cles projected on these rectangles are the areas as seen by 
the detector. These circles do not completely cover the sur

face of the rectangles; also overlap between adjacent circles 
occurs, ie the radioactivity measurement at a certain region 
includes also radiation originating from adjacent regions. 

Calculated values of uncovered areas and overlap relative 
to the rectangle areas are summarized for the conical colli

mator in Table 6.1 and for the rectangular collimator in 

Table 6.2. The position of the zinc electrode in the cell is 
presented in these tables as the position relative to the 
cell wall. The position of the zinc electrode has a marked 

effect on the circle radius in the case of the conical colli
mator or on the sides of the rectangles in the case of the 

rectangular collimator. Increasing the distance between the 
zinc electrode and the detector and collimator results in an 
increasing overlap of two adjacent regions and a decrease of 
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Table 6.1 The influence of the distance of the zinc electrode from the 
cell wall on the surface area observed by the detector with 
the conical collimator. 

d r s-;stot s+;stot A B c 
m mm % % % % % 

0 6.6 13.5 3.3 2.5 4.8 2.7 
2 7.1 11.9 10.9 8.2 9.7 14.9 
4 7.6 3.9 14.9 11.1 14.8 18.6 

d = distance of the zinc electrode from the cell wall 
r = radius of circle on zinc electrode 
s-;gtot = percentage of rectangle not covered by circle area 
s+;gtot = percentage overlap of circles with adjacent rectangles 
A = overlap at regions I, III, VII and IX (cf. Figure 6.3) 
B = overlap at regions II and VIII 
C = overlap at regions IV and VI 
D = overlap at region V 

D 
% 

5.0 
16.4 
22.3 

the uncovered portion of the rectangles. Placing the zinc 
electrode in the middle of the cell, viz. d = 2 nun, the 
overlap would be more than 10% for both types of collimators. 
Also, in the case of the conical collimator, more than 10% of 
the electrode surface has not been measured. 

The overlap observed at a specific region differs for dif
ferent regions on the electrode. The overlap for these diffe
rent regions on the electrode varies considerably (cf. Table 
6.1 and 6.2). The largest overlap is observed at the center 
region (region V), which is approximately twice the overlap 
at the corner regions. For a uniformly radioactive electrode 
the radiation intensity observed at the center region is 

Table 6.2 The impact of the distance of the zinc electrode from the cell 
wall on the surface area observed by the detector with the 
rectangular collimator. 

d 
mm 

0 
2 
4 

p 
mm 

12.4 
12.8 
13.1 

q 
mm 

13.9 
14.2 
14.6 

8- 18tot 
% 

0 
0 
0 

9.1 
12.8 
16.6 

p, q = sides of rectangle on zinc electrode 

A 
% 

6.8 
9.6 

12.4 

B 
% 

10.2 
14.2 
18.7 

The explanation of other parameters is given in Table 6.1 
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higher than at the corner regions and amounts to a difference 
of approximately 8% and 10% for the conical and rectangular 
collimator, respectively. 

These calculations do not take into account the relatively 
low yield of radiation originating from the overlap regions. 
The yield of gamma rays reaching the detector depends on the 
surface area of the detector and the distance from the de
tector. For a point in the overlap region and a point in the 
center of the rectangle the distance from the detector is 
nearly identical. However, the 'effective' surface area of 
the detector (the area of the detector which can receive ra
diation directly) diminishes rapidly when moving farther in 
the overlap zone. For the rectangular collimator the relative 
yield of gamma rays reaching the detector from the overlap 
zone is somewhat less than 0.5; for the conical collimator it 
is less than 0.1. 

Thus the geometry of the experimental set-up affects the 
area on the zinc electrode surface for which the radioacti
vity is determined. Therefore, the observed radioactivity dis
tribution does not yield the actual but an 'apparent' radio
tracer distribution. The difference between the 'apparent' 
and 'true' radiotracer distribution can be estimated for the 
homogeneously radioactive electrode at 2 mm from the cell 
wall. For the conical collimator the 'apparent' and 'true' 
radiotracer distribution are very close. When the rectangular 

Table 6.3 The percentage yield of radiation at the nine regions, when a 
radioactive zinc sheet is placed at position IX. 

Collimator Conical Rectangular Rectangular 
Radiation source 65zn 65Zn 20389 

Region % yield % yield % yield 

I 0.2 0.1 0 
II 0.6 0.1 0 
III 0.9 0.1 0 
IV 0.8 0.3 0 
v 4.7 1.0 0 
VI 15.5 7.3 5.0 
VII 1.5 0.1 0 
VIII 22.6 4.1 1.1 
IX 100.0 100.0 100.0 
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Figure 6.14 The relative yield of gamma radiation from a 65zn point 
source when moving it step-wise in front of the conical col
limator, The distance is measured from the center of the ope
ning of the collimator. 

collimator is used in the measurements, the observed radio
activity will be about 6% more than is expected on the basis 
of the 'true' radiotracer. distribution. However, for the in
situ monitoring of zinc electrode shape change the difference 
in radioactivity at different regions is of importance, rath
er than the total observed radioactivity. The radioactivity 
observed at the center region will be about 4% more than at 
the corner regions. Hence, the error introduced in the radio
activity measurements due to the 'non-matching' areas can be 
ignored when the conical collimator is used and is small when 
the rectangular collimator is used. 

6.4.3 The imperfect shielding of the collimator 

The collimator shields the detector from radiation ong1-
nating from locations not in front of the collimator • s ope
ning. However, gamma rays are not fully observed by the lead 
collimator, and the detector will observe radiation origina-
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ting from all positions in the cell. However, the relative 
yield of gamma rays from positions not in direct view of the 
detector is much lower. The relative yield was determined 
with a 65zn point source (1 mm3). This point source was moved 
step-wise in front of the conical collimator. The results are 
presented in Figure 6.14, where the relative activity is plot
ted versus the distance of the point source relative to the 
radius of the collimator's opening. Ideally, ie assuming a 
perfect shielding of the collimator, the relative activity 
should drop sharply from 100 to 0% when the point source dis
appears out of sight of the detector. Evidently, this is not 
observed and, therefore, the shielding of this collimator is 
far from complete. 

The impact of this 'carry-over' of activity, which is not 
in front of the collimator's opening during the radioactivity 
measurements, was determined by moving a radioactive zinc 
sheet (13.00xll.67 mm) in front of the collimator. This zinc 
sheet contained either 65zn or 203Hg, the latter being incor
porated by immersion during 12 hours of the zinc sheet in an 
aqueous solution of 5 wt% acetic acid and 1 wt% mercuric ox
ide which contained the 203Hg radiotracer. The radioactive 
zinc sheet was located at region IX and was moved in front of 
the collimator, similar to the positioning of the cell in the 
radioactivity measurements. Note, that since a sheet (13. oox 
11.66 mm) is used, this procedure evokes similar drawbacks as 
are observed with the radiotracer measurements (see the pre
ceding paragraph). The results are tabulated in Table 6.3 for 
the two radionuclides and the two types of collimators, with 
the radioactivity measured at position IX set at 100%. The 
regions nearest to region IX show the highest yield of radia
tion, in accordance with the results depicted in Figure 6.14. 
The different geometries of the conical and rectangular colli
mator cause a quite different shielding of gamma radiation. 
The average thickness of the lead shield is much smaller for 
the conical than for the rectangular collimator. Hence, as 
can be seen in Table 6. 3, the rectangular collimator is a 
better shield for radiation than the conical collimator. 
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When the mercury tracer is in front of the collimator, a 

relatively small 'carry-over' is observed at all regions 

(except at region IX of course) when compared with the zinc 

tracer experiment. This is due to the much lower energy of 
the gamma ray emitted by 203Hg. The half-thickness value of 

lead decreases significantly with decreasing gamma-ray ener
gy, viz. from 10 mm for the 1.116 MeV to 1.3 mm for the 0.279 

MeV gamma radiation. Therefore, 203Hg radiation can be shiel

ded more effectively than the 65zn tracer radiation. 

The 'carry-over' of radiation, not in front of the opening 

of the collimator, is smallest when the 203Hg radiation is 

monitored with the rectangular collimator. The high-energy 
gamma-ray of 65zn cannot be shielded as effectively as the 

203Hg gamma-ray, particulary with the conical collimator. 

Thus, small errors are introduced in the radiotracer measure

ments as a result of the 'carry-over' of radiation, not in 
front of the collimator's opening when using the conical col

limator, and by the 'non-matching' areas of the region on the 

electrode and the region in view of the detector when using 
the rectangular collimator. 

6.4.4 A mathematical solution ? 

As was pointed out above the zinc material distribution 

and the observed radiation intensity distribution do not 
refer to the same areas on the zinc electrode. Therefore, the 

problem to solve boils down to finding the relation between 
the observed and 'true' radioactivity distribution. A solu
tion, in principle, is given by: 

9 t 
Ar = tj=l (Aj Yjr) (6.4) 

The 'observed radioactivity' at a region r on the elec

trode, Ar, equals the sum over all nine rectangles on the 
electrode of the product of the 'true radioactivity' at a 

rectangle on the electrode, Ajt, and the 'yield' factor, Yjr· 
This yield factor is a measure of how much the radioactivity 

at a certain rectangle contributes to the observed radioacti
vity at all regions on the electrode. In the ideal case, ie 
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Figure 6.15 The change of the 'true' radioactivity at the nine regions 

on the electrode (cf. Figure 6.3) with uniform specific acti
vity versus\ cycle number. The observed radioactivity distri
bution is given in Figure 6.5. 
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when the observed and 'true radioactivity' distribution are 

identical, the yield factor is unity when j=r and zero other

wise. This yield factor can be obtained from the experiments 

with the radioactive zinc sheet. The positioning of the zinc 

sheet in front of the collimator is performed in the same way 

in which the battery is carefully moved in the radiotracer 

measurements. 

The 'true radioactivity' distribution can be calculated 

from the matrix equation: 

(6.5) 

In this equation At and A are the 'true' and 'observed radio

activity' vectors, respectively, and y-1 is the inverse of 

the 9x9 yield factor matrix. 

The data of Figure 6. 5 are treated following the above 

procedure and the results are plotted in Figure 6.15. It is 

observed that the absolute value of the radioactivity at all 

regions is lower than that from Figure 6.5; in agreement with 

the only-positive values of the yield factor (cf. Table 6 .3). 

The radioactivity at any region relative to the activity at 

other regions is similar in both Figures. Also, the trend of 

the curves in either figure is similar, indicating that a 

change of the observed radioactivity is due to a change of 

the amount of radiotracer material at that region. Hence, the 

only difference between the observed and 'true' radioactivity 

distribution is the total radioactivity on the electrode, 

which is in fact irrelevant when zinc electrode shape change 

is to be monitored. Thus, the results of this calculation 

show that the observed radioactivity distribution can be used 

for the in-situ monitoring of the shape change phenomenon. 

6.5 Conclusion 

The in-situ monitoring of the shape change process and 

pattern can be performed with the radiotracer technique, 

though the results yield a more qualitative rather than quan

titative correlation between the measured radiation and zinc 
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material distribution over the electrode. 
It has been shown that the radiotracer technique can be 

used also to perform a non-destructive ex-situ analysis of 
the shape change pattern. During battery operation the radio
activity distribution alters, which is ascribed to the dis
placement of radioactive zincate ions via the battery elec
trolyte. The role of the electrolyte reservoir for the shape 
change phenomenon has been pointed out, and will be discussed 
further in the next chapters. 

The mercury tracer experiments have revealed that during 
battery cycling no substantial net transport of mercury spe
cies occurs. It is concluded that it is highly unlikely that 
the mercury additive detaches from or moves over the zinc 
electrode surface. 

The merits and limitations of the application of the radio
tracer technique for the monitoring of the shape change phe
nomenon are presented. 
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7 The Process and Mechanism of Shape Change 

7.1 Introduction 

In spite of extensive studies on shape change, there is 
still no agreement about its origin. Choi et. al. [1] state 
that electro-osmosis and osmosis cause forced convection in 
the zinc electrode compartment. The properties of the mem
brane separator, usually a weak-cationic exchange membrane, 
determines the direction and rate of the convective flow. The 
changes in zincate concentration and flow direction during 
the charge and discharge half cycles result in a net movement 
of zinc species in the direction parallel to the electrode 
surface and away from the electrolyte reservoir. In this mo
del shape change is determined by the presence and relative 
position of the electrolyte reservoir and the electrolyte 
between the battery plates. 

McBreen [2] ascribes the occurrence of shape change to the 
discharge of concentration cells over the zinc electrode, ari
sing from the non-uniform current density distribution and 
the different polarizability of the electrode during the 
charge and discharge processes. The model predic.ts a net move
ment of zinc material from the edges towards the center of 
the electrode. 

Both models can account satisfactorily for several of the 
observed shape change phenomena. However, it has not unambig
uously been established that the proposed driving forces in 
these models are responsible for the shape change behaviour. 
Certainly, Choi et. al. [3,4] demonstrated that during battery 
operation an electrolyte flow arises in the zinc electrode 
compartment. But this does not prove that the observed elec
trolyte flow is indeed caused by electro-osmosis and/or osmo
sis. McBreen [2] sho~ed that concentration cells give rise to 
redistribution of zinc material over an electrode. But he 
failed to establish the origin and existence of such concen
tration cells in the battery, and its relation to the ob
served shape change pattern. 
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The experimental data on shape change have not supported 
uncontested evidence in favour of one of these models; on the 
contrary: Choi 's membrane-pumping model cannot explain the 
occurrence of shape change when membrane separators are omit
ted; the induction of concentration cells in zinc secondary 
batteries with an applied non-uniform current density distri
bution [5], has revealed that concentration cells are not 
solely, if at all, responsible for the redistribution of zinc 
over the electrode. 

Apart from the two established models for shape change a 
third model may be proposed: a model based on density gra
dients along and perpendicular to the zinc electrode surface. 
However, generally, diffusion and natural convection are con
sidered to be relatively slow processes and are believed to 
be too slow to be responsible for the occurrence of shape 
change [1,2,5]. It has also been argued, that density gra
dients along and perpendicular to the zinc electrode surface 
cannot explain the shape change behaviour [1,2,5], since zinc 
secondary batteries operating in the horizontal mode showed 
shape change as well. However, it must be pointed out that 
the presence of an electrolyte reservoir may cause an elec
trolyte flow as a result of density gradients between elec
trolyte in the reservoir. and in the zinc electrode compart
ment. The result of this flow will be a net transport of zinc 
species over the electrode, away from the electrolyte reser
voir and parallel to the zinc electrode surface. 

The movement of zinc over the electrode surface during re
peated cycling can be monitored in situ with the radiotracer 
technique, as was demonstrated in Chapter 6. In this chapter 
the direction and rate of the zinc displacement process was 
studied with the aid of this technique, using batteries which 
contain electrodes with radioactive material concentrated on 
a small part of the electrode. With these spot electrodes the 
movement of zinc material over the electrode can be studied 
at the start of the cycling experiment. So, the direction of 
zinc material transport and the amount of zinc material in
volved in the transport process can be determined. However, 
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since the specific activity over these electrodes does not 

remain constant throughout the cycling process, these elec

trodes cannot be used to monitor zinc electrode shape change 

in situ. With spot electrodes the process and mechanism of 

shape change can be studied. 

7.2 Experimental 

The preparation of the PTFE-bonded zinc oxide electrodes 

as well as the cell assembly, battery cycling regimen and 

experimental setup for the radioactivity measurements have 

been described in Chapter 6. 

The spot electrodes, ie electrodes with a small radioac

tive (65zn) part, were prepared with non-radioactive PTFE-:

bonded zinc oxide over the total electrode surface, except 

that 10 to 25 mm2 of the electrode was covered with 10 to 100 

mg radioactive PTFE-bonded zinc oxide, with a specific acti

vity of about 50 GBq.kg-1. The spot was positioned at a sin

gle region on the electrode. Horizontal as well as vertical 

cells were used. 

At the end of the cycling regimen, prior to scraping of 

the zinc electrode, electrode-mass samples (10 mm2, 1 to 7 

mg) were taken from the midst of each region and from the 

corners of the center region. These samples were examined for 

their radioactivity, specific activity and PTFE-content. 

Further analysis of the zinc electrode has been described in 

Chapter 6. 

7.3 Results 

7.3.1 65zn distribution during one charge-discharge cycle, V-ce11 

The movement of the tracer over a freshly prepared elec

trode during one charge-discharge cycle is studied, using an 

electrode with a radioactive spot located at region I (cf. 

Figure 6.3). The current-time regime imposed upon the battery 

is presented in Figure 7.1. To investigate the change of the 

radioactivity distribution when the electrolyte is severely 
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Figure 7.1 The current regime for the battery with a spot electrode. 

depleted from reducible zinc species, two consecutive charge 
periods were introduced. The total charge time was twice the 
charge time used in the cycling experiments. The charge pro
cess was interrupted for 18 hours to monitor the movement of 
the tracer over the (partially) charged electrode. The activi
ty of the radioactive spot was measured over more than six 
months after the discharge period. 

Figure 7.2 shows the change of the activity of the radio
active spot with time, measured with the conical collimator. 
At the end of the first charge period the radioactivity dis
tribution is virtually unaltered. After the 18 hours rest 
period a significant decrease is observed. The radioactivity 
does not change during the second charge period, whereas dur
ing the discharge half cycle the activity of the radioactive 
spot shows a sharp decrease. 

The battery remained at open-circuit potential over more 
than 6 months. Figure 7.2 shows that the activity of the spot 
decreases continuously during this period, though its rate de
creases gradually at longer time intervals. 
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Figure 7.2 The change of the radioactivity at the radioactive spot of an 

electrode having a radioactive spot at region I. The current 
regime imposed upon the battery is depicted in Figure 7 .1. 
The abcisses is broken in two parts with different scales. 

7.3.2 65zn distribution over a spot electrode during repeated cycling, 

V-cell 

Batteries were assembled in vertical cells using elec
trodes with a spot positioned at a particular region of the 
electrode. During repeated cycling the radioactivity over the 
electrode was monitored with the conical collimator. The re
sults for a battery with an electrode with a spot located at 
region III are given in Figure 7.3. The activity of the radio
active spot decreases right from the beginning of the experi
ment. At almost all the other positions an increase is obser
ved, which is most markedly observed at the positions beneath 
the radioactive spot. At the end of battery cycle life rela
tively small changes in the distribution of the tracer are 
observed. 

It is observed that during repeated cycling, irrespective 
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Figure 7.3 The change of the radioactivity at the nine regions of the 

electrode (cE. Figure 6.3) during cycling of a battery with a 
spot electrode in a vertical cell. The spot was placed at 
region III. 
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Figure 7.4 The change of the radioactivity at the nine regions of the 

electrode (cf. Figure 6.3) during cycling of a battery with a 
spot electrode in a vertical cell. The spot was located at 
region VII. 
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of the position of the spot, its ad1'ivity decreases. The 

radioactivity at the positions beneath the radioactive spot 

increases more than at other positions. Positioning of the 

spot at the bottom of the electrode resulted in a more grad

ual and less pronounced change of the radioactivity distribu

tion during repeated cycling. 

7 .3.3 65zn distribution over a spot electrode during repeated cycling, 

H-cell 

A second series of cycling experiments was carried out 

with spot electrodes arranged in horizontal ·cells using the 

rectangular collimator. The capacity of the battery tends to 

decrease more slowly than the capacity of batteries in verti
cal cells (Figure 6. 4). Generally, a 'longer cycle life was 

found for batteries in horizontal cells than for batteries in 

vertical cells. 
The radioactivity distribution during the cycling test is 

shown in Figure 7. 4, for an electrode with the spot located 

at region VII. Analogous to the findings with vertical cells, 

the activity at the radioactive spot decreases and the acti

vity at all other positions increases. The tracer moves in 
all directions, like in vertical cells. The regions gaining 

the most radioactivity during the cycling process are regions 
IV, V and VIII. 

7.3.4 Ex-situ analysis of the zinc electrode, V-cell 

In Figure 7. 5 the percentual electrode-mass distribution 

is presented for a zinc electrode cycled 100 times in a verti

cal cell. The average percentage electrode mass in a region 
for a freshly prepared electrode is 11.1%. Hence, evidently, 

shape change has occurred. For each sample the zinc and PTFE 
content, as well as the specific activity, were determined. 

It was found that the amount of PTFE per region over the elec

trode was nearly constant. The zinc content of the electrode 
mass of each region, relative to the overall zinc content of 

the total electrode mass, is given in Figure 7. 6. The zinc 

content at the top regions is considerably lower than at the 
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Pigu.re 7. 5 The relative electrode mass distribution at the nine regions 
of the zinc electrode ( cf'. Figure 6. 3) cycled in a vertical 
cell, after 100 cycles. 

0.57 0.61 0.64 

1.01 0.88 1.03 

1.05 1.12 1.14 

Pigure 7. 6 The zinc content at the nine regions of the zinc electrode 
(cf'. Figure 6.3) relative to the zinc content of the total 
electrode mass, for the electrode cycled in a vertical cell. 

0.93 1.09 1.62 

0. 79 0.91 1.41 

0.83 0.98 1.36 

. Pigure 7.7 The specific activity at the nine regions of the zinc elec
trode (cf. Figure 6.3) relative to the specific activity of 
the total electrode-mass, for the electrode cycled in a verti
cal cell. 
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Figure 7.8 The relative electrode mass distribution at the nine regions 
of the zinc electrode ( cf. Figure 6. 3) for the electrode 
cycled in a horizontal cell, after 52 cycles. 

bottom regions. This must be the result of the transport of 

zinc material during battery cycling from the top towards the 

bottom of the electrode. 

The specific activity of each sample relative to the speci

fic activity of the total electrode mass is given in Figure 

7. 7. The electrode originally had a spot located at region 

III. At the end of the battery cycle life the highest speci

fic activity is still found at region III, as can be seen 

from Figure 7. 7. The regions beneath the radioactive spot 

show a significantly higher specific activity than the other 

regions. This clearly indicates that in this vertical cell 

zinc material is transported predominantly from the top to

wards the bottom of the electrode. 

7.3.5 Ex-situ analysis of the zinc electrode, H-cell 

The percentual electrode mass distribution of an elec

trode, with a spot located at region I and cycled 52 times in 

a horizontal cell, is given in Figure 7 .a. It can be seen 

that regions I, II, IV and VII lost and regions V, VI, VII 

and IX gained zinc material. Figure 7.8 shows that apart from 

zinc material transport from the regions nearest the elec

trolyte reservoir ('top' regions) towards the regions far

thest away from the electrolyte reservoir ('bottom' regions), 

zinc material is also transported from one side of the elec-
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Pigure 7.9 The zinc content at 13 points of the zinc electrode (cf. 
Paragraph 7 .2) relative to the total zinc content of all 
samples, for the electrode cycled in a horizontal cell. 

trade to the other. This was occasionally observed with other 

electrodes; also with electrodes cycled in vertical cells. 

Most likely, this is the result of imperfect alignment of the 

electrodes in the battery. 

The distribution of zinc o.ver the electrode can be ob

served in greater detai 1 from Figure 7. 9, where the zinc 

content in each sample, relative to the total zinc content in 

all samples, is presented. From this figure, it may be de

duced that zinc material is transported towards the center 

region but also towards regions II I, VI, VII and IX. Zinc 

material is supplied predominantly by regions I and II and to 

a minor extent by regions IV and VII. 

The specific activity over the electrode was determined 

for the 13 samples. The ratio of the specific activity of the 

individual samples to the specific activity of the sum of all 

samples is presented in Figure 7. 10. The electrode was pre

pared with a spot located at the lower right hand corner of 

region I. As was observed with the electrode cycled in a ver

tical cell, at the end of battery cycle life the specific 

activity is still highest at the spot position. Also, moving 

away from the spot position, the specific activity decreases, 

which has been observed also with the vertical cell experi

ment (cf. Figure 7. 7). Figure 7.10 shows that the transport 

of the tracer is predominantly downwards, ie from the 'top' 
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Figure 7.10 The specific activity at 13 points of the zinc electrode 
(cf. Paragraph 7.2) relative to the specific activity of all 
samples, for the electrode cycled in a horizontal cell. 

towards the 'bottom' of the electrode. However, it can be 
inferred also from Figure 7.10, that the zinc material trans
port from the left towards the right hand side of the elec
trode, contributes substantially to the total zinc material 
transport. 

7.4 Discussion 

7.4.1 The dissolution/precipitation versus direct zinc electrode reaction 

During the discharge process zinc oxide can be formed di
rectly or via the formation and subsequent disproportionation 
of zincate ions. Also, during charge zinc oxide can be re
duced directly or via the soluble zincate 'intermediate'. In 
Figure 7.11 only the formation of the zincate ion and of zinc 
oxide is given. During anodic polarisation of zinc in alka
line zincate solutions, soluble and solid reaction products 
are formed. The structure of the soluble zinc species, parti
cularly in supersaturated zincate solutions, as well as the 
structure of the solid anodic product, remains uncertain. How
ever, ultimately zincate ions and zinc oxide are formed [6]. 

The experiment with a spot electrode which is charged and 
discharged only once, can provide information on the course 
of the zinc electrode reaction. Figure 7.2 demonstrates that 
during both charge periods the activity of the radioactive 
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Figure 7.11 The anodic and cathodic zinc electrode reaction in alkaline 
zincate electrolyte. 

spot remains virtually constant. This indicates that radio

active zinc oxide is reduced at the spot location self. Most 

likely, no soluble intermediates are formed, ie zinc oxide is 

reduced directly since, if radioactive zincate ions are pro

duced during the charge process, it is expected that these 

ions will be transported over the electrode surface. However, 

if zincate ions are produced and the average residence time 

of these ions in solution is small, ie slow diffusion but 

rapid reduction of these ions, the radiotracer distribution 

will also remain nearly constant. 

During the discharge process the activity of 

active spot decreases significantly (cf. Figure 

the radio-

7 .2). The 

anodic zinc electrode reaction produces zincate ions which 

are readily transported over the zinc electrode. Hence, dur

ing discharge the dissolution/precipitation path prevails. 

7.4.2 Zinc electrode corrosion and hydrogen evolution 

The results given in Figure 7.2 indicate that zinc elec

trode corrosion occurs when the battery remains at open-cir

cuit potential. During the rest period, in between charge 

periods and after battery discharge the activity of the radio

active spot decreases. This decrease is due to the displace

ment of the tracer over the electrode. Since initially radio

active zinc was absent in solution and since zinc oxide does 

not dissolve readily in the battery electrolyte, the forma-
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Figure 7.12 The transport of radioactive material from region I towards 
other regions, for the electrode subjected to one charge
discharge cycle. The decrease of the radioactivity at region 
I is set at 100% and the radioactivity increase at other re
gion is given relative to the decrease at region I. 

tion of radioactive zincate ·ions in solution must be attri
buted to zinc electrode corrosion. 

The decrease of the activity during the 18 hours rest peri
od is nearly as large as the decrease observed during the dis
charge process. This indicates that at open-circuit potential 
a considerable amount of zincate ions is produced. Hence, as 
was pointed out in Chapter 3, zinc electrode corrosion plays 
an important role in zinc secondary batteries, also with res
pect to zinc electrode shape change. Most noteworthy, as a re
sult of hydrogen production, it induces leveling of concentra
tion gradients and mass transport enhancement. 

7.4.3 The direction of the tracer movement during battery cycling 

The direction of the transport processes during charge and 
during discharge can be obtained from experiments with spot 
electrodes. A change of the radioactivity over the zinc elec
trode will be the result of the movement of labeled zincate 
ions in solution. The movement of the tracer, though to a 
minor extent also caused by interdiffusion of radioactive and 
non-radioactive zincate ions, indicates the direction and 
amount of zinc material involved in the shape change process . 

. From the measurement of the specific activity at the end 
of the cycling regimen, cf. Figures 7. 7 and 7.10, it can be 
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Figure 7.13 The percentage change of the radioactivity at the top 
regions at the end of the charge and discharge period 
relative to at the start of the cycle 11, 22 and 49. The 
data have been collected from the cycling experiment of an 
electrode with uniform specific activity in a vertical cell, 
see Figure 6.5. Closed circle: start of cycle, open square: 
end of charge, open triangle: end of discharge. 

deduced that in vertical as well as in horizontal cells, the 
net zinc material transport is predominantly from the top 
towards the bottom regions. For the electrode cycled in a 
horizontal cell, the substantial zinc transport from the left 
towards the right hand side of the electrode can be explained 
with non-alignment of the counter and zinc electrodes, as has 
been reported by McBreen and Cairns [7]. 

The spot electrode subjected to one charge-discharge cycle 
in the V-cell, showed a marked decrease in radioactivity af
ter one cycle, se$ Figure 7. 2. Figure 7. 12 shows the amount 
of radioactive material transported during one cycle to other 
regions on the electrode, relative to the amount lost at the 
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Figure 7.14 The percentage change of the radioactivity at the bottom 
regions at the end of the charge and discharge period rela
tive to the start of the cycle 11, 22 and 49 •. The data have 
been collected from the cycling experiment of an electrode 
with uniform specific activity in a vertical cell, see Figu
re 6. 5 .. Symbols as given in the Figure 7.13 caption. 

spot region. The regions beneath the radioactive spot receive 
65% of the amount of radiotracer material lost at the spot. 

All other regions gain a considerably smaller amount of radio

active material, of which the regions nearest the radioactive 

spot gain more than those farther away. Since the radioactive 
spot shows the most marked decrease of radioactivity during 
discharge, it follows that radiotracered material moves down

wards during discharge. 
The displacement of the radiotracer during charge cannot 

be obtained from this experiment since during the charge half 
cycle the tracer is concentrated on the electrode and does 
not dissolve into the electrolyte, c£. Paragraph 7.4.1. How

ever, this does not mean that during charge zinc material 
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Figure 7.15 The percentage change of the radioactivity at the regions 
nearest the electrolyte reservoir at the end of the charge 
and discharge period relative to at the start of the cycle 
11, 22 and 49. The data have been collected from a cycling 
experiment of an electrode with uniform specific activity in 
a horizontal cell. Symbols as given in the Figure 7.13 
caption. 

will not be displaced over the electrode. The direction of 

the net zinc material movement during charge and during dis

charge can be obtained form the cycling experiment with an 

electrode of uniform specific activity. The radioactivity 

data of the three top regions presented in Figure 6. 5 are 

totalled and replotted in Figure 7.13 for cycles 11, 22 and 

49. Figure 7.13 shows the change of the radioactivity rela

tive to the radioactivity at the beginning of the cycle (Note 

that the measurements were made during the rest period be

tween subsequent half cycles). The radioactivity at the top 

of the electrode has increased at the end of the charge pe

riod. A decrease, usually larger than the previous increase 
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Pigure 7.16 The percentage change of the radioactivity at the regions 
farthest away from the electrolyte reservoir at the end of 
the charge and discharge period relative to at the start of 
the cycle 11, 22 and 49. The data have been collected from a 
cycling experiment of an electrode with uniform specific 
activity in a horizontal cell. Symbols as given in Figure 
7.13 caption. 

during charge, is observed during the subsequent discharge 
period. Consequently, the net transport of the tracer over 

the electrode is in the direction of the movement of the 

tracer during discharge. The change of the radioactivity at 
the bottom positions is depicted in Figure 7.14 for cycles 

11, 22 and 49. The radiotracer is transported towards the 
bottom of the electrode during the discharge half cycle, and 

is transported in the opposite direction during the charge 
half cycle. 

For horizontal cells the direction of the zinc material 

displacement over the zinc electrode can also be obtained 
from data of electrodes of uniform specific activity. The 
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radioactivity data at the regions nearest the electrolyt 
reservoir, the 'top' regions, are summed and plotted in Figu
re 7.15, relative to the beginning of a cycle for cycles 11, 
22 and 49. Generally, the tracer is transported away from the 
'top' regions during discharge and towards these regions 
during charge. From Figure 7.16 it can be observed that the 
radiotracer is transported away from the regions farthest 
from the electrolyte reservoir, the 'bottom' regions, during 
charge and towards these 'bottom' regions during discharge. 
Thus, analogous to the findings with vertical cells, labeled 
material is transported from the 'bottom' towards the 'top' 
of the electrode during charge and in the opposite direction 
during discharge. 

Thus, it appears that zinc material is continuously being 
transported over the electrode, the direction of this trans
port is reversed when the electric current is reversed. 

7.4.4 The zinc material displacement. rate 

The amount of zinc material displaced over the electrode 
can be obtained from experiments with spot electrodes and 
from experiments with electrodes of uniform specific radio
activity. At the beginning of battery cycling the transport 
of the radiotracer over the electrode differs when the radio
active spot is located at different regions on the electrode. 
During the first few cycles, in vertical cells, when the spot 
is located at the top positions, typically, a 7% radioactivi
ty decrease per charge-discharge cycle is observed at the 
radioactive spot. When the spot is positioned at the center 
or bottom of the electrode a significantly lower percentage 
decrease is foUnd: usually 2% per cycle. This marked differ
ence in percentage decrease, when the radioactive spot is 
located at different positions, can be explained as follows. 
During discharge zincate ions are transported from the top 
towards the bottom of the electrode, as was pointed out in 
the preceding paragraph. If the radioactive spot is at a top 
region only non-radioactive material 
charge towards this region. During 
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material is transported from this region towards the bottom 

of the electrode. Thus, its radioactivity decreases chiefly 

during discharge. The charge process induces a zinc material 

flow from the bottom towards the top position. If the spot is 

positioned at the bottom of the electrode its activity de

creases predominantly during the charge period. Since, on 

average, the zincate concentration in the battery electrolyte 

is higher during discharge than during charge, the amount of 

radiotracered material transported over the electrode is lar

ger during discharge than during charge. 

The net zinc material transport can be estimated from the 

above percentages. Since the zinc material transport during 

charge amounts to 2% per cycle and during discharge to 7% per 

cycle, the net material transport is 5% per cycle. This per

centage is only a very rough estimate of the net zinc mate

rial transport. Nevertheless, assuming a decrease of 5% per 

each cycle, at the top regions the radioactivity will have 

decreased with 25% after 5. 6 cycles and with 50% after 13. 5 

cycles. From Figure 6.5 it can be seen that at the top of the 

electrode, after 5 or 6 cycles the radioactivity has decreas

ed with 25% and, after 19 to 20 cycles, with 50%. Thus, only 

during the first few cycles an average decrease of 5% per 

cycle is observed. The net material transport decreases when 

cycling proceeds and an average 3. 5% decrease per cycle is 

calculated when the radioactivity at the top positions has 

decreased with 50%. 

At the beginning of cycling the three bottom positions 

gain an amount of radioactive material equal to the loss at 

the top posi tiona. It can be observed from Figure 6. 5 that 

the positions VII and IX show by far the largest increase in 

radioactivity. At the start of the experiment a much smaller 

radioactivity is observed at these positions, particularly at 

position VII, than at position VIII. Probably {cf. Chapter 

6), at the start of the cycling experiment, the zinc 

electrode thickness at these positions is smaller that at 

position VIII. The radioactive electrolyte transported 

towards the bottom positions during discharge can accumulate 
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at these positions. Therefore, the 

appreciably at positions VII and IX. 

in Chapter 6, for the battery 

radioactivity can rise 

Thus, as has been shown 

with only radioactive 

electrolyte, the presence and position of an electrolyte 

reservoir is of crucial importance for the material transport 

in the battery. 

Similar calculations as above for experiments in horizon

tal cells lead to a calculated tnmsport during charge of 

1.5% and during discharge of 5.5%. On average, a net material 

transport of 4% is expected which is slightly lower than in 

vertical cells. This is in agreement with the findings of a 

battery with an electrode of uniform specific activity cycled 

in a.horizontal cell. The average decrease at positions near 

the electrolyte reservoir is about 4% per cycle and the ave

rage increase at the I bottom I regions about 5%, due to the 

decrease observed at the middle positions. 

Thus, the longer useful! cycle life of batteries operating 

in horizontal cells is likely to be due to the smaller amount 

of zinc material transport. Consequently, the shape change 

rate is smaller in horizontal cells than in vertical cells. 

7.4.5 The shape change process and mechanism 

From the above experiments and from the experiments des

cribed in Chapter 6 it is deduced that the electrolyte flow 

in the battery is the principal mode of material transport in 

the battery. 

McBreens concentration-cell model [2] cannot explain the 

results of the radiotracer experiments. McBreen states that 

at the beginning of cycling the non-uniform current density 

distribution over the electrode and the higher electrode pola

rizability during charge leads to a depletion of reducible 

zinc species at the edges of the electrode. If diffusion of 

zincate ions from the center towards the edges of the elec

trode cancels the concentration ·gradients, the radiotracer 

experiments should have shown an increasing radioactivity at 

the edge of the ·electrode. Since the current density is more 

non-uniform at the top of the electrode, the movement of the 
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tracer should be predominantly in this direction. This is 

found with none of our experiments. McBreen suggested that 

diffusional processes are of minor importance and that the 

concentration gradients are cancelled by concentration cells 

over the electrode surface. If so, it would imply that the 

radiotracer distribution should remain constant. This is not 

observed in our experiments. Therefore, McBreens concentra

tion-cell model has to be rejected. 

7.5 Conclusion 

The anodic zinc electrode reaction produces zincate ions 

in solution. Prior to precipitation as zinc oxide, if it 

takes place, zincate ions can be transported over the zinc 
electrode. Zinc ate ions are not produced during charge but 

zinc oxide is reduced directly. 

The direction of the zinc material transport has been 
derived from the movement of the tracer during the first few 

charge-discharge cycles. During charge the direction of the 
zinc material transport is opposite the direction during dis

charge. The amount of zinc material transported over the elec
trode is smaller during charge than it is during discharge. 

Therefore, the net material transport over the electrode is 

in the direction observed during discharge. Generally, the 
transport processes in horizontal cells are slower and the 

net material transport rate is smaller than in vertical cells. 

From the results in Chapter 6 and 7, it can be inferred 
that the shape change phenomenon is caused by the transport 

of radioactive zincate ions via the battery electrolyte. The 
electrolyte is transported over the electrode by a convective 
flow. The outcome of our results cannot be explained on the 

basis of McBreens concentration cell model. Choi's membrane
pumping model has been shown to be inappropriate (cf. Chapter 

5). This is discussed in the next chapter, where a model for 
the shape change mechanism is presented. 
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8 The Density Gradient Model 

8.1 Introduction 

From the results presented in previous chapters it has 
become clear that Choi's membrane-pumping model [1] and 
McBreens concentration-cell model [2] cannot describe satis
factorily the shape change phenomenon. It was demonstrated 
that shape change occurs, whether or not separators are imple
mented in the battery (cf Chapter 5); an observation also re
ported by McBreen and Cairns [3]. Also, we found that the 
zinc material transport in the battery is not as predicted by 
McBreens concentration-cell model, viz. from the edges to
wards the center of the electrode (cf Chapter 6 and 7). 
Gunther and Bendert [4] also reported that a controlled non
uniform current density distribution did not result in zinc 
material transport as expected from McBreens theory. 

Hence, it must be concluded that neither (electro-)osmosis 
nor a non-uniform current density distribution are the prin
cipal driving forces for zinc electrode shape change. These 
forces influence the shape change phenomenon, perhaps even to 
an appreciable extent; however, in the absence of these 
forces shape change will occur, anyway. Therefore, we propose 
a new model for shape change: the density gradient model. 
This model is based on convective electrolyte flow as a re
sult of changes in density and volume of the battery elec
trolyte during cycling. 

8.2 The density gradient model 

8.2.1 The solution layer adjacent to the electrode 

During battery operation the composition of the battery 
electrolyte changes continuously. In the zinc electrode 
compartment the electrode process consumes zincate ions and 
produces hydroxyl ions during charge; inversely, during 
discharge it produces zincate ions and consumes hydroxyl 
ions. Since the properties of the battery electrolyte (eg 
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density, conductivity, viscosity) change markedly with 

varying solute concentration [5-7], they must also change 

during cycling of thet battery. Consequently, concentration 

gradients and, therefore, density gradients develop 
perpendicular to the zinc electrode surface. As a 

consequence, a solution layer adjacent to the electrode with 

a density which differs from the density of the bulk 
electrolyte arises. This layer can extend gradually from 

within the porous electrode matrix to close to the separator, 
depending on the progress of the cycling process, the 

geometry of the cell and the properties of the electrolyte. 

The diffusion coefficients of potassium and hydroxyl ions 

are considerably larger than that of zincate ions. Also, the 
separator, commonly used in batteries with zinc electrodes, 

strongly inhibits the migration and diffusion of zincate ions 

between zinc and counter electrode compartment. Hence, 
concentration variations of potassium and hydroxyl ions will 

be considerably less pronounce.d than those of zincate ions. 
Hamby et al. [8] and Isaacson et al. [9] found indeed that the 

KOH concentration was approximately constant during cycling, 
but the zincate concentration decreases markedly during 

charge ( < o .1M), and increased to about four times the ZnO 
solubility during discharge. Thus, the changes in properties 

of the battery electrolyte can be attributed mainly to 
variations in zincate-ion concentration. 

8.2.2 Vertical cells 

First, the movement of the solution layer during battery 
operation in vertical cells will be discussed. The earth's 
gravitional field is directed parallel to the zinc electrode 

surface and perpendicular to the density gradient. Hence, at 

a particular height in the cell, volume elements in the bulk 
and in the solution layer experience different forces, 
causing electrolyte movement. The magnitude · and direction of 

the electrolyte flow as well as the concentration of zincate 
ions in the transported electrolyte, determine the amount of 

zinc material displaced over the electrode: the shape change 
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rate. 

The direction of the electrolyte flow as a result of the 

density gradient is parallel to the zinc electrode surface. 

During discharge the zincate concentration in the solution 

layer adjacent to the electrode is higher than the bulk 

zincate concentration. Since the density of the battery 

electrolyte increases markedly with increasing zincate con

centration [6,7], the solution layer adjacent to the 

electrode experiences a force directed towards the bottom of 

the electrode, resulting in an electrolyte flow, as is 

depicted schematically in Figure 8 .1. Consequently, during 

discharge electrolyte with a high concentration of zincate 

ions is transported from the top towards the bottom of the 

electrode. 

During the charge period, the solution layer adjacent to 

the electrode becomes depleted in zincate ions and its 
density decreases. The electrolyte transport resulting from 

the charge process is directed from the bottom towards the 
top of the electrode. So, during charge, zincate ions are 

cell wall 

~//;'/ 
I 
I 

:separator 

Figure B .1 Arrows indicate electrolyte movement in the zinc electrode 
compartment of a vertical cell as a result of density gra
dients for the zinc electrode being discharged. 

- 155 -



transported in the opposite direction as they are during 
discharge. 

The amount of zinc material involved in the displacement 
process is higher during discharge than during charge, be
cause in the solution layer the concentration of zincate ions 
is much higher during discharge than during charge. Thus the 
net result of the zinc material transport due to natural con
vective transport during one charge-discharge cycle, is that 
zinc material agglomerates at the bottom of the electrode. 
This type of zinc material transport was found experimental
ly, as can be seen from Figures 7.13 and 7.14. 

Usually, in vertical as well as horizontal cells some 
space is left over the top of the electrode for excess elec
trolyte: an electrolyte reservoir. This electrolyte reser
voir, depending on its size, can influence the electrolyte 
flow in vertical cells. The larger the reservoir, the greater 
the supply of bulk electrolyte, the longer the time a large 
density gradient exists. Thus'· more zinc material is trans
ported during one half-cycle. The presence of an electrolyte 
reservoir enhances but does not cause zinc material transport 
in the battery in vertical cells. 

8.2.3 Horizontal cells without an electrolyte reservoir 

In horizontal cells the solution layer adjacent to the 
electrode and the bulk electrolyte will show a similar change 
in composition as observed in vertical cells. However, in 
horizontal cells the density gradient is directed parallel to 
the earth's gravitational field and, in the absence of an 
electrolyte reservoir at one side of the electrodes, electrol
yte movement perpendicular rather than parallel to the zinc 
electrode surface occurs. 

For the solution layer above the electrode, natural convec
tion is expected to contribute insignificantly to mass trans
port during discharge, since the density of the solution 
layer adjacent to the electrode steadily increases. For the 
solution layer underneath the electrode, the density gradient 
induces electrolyte movement perpendicular to the zinc elec-

- 156 -



trade surface: the solution layer 'falls' from the electrode 
and is replaced with bulk electrolyte, as is shown schemati
cally in Figure 8.2. The concentration profiles will be, how
ever, very irregular. Consequently, above the electrode zin
cate species are being precipitated onto the zinc electrode 
in an earlier stage of the discharge process than they are 
underneath the electrode. Also, underneath the electrode pre
cipitation may occur at other places than onto the electrode. 
As a result, after discharge more reducible zinc species are 
present on top than underneath the electrode. 

During charge the electrolyte layer above the electrode 
which is depleted in zincate ions, will move upwards, since 
its density is lower than that of the bulk electrolyte. Thus 
bulk electrolyte is transported towards the electrode, accel
erating the diffusion of zincate ions. For the electrolyte 
layer underneath the electrode scarcely any movement of the 
electrolyte is expected, and diffusion of zincate ions is the 
only mass transport mode. Therefore, it can be deduced that 
the zinc deposition rate is higher above than underneath the 
electrode. After one charge-discharge cycle, effectively, 
zinc material agglomerates above the electrode and disappears 
from underneath of the electrode. This behaviour was found 
for almost all zinc electrodes cycled in the horizontal cell 
(cf. Chapter 5, see eg Figure 5.6). 

separator 
cell wall 

Figure 8.2 Arrows indicate electrolyte movement in the zinc electrode 
compartment of a horizontal cell without an electrolyte reser
voir as a result of density gradients, for the zinc electrode 
being discharged. 
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8.2.4 Horizontal cells with an electrolyte reservoir 

The above reasoning concerns electrolyte movement in the 

absence of an electrolyte reservoir. If, however, in the bat
tery an electrolyte reservoir is present at one side of the 
electrode pack, additionally, an electrolyte flow parallel to 

the zinc electrode results (Figure 8.3). This electrolyte 

flow is caused by volumetric changes of the electrolyte in 

the zinc electrode compartment and, to a much smaller extent 
to density gradients. 

To make this clear, let us consider the processes during 

one charge-discharge cycle. During discharge, the volume of 

the electrolyte in the zinc electrode compartment decreases 

due to changes of the solute concentration and the density of 
the electrolyte, as is demonstrated in the Appendix. This 

volume decrease causes an electrolyte flow from the electrol
yte reservoir towards the zinc electrode compartment. This 
flow transports electrolyte, which is highly concentrated in 

zincate ions, away from the ~lectrolyte reservoir into the 

zinc electrode compartment; thus causing zinc material to be 
displaced in the same direction. Taking the side of the zinc 

electrode close to the electrolyte reservoir as the top of 
the electrode and the other side as the bottom of the elec

trode, zinc material is transported from the top towards the 

bottom of the electrode. 
During charge the volume of the electrolyte in the zinc 

separator 
cell wall 

Figure 8.3 Arrows indicate electrolyte 1110vement in the zinc electrode 
compartment of a horizontal cell with an electrolyte reser
voir at one side of the electrode pack (R) , for the zinc 
electrode being discharged. 
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electrode compartment increases (see Appendix) and electrol

yte is pushed from the zinc electrode compartment into the 

electrolyte reservoir. Thus, during charge zinc material is 

transported in the opposite direction as during discharge: 

from the bottom towards the top of the electrode. However, 

since in the zinc electrode compartment the zincate concen

tration is much smaller during charge than during discharge, 

as a net result, during one cycle, zinc material is transpor

ted from the electrolyte reservoir towards the zinc electrode 

compartment. Note that volume variations occur also in verti

cal cells. Consequently, in these cells the transport of zinc 

material over the electrode can take place as a result of 

density and/or volume variations of the electrolyte. 

In Chapter 6 and 7 it has been demonstrated that zinc mate

rial is transported from the top towards the bottom of the 

electrode. Also, during discharge as well as during charge 

zinc material is displaced over the electrode (see Figure 

7.15 and 7.16). Thus, the predictions of the density gradient 

model are confirmed experimentally. 

8.3 The Shape Change Pattern 

From the density gradient model it can be concluded that 

during battery cycling zinc material is transported from the 

top towards the bottom of the electrode. Hence, a shape 

change pattern as presented in Figure 8. 4 is expected. This 

type of shape change pattern was observed indeed for elec

trodes cycled in the convection cell when forced convection 

was omitted (see Figure 5. 14) . The electrolyte reservoir at 

the bottom of the electrode (see Chapter 5) functions as a 

trap for electrolyte with a high density, thus increasing the 

deposition of zinc at the bottom of the electrode. 

However, for all other cell types the redistribution of 

zinc material over the electrode results in a shape change 

pattern as depicted in Figure 8. 5 (see eg Figure 5. 6 and 

6.8): zinc material agglomerates at the center and bottom of 

the electrode, and predominantly the top edges of the elec-
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trode are depleted in zinc material. The realization of this 

typical distribution of zinc material over the electrode can 
be explained with the density gradient model. 

The speed of the electrolyte flow in the zinc electrode 

compartment will be smaller at the edges than at the center 

of the electrode, due to adhesion of the electrolyte to the 
separator, which is packed more tightly around the edges than 

around the center of the electrode. Because of this smaller 

flow rate at the edges, the zincate concentration will be 

higher during discharge and lower during charge than at the 

middle regions on the electrode. These concentration varia
tions over the electrode will, of course, induce density gra

dients and different electrolyte flow speeds. Therefore, the 

electrolyte flow speed is almost uniform over the electrode 

except close to the edges of the electrode, where a smaller 

flow rate is expected. 

The amount of zinc material transported over the electrode 
is determined by the flow rate. and the zincate concentration. 

Consequently, the amount of zinc material transported at the 

edges of the electrode may be even more than that transported 
at the center of the electrode. However, the amount of zinc 

material is of only secundary importance. The crucial para
meter is the distance over which zinc material is transported 

Figure 8.4 Shape change pattern as expected on the basis of the density 
gradient model, as presented in Paragraph 8. 2; and as was 
found experimentally for zinc electrodes cycled in the C-cell 
without forced convection. 
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Figure 8.5 Shape change pattern as e~pected on the basis of the density 
gradient model as described in Paragraph · 8. 3; and as found 
experimentally for zinc electrodes cycled in the V-, H- and 
D-cell. 

over the electrode. For the edges of the electrode, the dis
placement of zinc material is smaller than for the rest of 
the electrode, at least during one half cycle. During the dis
charge period, the zincate concentration is very high at the 
edges of the electrode, and a concentrated solution of zin...:. 
cate ions is displaced over a small distance. During charge, 
a solution severely depleted in zincate is also transported 
over a small distance; however, in the opposite direction as 
during discharge. The net result after one cycle will be th~t 
at the edges of the electrode a relatively smaller part of 
the amount of zinc material, transported during discharge, is 
retrieved during charge. Therefore, the edges of the elec
trode, particularly at the top, become depleted in zinc mate
rial more rapidly than other regions on the electrode, which 
is what is observed in Figure 8.5. 

Another aspect of the shape change pattern, only encoun
tered in horizontal cells, is that underneath the electrode, 
depletion in zinc material, and above the electrode accumula
tion of zinc material is observed. This is in agreement with 
the above discussion (see Paragraph 8.2.3). Underneath the 
electrode natural convection enhances the dissolution of the 
zinc; but the lack of convection during charge inhibits the 
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deposition: above the electrode natural convection enhances 
the electrodeposition of zinc and the lack of convection dur
ing discharge also enhances the precipitation of the anodic 
product on the electrode. 

Summarizing we conclude that the origin of shape change is 
the occurrence of concentration gradients during cycling of 
the battery. These concentration gradients are accompanied by 
density gradients and volume variations of the electrolyte, 
which induce electrolyte movement in the battery. 

8.4 Metal-oxide additives 

In a survey [ 10] for substitutes for mercury as corrosion 
inhibitor in the zinc electrode, it was also mentioned that 
certain metal-oxide additives decrease the shape change rate. 
Also, the overall performance of batteries with metal-oxide 
containing zinc electrodes was much better than the perform
ance of control batteries. 

The origin of the influence of metal-oxide additives in 
porous electrodes on change is scarely understood. Choi et 

al. [1] did not investigate the role of metal-oxide additives 
on zinc electrode performance. McBreen [11] deduced from expe
riments of the electrodeposition of zinc onto foreign substra
tes, that metal-oxide additives in porous electrodes change 
the polarizability of the zinc electrode. He argues, assuming 
the concentration-cell model [2], that metal-oxides which 
increase the polarizability (eg In203, CdO, PbO), retard the 
shape change process, and those which decrease the polarizabi
lity (eg HgO) accelerate shape change. However, we concluded 
from the study of the kinetics of the anodic dissolution of 
zinc, that the polarizability does not differ significantly 
for porous electrodes containing such metal-oxides as In203, 
CdO, PbO and HgO (d. Chapter 4). We therefore disregard 
McBreens theory. 

We conclude from the results of the experiments described 
in Chapter 4 that, most likely, additives affect the struc
ture of the porous electrode. Also, we pointed out in Chapter 
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6 that the HgO additive does not participate in the displace
ment process. Additional experiments to obtain more insight 
into how metal-oxide additives fit in the density gradient 
model were not performed. However, the data established sofar 
are not in conflict with our model. 

8.5 Possible Solutions to Shape Change 

A prerequisite for shape change to occur is the dissolu
tion of electro-active species in the battery electrolyte, so 
that electrode material can be transported via the battery 
electrolyte. Thus, shape change is coupled intrinsically with 
the zinc electrode, operating in alkaline solution. So, the 
question how shape change can be avoided or at least inhibi
ted, can be rephrased as: 
-how to avoid/minimize concentration gradients 
-how to control electrolyte movement 
-how to decrease zincate solubility 

The experiment with a zinc electrode cycled in the convec
tion cell (cf. Chapter 5) showed that shape change can be 
reduced effectively if forced convection of the battery elec
trolyte is induced in the zinc electrode compartment. This 
principle of forced convection has been applied in the Vibro
cel [ 12], where convection is induced by vibration of the 
zinc electrode. However, none of the dynamic solutions has 
found acceptance to date, especially because the added com
plexities have traded away the advantages of the Nickel oxide
zinc system. 

Rogers and Taylor [ 13] suggested that convection due to 
hydrogen formation at the zinc elect.rode could be benificial 
to the reduction of concentration gradients. However, as has 
been pointed out in Chapter 3, hydrogen is produced predomi
nantly as a result of corrosion of the zinc electrode. There
fore, hydrogen production, apart from the obvious negative ef
fects on battery performance, cannot be the solution to shape 
change. 

The shape change rate can be decreased with the reduction 
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of electrolyte movement, which can be accomplished by gelling 
the electrolyte or by electrolyte impregnation in an absor
bent. However, the internal resistance of a battery so formed 
is considerably higher, and will be suitable only for low 
drain applications. Another way to minimize electrolyte move
ment is to reduce the interelectrode distance and reduce the 
size of the electrolyte reservoir (an electrolyte reservoir 
is needed for excess electrolyte and to provide an outlet for 
gas formed at the electrodes). However, due to passivation 
and densification of the zinc electrode, the discharge cur
rent must be controlled to accomplish prolonged cycle life 
[ 141; also, the depth of discharge must be lower. Since for 
electric vehicle propulsion purposes, apart form long cycle 
life, high c~rrent delivery is required, the above solutions 
do not seem profitable. 

Similar disadvantages are encountered if the zincate solu
bility is decreased; either by using alternate battery elec
trolytes [ 15] or by adding complexing compounds to the zinc 
electrode [16]. It has been shown that the shape change rate 
can be reduced if the zincate solubility is decreased [ 17]. 
However, battery performance, especially during discharge, is 
worse than for control batteries. 

As yet shape change can be resolved only at the expense of 
energy- and/or power density. Cycle life has to be improved 
further before the NiOOH/Zn battery becomes an economically 
attractive candidate for electric vehicle propulsion pur
poses. Still, in the near future, this battery must be seri
ously considered as a substitute for the NiOOH/Cd battery, 
especially for consumer applications. 

8.6 Conclusion 

In this chapter we have argued that for a battery in ope
ration, density and volume variations of the battery electrol
yte can lead to zinc electrode shape change. The density gra
dient model can describe the observed shape change patterns, 
irrespective of the position of the zinc electrode in the 
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earth's gravitational field. The model shows that, especially 
for zinc electrodes cycled in horizontal cells, the position 
and dimension of the electrolyte reservoir is of crucial im
portance to the extent of shape change. 

Results of experiments described in previous chapters are 
discussed in regard to the new model. Furthermore, an over
view is presented of a number of possible solutions to shape 
change. 

8.7 Appendix 

The change in volume of the electrolyte in the zinc elec
trode compartment during discharge of the zinc electrode can 
be estimated from literature data for the density of pure KOH 
[5] and ZnO saturated KOH solutions [6,7]. 

The procedure is as follows: after compiling, the composi
tion of a ZnO saturated KOH solution and its density from 
literature data, the composition of the pure KOH solution is 
calculated, assuming that starting with this solution the ZnO 
saturated solution was formed by electrochemical discharge of 
zinc. Furthermore, it is assumed that during discharge the 
total mass of the electrolyte in the zinc electrode compart
ment remains constant. For each zincate-ion formed, one potas
sium ion, along with 2.4 water molecules, is transferred from 
the zinc electrode towards the counter electrode compartment 
and one hydroxyl ion is transported in the opposite direc
tion. Then, the weight fraction of KOH in the pure KOH solu
tion, XKOH, can be calculated from the equation: 

xK xzn 
~OH = ~OH ( M.._ - -:;:---) 

-""K Zn 
(A.l) 

Mi is the molecular mass of species i and Xi its weight frac
tion in the ZnO saturated solution. The density for the pure 
KOH solution, Pl, can now be evaluated from literature data 
[ 5] • 

The ratio of the volume of the electrolyte in the zinc 
electrode compartment at the end of discharge, V2, to the 
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Table 8.1 The ratio V2/V1 and V3/V1 for various electrolyte compositions. 

XK xzn P2 
kg.l-1 

XKQH Pl 
kg.l-1 

V2/Vl V3/Vl 

0.0818 0.0055 1.1076 0.1127 1.0991 0.992 0.0008 
0.150 0.0183 1.2258 0.2000 1.1818 0.964 0.0030 
0.213 0.0361 1.3616 0.2747 1.2556 0.922 0.0063 
0.219 0.0371 1.3637 0.2824 1.2633 0.926 0.0066 
0.289 0.0634 1.5356 0.3603 1.3447 0.876 0.0119 

i().248 0.0495 1.472 0.3132 1.2950 0.880 0.0090 
#0.290 0.0679 1.589 0.3583 1.3426 0.845 0.0128 
#0.296 0.0781 1.653 0.3580 1.3423 0.812 0.0146 

#From Ref. [7], 18-20 °C. 
All other data from Ref. [6], 25 °C. 

volume at the beginning of discharge, v1, is given by: 

v2 p I 
vl = p2 <r.2) 

I 

where P2 is the density of the ~no saturated solution. 
The results of the calculations for various electrolyte compo
sitions are presented in Table 8.1. Clearly, the volume of 
the ZnO saturated solution is smaller than the volume of the 
pure KOH solution. The ratio V2/V1 decreases with increasing 
zinc content of the solution. For electrolytes and geometric 
dimensions commonly used in alkaline batteries, the volume of 
the solution in the zinc electrode compartment decreases with 
about 15% during discharge. The decrease of the total volume 
of the zinc electrode compartment is in fact slightly higher 
(about 1% more) due to the decrease in volume of the zinc 
electrode. The ratio of the volume decrease of the zinc elec
trode, Va, to V1 is calculated form the formula: 

(A.3) 

where P3 is the density of solid zinc. This ratio increases 
with increasing zinc content of the ZnO satured solution, ie 

the volume decrease of the zinc electrode increases if more 
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zinc is discharged. 
In the actual battery system, the electrolyte in the zinc 

electrode compartment will not be completely depleted in zin
cate at the beginning of discharge. Hence, the change in elec
trolyte volume after discharge may be smaller than is expec
ted on the basis of our calculations. However, the electrol
yte at the end of discharge will not be saturated but will be 
supersaturated with zincate. Since the electrolyte volume 
decrease during discharge becomes larger with increasing zinc 
content of the electrolyte, a lower decrease than that given 
in Table 8.1 must be expected. Furthermore, the properties of 
chemically and electrochemically formed zincate solutions are 
different [18, 19]. Therefore, the results in Table 8.1 must 
be taken in a qualitative sense: and it seems that in actual 
battery systems the volume of the electrolyte in the zinc 
electrode compartment decreases more than to be expected from 
the results in Table 8.1. 
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List of symbols 

A = surface area 
:-radioactivity 

D diffusion coefficient 
E electrode potential 
F Faraday's constant 
I current 
K constant; K1, K2, K3 
M molecular mass 
N collection effiency 
R universal gas constant 
S slope of i vs w~ 

:-slope of i-1 vs w-~ 

T temperature 
V volume 

c = concentration 
d distance 
f rotation frequency 
g gravitational constant 
h height 
i current density 
k rate constant; kb,kf 
1 lenght 
m mass 
n = number of electrons 

:-photon counting rate 
r 

t 

radius 
time 

t%= half-life of radionuclide 
w width 
y = yield factor 

y activity coeffient 
& diffusion layer thickness 
X = conversion factor 
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[cm2] 

[Bq] 
[cm2.s-1] 

[V] 

[C.mol-1] 

[A] 

[ s-~, V, -] 

[g.mol-1] 
[ -] 

[J.mol-1.r1J 
[rnA. sY•] 

[mA-1.s-~l 

[K] 

[V] 

[mol.cm-3] 
[mm] 

[s-1] 

[m.s-2] 

[mm] 

[A.cm-2] 
[cm.s-1, mol.s-1.cm-2] 
[mm] 

[g] 

[-] 

[s-1] 

[mm] 

[s] 

[s] 

[mm] 

[-] 

[-] 

[em] 
[Bq.s] 



v = kinematic viscosity 
n = overpotential 
p = electrolyte density 
w = rotaion velocity 

superscripts 

carr = corrosion 
E = electrochemical 
max = maximum 
o = standard conditions 
s = surface 
sol = solubility 
t = 'true' 
e = dissolved H2 
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[cm-2.s-1] 

[V] 

[kg.dm-3] 
[s-1] 

subscripts 

b = background 
:-backward 

c = corrected 
ct = charge-transfer 
d = diffusion 
D disc 
f forward 
1 limiting 
R ring 

r = region 
00 = infinite rotation speed 



Summary 

Despite its favourable electrochemical properties and 

potentially economical merits, the nickel oxide-zinc secon

dary battery is riot yet commercially available. This is due 

to its short cycle life, which is caused mainly by zinc elec

trode shape change: the redistribution of zinc material (Zn, 

ZnO, Zn(OH)42-, etc.) over the electrode during repeated cy

cling of the battery. 

The aim of this thesis is to get more insight into the phe

nomenon of shape change. 

Two models for shape change have been proposed: the mem

brane-pumping and concentration-cell model. However, it ap

pears that both models are partly inconsistent and cannot 

satisfactorily explain all phenomena observed. 

For a better understanding of the zinc electrode system it 

is essential to gain knowledge of the transport of zinc mate

rial over the electrode during battery operation and of pro

cesses which can affect this transport, such as: hydrogen 

evolution and metal-oxide additives to the zinc electrode. 

Hydrogen production during the electrodeposition of zinc 

from alkaline zincate solutions was investigated with the 

rotating ring-disc electrode technique. From the results it 

can be concluded that in actual batteries hydrogen production 

is small. Therefore, convection due to hydrogen bubbles can

not contribute significantly to zinc material transport in 

the battery. 

The rotating disc electrode technique was used to inves

tigate the role of metal-oxide additives in porous electro

des. It appears that the addition of 1 or 5 wt% of the metal 

oxide (HgO, PbO, CdO, In203) does not alter the kinetics of 

the electrochemical oxidation of zinc. Hence, the polariza

bility is not changed as a result of the metal-oxide additive. 

It was found that metal oxides do affect the porous elec

trode structure. They tend to destroy part of the porous 

structure, but may increase the availability of zinc. How

ever, the impact of these additives on shape change cannot be 
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accounted for on the basis of the aforementioned results. 
A study of the behaviour of zinc electrodes in actual bat

teries showed that shape change occurs irrespective of the 

geometry of the cell. Only if forced cenvection was applied 
to the battery electrolyte the zinc electrode remained uni

formly covered with zinc material. The shape change rate 

decreases with increasing interelectrode distance, probably 

as a result of the increasing amount of Zn( II) species in 

solution. 

Furthermore, if no separator between the electrodes was 
implemented, shape change occurred anyway. Therefore, mem

brane-pumping cannot be the principal force for the occur

rence of shape change. Also, the potential over the zinc elec

trode during repeated cycling of the battery, as observed 

experimentally, is in conflict with the predictions of the 
concentration-cell model. 

The transport of zinc material over the zinc electrode 

during repeated cycling was studied with the radiotracer tech

nique. It is established that the displacement of the label 
(65Zn) is a measure for the displacement of zinc material 

over the electrode during cycling; hence shape change can be 
monitored in situ. It was found that zinc material is trans

ported via the battery electrolyte during charge as well as 

during discharge. During charge the direction of the trans
port is opposite the direction during discharge. Since the 
amount of zinc material involved in the transport process is 

much larger during discharge than during charge, after one 

cycle a net transport is observed in the direction as ob
served during discharge . 

. on the basis of our experimental results we postulate a 

new model, based on density- and volume variations of the 

battery electrolyte during cycling. 
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Samenvatting 

De nikkeloxyde/zink alkalische oplaadbare batterij is tot 

op heden niet commercieel verkrijgbaar, ondanks zijn gunstige 

elektrochemische eigenschappen en potentiele economische voor

delen. Dit is het gevolg van de korte levensduur van deze 

accu, hetgeen voornamelijk veroorzaakt wordt door de vormver

andering van de zinkelektrode: de herverdeling van zinkmate
riaal (Zn, ZnO, Zn(OH) 4 2-, etc.) over de elektrode tijdens 

herhaald op- en ontladen van de accu. 

Het doel van dit proefschrift is inzicht te verkrijgen in 

het proces en mechanisme van de vormverandering van de zink

elektrode. 

Voor het mechanisme van vormverandering zijn in de lite
ratuur twee modellen geponeerd: het 'membraanstuwings'- en 

het concentratiecelmodel. Echter, deze modellen zijn deels 
inconsistent en kunnen een aantal aspecten van vormverande
ring niet verklaren. 

Voor een beter begrip van het vormveranderingsmechanisme 
is het van essentieel belang inzicht te verkrijgen in het 

transport van zinkmateriaal in de accu, alsmede in factoren 

die hierop van invloed zijn, zoals waterstofontwikkeling en 

toevoeging van metaaloxyde-additieven aan de zinkelektrode. 

De waterstofproductie tijdens de elektrodepositie van zink 
uit alkalische zinkaatoplossingen is onderzocht m.b.v. de 

roterende ring-schijf elektrodetechniek. De resultaten tonen 

aan dat in de accu de waterstofontwikkeling gering moet zijn, 
en dientengevolge convectie t .g. v. waterstofbellen geen 

significante bijdrage kan leveren aan de verplaatsing van 
zinkmateriaal over de elektrode. 

M.b.v. de roterende schijfelektrode is de invloed van toe

voeging van metaaloxyde-additieven (HgO, PbO, CdO, In203) aan 

poreuze elektroden onderzocht. Het blijkt dat toevoeging van 
1 of 5 mass a % metaaloxyde niet resul teert in een wezenlij ke 

verandering van de kinetiek. Oftewel, de polariseerbaarheid 

verandert nauwelijks door toevoeging van deze. oxyden. Wel 
be1vloeden deze oxyden de poreuze structuur van de elektrode: 
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zij verkleinen het inwendig oppervlak maar vergroten de be
schikbaarheid van zink voor deelname aan de elektrodereactie. 
Echter, een verklaring voor de rol van deze additieven in het 
vormveranderingsproces is hiermee niet gegeven. 

De vormverandering van de zinkelektrode tijdens herhaald 
op- en ontladen van de nikkeloxyde/zink-accu is bestudeerd in 
cellen van verschillende geometrie. In alle celtypen is vorm
verandering waargenomen, behalve indien geforceerde convectie 
in het zinkelektrodecompartiment opgewekt wordt. De snelheid 
waarmee vormverandering optreedt neemt af naarmate de afstand 
van de elektroden toeneemt; waarschijnlijk als gevolg van de 
toenemende hoeveelheid Zn(II) species in de elektrolyt. 

Tevens is geconstateerd dat vormverandering optreedt in
dien geen separator tussen de elektroden geplaatst wordt. Dit 
resultaat toont aan dat 'membraanstuwing' niet de belangrijk
ste oorzaak voor het optreden van vormverandering kan zijn. 
Ook blijkt dat de gemeten potentiaalverdeling over de zinke
lektrode tijdens cycleren van ~e accu niet in overeenstemming 
is met de voorspellingen volgens het concentratiecelmodel. 

De mate en snelheid van de verplaatsing van zinkmateriaal 
over de elektrode is onderzocht m.b.v. de radiotracer tech
niek. Aangetoond is dat de verplaatsing van het label (65zn) 
een maat is voor de verplaatsing van zinkmateriaal over de 
elektrode, en dat vormverandering tijdens cycleren kan worden 
bestudeerd. Het blijkt dat tijdens het laad- en ontlaadproces 
zinkmateriaal wordt getransporteerd via de batterij-elek
trolyt. De richting van dit transport is tijdens laden 
tegenovergesteld aan de richting tijdens ontladen. Aangezien 
de getransporteerde hoeveelheid zinkmateriaal tijdens laden 
aanzienlijk minder is dan tijdens ontladen, wordt netto tij
dens een cyclus zinkmateriaal verplaatst in de riching zeals 
waargenomen tijdens ontladen. 

Op basis van onze experimentele resultaten poneren wij een 
nieuw model voor het mechanisme van vormverandering: het 
dichtheidsmodel. Dit model berust op het optreden van dicht
heids- en volumeveranderingen van de batterij-elektrolyt tij
dens cycleren van de accu. 
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Stellingen 

1. Vormverandering van de zinkelektrode is het resultaat van 
convectief transport van zinkmateriaal over de elektrode 
tijdens herhaald op- en ontladen van de accu. De convec
tie wordt opqewekt door dichtheids- en volumeveranderin
gen van de elektrolyt in de accu tijdens cycleren. 

Hoofdstuk 8 van dit proefschrift. 

2. De invloed van metaaloxyde-additieven aan de poreuze zink
elektrode op het vormveranderingsgedrag kan niet worden 
toegeschreven aan de verandering van de polariseerbaar
heid.van zink. 

Hoofdstuk 4 van dit proefschrift. 

3. Voor een beschrijving van de dubbellaag van het systeem 
Hg/KBr ,H20 is het specifieke (contact)adsorptiemodel 
overbodig. 

Weg van de P.B., pro&fschrift, Vrije Universiteit Amster
dam• 1985. 

4. De bismutelektrode, indien op juiste wijze voorbehandeld, 
kan dienen als betrouwbare pH-sonde in geconcentreerde 
KOH-oplossingen. 

'pH-Measurement in Strong KOH Solutions with a Bismuth 
Electrode', R.E.F. Einerhand, w. Visscher and E. Baren
drecht, Electrochim. Acta., in druk. 

5. Voor de berekening van de reactiesnelheid m.b.v. de Mar
cus-theorie, is de voorwaarde, dat de overlap van de orbi~ 
talen der reactanten gering moet zijn, onbelangrijk. 

Marcus R.A., J. Chern. Phys., 24 (1956) 966 



6. Voor de berekening van thermodynamische gegevens van 
alkalimetaalhydroxide-oplossingen baseren Pound et al. 

zich op onjuiste wij ze op de door Johnson en Pytkowicz 
afgeleidde relatie voor de activiteit van geassocieerde 
en gedissocieerde ionen. 

Johnson K.S. en Pytkowicz R.M., in "Activity coefficients 
in electrolyte solutions", R.M. Pytkowicz (ed.), Vol. II, 
CRC Press, Boca Raton, 1979, p. 10. 
Pound B.G., Singh R.P. en MacDonald D.D., J. Power 
Sources, 18 (1986) 1. 

7. Het accepteren door vrouwen van een aparte competitie 
voor vrouwen in denksporten geeft te denken over de 
capaciteiten die vrouwen zichzelf toedenken. 

8. Het weglopen van Bondsdagleden tijdens de rede van dr. P. 
Jenninger (toenmalig Bond~dagpresident) n.a.v. '50-Jahr 
Kristallnacht', illustreert dat, evenals 50 jaar geleden, 
men alleen wil luisteren naar wat men horen wil. 

9. De grootste bedreigingen voor het milieu zijn de schijn
oplossingen, zoals bijvoorbeeld de katalysator voor de 
uitlaatgassen van de auto. 

10. De sterke toename van • derde-geldstroom' projecten · aan 
universiteiten kan een bedreiging vormen voor het funda
mentele onderzoek. 

11. Het onjuist wel of niet alerteren van een bieding bij 
bridge dient bestraft te worden op eenzelfde wijze als 
een verkeerde uitleg van een bieding. 

12. Het terugdringen van het universitaire elektrochemie
onderzoek in Nederland is een beleidsprincipe, voort
komend uit een profijt-op-korte-termijn denken dat oak 
universitair Nederland steeds meer gaat beheersen. 




