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l. INTRODUCTION 

It was in 1800 that Volta [I] discovered the galvanic cell, which supplies 

electric current as a result of chemica! processes occurring in the cell. 

Volta's piles were constructed of zinc disks as negative electredes and 

silver or capper disks as positive electrodes. Since that time considerable 

research l1as gone into the development and amelioration of these cells 

(batteries) and from the very beginning zinc has proved to be attractive 

as negative electrode material. 

In 1836 the Daniell cell [2] was invented and in 1865, the highly 

important Leclanché cell [3,4] came on the scene. Various improvements 

were made to the Leclanché cell, eventually leading to a 'dry' battery 

and in its improved form this cell is still widely used today. All these 

primary cells use zinc as electrode material. 

The secondary battery system, zinc-nickel oxide, was discussed for the first 

time by de Michalewski [5] ~n 1899 and patented in 1901 by Junger [6] 

and Edison [7]. This cell, however, because of its short cycle life and 

various other problems (see later), turned out to be unattractive commer

cially and interest in it was lost. 

The lead-acid secondary battery invented by Plantê in 1860 is still the 

most commonly used battery. Although for laad leveling in electricity 

plants and for traction purposes in electric vehicles, it is not the 

optimum battery because of its low energy density, it remains until now 

the most reliable one. 

For more than one reason much of the developmental effort on new aqueous 

electrolyte batteries has been focussed on battery systems with zinc as 

the negative electrode e.g. the zinc-nickel oxide system. In this system 

the following electrode reactions take place: 

Discharge 
Zn + 20H-

Charge 

Discharge 
2 NiOOH + 2H20 + 2e- ~ 2Ni(OH)

2 
+ 

Charge 

giving the overall cell reaction as 

Discharge 
Zn + 2 NiOOH + H2o 

Charge 
ZnO + 2Ni(OH) 2 , E0 

(I. I) 

0.48 V (1.2) 

1.73 V (1.3) 

The cell voltage is 1.73 V. The electrolyteis KOR, with concentrations 



in the range of 4 - 10 M. Based solely on the electrical capacity and 

weights of reactants, the theoretica! energy density is 373 Wh/kg. The 

practical energy density, however, is much lower due to the fact that 

utilization of reactants is not complete and because of the weight of 

extra essentials such as current collectors, separators, terminals and 

cell case. Nevertheless, the practical energy content per unit weight 

and volume is still high 60 - 80 Wh/kg [8-10] compared to 40 - 45 Wh/kg 

for the lead-acid battery. In addition, the cell can be discharged at 

high rates, 100- 130 W/kg [9-ll], and in a relatively wide temperature 

range. The mechanica! stability of the battery is also very satisfactory 

[9]. 

Despite these advantages, there are a number of problems which hinder a 

breakthrough occurring for this battery. The main problem is the limited 

cycle life, i.e. strong reduction of the capacity of the cell on cycling 

caused by various processes at the zinc electrode of which the most 

important are: 

- Shape Çhange i.e. the reduction of the zinc electrode geometrie area 

on cycling. The zinc electrede's active material is removed from the 

plateedges and agglomerates towards the plate center (Fig. 1. 1). Once 

initiated, this displacement of active zinc progresses as cycling con

tinues and results in a reduction of the capacity and the useful life 

of the cell. 

before cycling after cycling 

[.'Sj zinc active material 

RrB current collector 

Fig. 1.1 Shape Change of the zinc electrode as result of cycling. 
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Densification of the active material, which is often observed together 

with shape change. This is a reduction of the surface area of the porous 

electrode, in the direction perpendicular to the surface, and is caused 

by the different current distributions on charge and discharge in the 

porous systero. 

~~~~~~ which inhibits the zinc discharge process, due to the formation 

of zinc oxide and hydroxide layers at the surface. 

- Dendrite formation which can cause cell failure by internal short-circuiting. 

Much research has been done on separators to prevent short-circuiting, 

and on additives to the electrode and electrolyte to stop or mitigate 

zinc dendritic growth. 

A secoud problem of the cell is its sensitivity to overcharging [9,12] 

caused by the disparity in efficiencies between the 

and the negative electrodes. A further disadvantage is the relatively poor 

charge retention [9]. Aftera rest period of one month at room temperature, 

only approximately 70% of the capacity is available; 

This thesis attempts to investigate certain aspects of zinc electrode 

reaction and behaviour in view of its application in batteries. 

Chapter 2 begins with a literature review on the properties of zinc 

including its salution chemistry and the anodic and cathodic processes. 

This is foliowed by a discussion of the properties of the zinc electrode 

in a battery systero with partienlar attention to porous structure. Shape 

change is emphasized as the most important factor leading to liroited 

battery cycle life. Two existing roodels of the phenoroenon of shape change, 

based on electro-osroosis and current distribution are treated in detail. 

It is shown that neither of these roodels is adequate to describe 

consistently the phenomena observed. 

In chapter 3, the first stages of electrocrystallization (nucleation and 

growth) are investigated. This is done because in the battery, deposition 

and dissalution processes take place, during charging and discharging of 

the zinc electrode, In these processes, next to charge transfer and trans

port of reaetauts and products, also the formation and breakdown of crystal 

lattices are involved. Because the charge transfer kinetics of zinc are 

very fast, this electrocrystallization process is decisive. Polycrystalline 

silver is used as substrate, because in batteries a silver current collector 

is often used and reproducible results can be obtained with this substrate. 

3 



In chapter 4 the surface reactions between the silver substrate and the 

deposited zinc layer will be more thoroughly investigated. 

The reaction mechanism of zinc and amalgamated zinc in an alkaline electro

lyte is dealt with in chapter 5. In an actual battery, the zinc electrode 

is usually amalgamated to hinder the formation of hydrogen. However, there 

is little information available to date in the literature on the reaction 

mechanism of the amalgamated zinc. Therefore, the investigation incorpo

rates zinc electrades amalgamated in different ways. The pure zinc electrode 

is also included because the literature contains proposals on several 

different mechanisms; these, however, are based on contradictory experi

mental results. 

In chapter 6 the actual battery system is stuclied in order to obtain more 

information on cycling behaviour and especially on shape change phenomenon. 

The effect on cycle behaviour of different amalgamatien techniques of the 

zinc electrode and several additives to the electrode is described. 

Chapter 7 deals with impedance measurements of the zinc electrodes, as used 

in the study of the reaction mechanism, which gives additional information 

about the reaction mechanism of the zinc electrodes. Also the impedance 

technique was applied to study the complete battery behaviour in order to 

find a correlation with the changes of the zinc electrode during cycling, 

in particular, the shape change phenomenon. 
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2. LITERATURE REVIEW 

2.1. Properties of zinc in alkaline solution. 

2. 1. 1. E~l~ti_?~ _c~~_i!~l· 
The electrolyte in the Zn/NiOOH system consists of potassiumhydroxide with 

concentrations in the range of 4 to 12 M and zinc oxide. The zincate ion, 
2-Zn(OH)4 , with tetrahedral structure [1-3] is the only important zinc ion 

in KOH electrolytes [4]. The solubility of ZnO in KOH is shown in Fig. 2.1 

[5]; it appears to be independent of temperature [6,7]. The figure shows 

that "supersaturated" solutions can be formed by ·electrodissolution of zinc 

into alkaline solutions [5]. The decomposition processof the supersaturated 

salution is very slow and can take about one year to reach equilibrium. 

28 

%KOH 

Fig. 2.1 Zincate solubility in KOR-solu

tions at room temperature. [5] 

solid line: solubility limit of electro

litically generated zincate. 

breken line: solubility of ZnO. 

It is not yet clear what the solute species are in these supersaturated 

solutions [8]. McBreen, Dirkse and Nanis [9-11] have determined the diffu

sivity in KOH at various concentrations and temperatures [9-11]. The 

diffusivity remains constant with KOH concentrations up to ~ 7 M while 

above this concentratien it decreases rapidly with increasing KOH concen

tration. 

2.1.2. Anodic processes at the zinc electrode in alkaline solutions. -------- ----------------------------------
The utilization of a zinc electrode in alkaline solutions depends on the 

àbility of the electrode to remain active in the ancdie dissalution process 

Zn + 4 OH- 2- -..,. Zn(OH) 4 + 2e (2. I) 
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However, this zinc discharge is aften inhibited by the formation of a 

passivaring zinc oxide or hydroxide layer. Anodic dissalution and passi

vation behaviour has been the subject of many investigations using galvano

static techniques [12-22], potential sweep techniques [23-33], rotating 

ring-disc techniques [24,27,28] and the X-ray diffraction technique [34]. 

Using the galvanostatic technique, the relation between the current density 

and the passivatien time, at which a large increase in the overpotentlal 

occurs, has been studied. On zinc sheets the results in general conform to 

the relationship [12-21] 

(i - A) B (2.2) 

in which 

i the applied current density 

t the passivatien time 
p 

A,B correlation constants, of which the values are dependent on experi-

mental conditions, such as KOH concentratien and the conveetien 

pattern of the electrolyte. 

A summary of experimental dataforA and B has been given [19]. The corre

lation constant A eau be taken as a limiting current density, below which 

no passivation takes place. Values of B an indication of the degree 

of utilization to be expected at various KOH concentrations: at~ 7 M this 

value reaches a maximum [15]. Different mechanisms have been proposed to 

explain the zinc passivatien behaviour, namely dissolution-precipitation 

[18,23,35], adsorption [24,28,36,37] and two-dimensional growth of crystals 

[25,38]. In all three mechanisms, the zinc oxide film is responsible 

for 

Two kinds of oxides are formed [23,26]: 

- Type-I film. This film consists of a porous white layer (loose and 

flocculent) which is formed under stagnant conditions. It is thought that 

this layer is formed by the dissolution-precipitation mechanism [27,35,39, 

40,41]. At low current densities (< 150 mA/cm2) passivation of the 

electrode occurs when the film becomes so thick that the rate of supply 

of OH--ions through the film is less than the rate of demand of OH--ions 

for the electrode reaction [19,41]. 

-Type-I! film. This film is more compact, and is thought to be formed by 

surface growth processes [23,26]. It is considered to be responsible 

for the passivatien of zinc in alkaline solutions [23] at higher current 

densities (> 150 mA/cm2) [20]. 
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In the passivatien process both types of films play an important role [27]: 

the porous type-I film is not responsible for passivation, but retards 

the mass transfer. This ultimately results in a decrease of the pH in the 

porous film resulting in the formation of a thin compact type-I! layer, 

which is responsible for the passivation. 

50 

50 

• V vs. Hg/HgO 

Fig. 2.2 

Current-potential curve of a stationary 

zinc electrode (0.28 cm2) in 3 M 

KOH/0. I M ZnO. Scan rate: 50 mV s-I [42] 

Current-potential curves for zinc are complex due to the occurrence of 

several processes [23-33]. An example is given in Fig. 2.2 [42]. Experi

mental conditions such as the scan rate, electrolyte concentratien and 

conveetien regime influence the shape of these curves. The major feature 

of these curves is that they show two anodic current peaks that become more 

distinct at lower scan rate [26]. These double peaks are attributed to the 

formation of hydrogen, which is catalyzed by the anodic films on zinc 

[26,32]. Prior to passivatien current oscillations have been observed 

[27,28,29,43]. These oscillations are ascribed to buckling and tearing 

of the compact type-II film [23,43] or to a process in which passivaring 

films appear and disappear as a result of changes in pH at the surface 

[27]. 

2.1.3. Cathadie processes at the zinc electrode in alkaline solution. 
------~~--- ------- ---------- -----

The deposition of zinc from alkaline solutions has also been intensively 

studied using potenticstatie and/or galvanostatic techniques (occasionàlly 
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in combination with microscopie observation) [44-49], SEM [48,50,51,52], 

X-ray diffraction technique [50] or impcdanee technique [53-55]. 

Three types of zinc deposits have been observed: 

I. §~~~!h_~~~E~~!-~~E2~~!· 
On a smooth zinc electrode the initial deposit is epitaxial, regardless 

of the overpotenrial [45,47], and consistsof two-dimensional growth 

layers. In vigorously stirred solutions this growth form is retained 

fora long time at low overpotential [49). In unstirred solutions there 

is an optimum value of current density (210 A/m2) which gives a maximum 

thickness of the compact Zlnc layer [49). However, af ter some time, 

depending on the experiment al conditions, this type of grm-rth stops 

and faced protuberances (also called protrusions) begin to form on the 

substrate [45]. The mechanism for the formation of these protuberances 

is not understood. It is suggested that these protuberances, or pyramids, 

arise as aresult of the rotstion of a screw dislocation [48]. Moreover, 

the formation of these protuberances causes the onset of other growth 

forms. 

II.§E~~gz~-~~~l-~~E~~~!· 
This deposit is finely grained, poorly adherent [45] and consists of 

fine, helically cailed zinc whiskers, 0.6 to 1.0 ~min diameter [46]. 

It is formed at low overpotentials (< 75 mV) [49] and the formation 

is apparently not controlled by mass transfer but by some specific 

steps in the charge transfer reaction [53]. lt has been postulated 

that a coupling between the interfacial reactions and the surface 
+ 

diffusion of Znads can explain the formation of the mossy deposit 

[54 

III.Q~~~~~!~~-~~E~~~!· 
The transition to dendrite formation corresponds to the onset of 

mass transport control and is characterized by a critical current 

density, which is dependent on hydrodynamic conditions [56] and tempc

rature (49]. The deposit has a fern-like structure. Initiation and 

propagation of the deposit have not been completely understood so far. 

Bockris et al. [47,48] have proposed that dendrites originate from 

the tips of pyramids formed as the result of the rotatien of a screw 

dislocation. They begin to grow when the mode of mass transfer changes 

from linear to spherical diffusion. Only a small fraction of these 

pyramids develop into dendrites [48,52]. Mansfeld and Gilman (51] also 

observed pyramids but found that dendrites were more frequently 

initiated at the bases of the pyramids. Powers [45] suggests that 
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entities formed by dissalution of dark-coloured anodic layers expedite 

the nucleation of dendrites. According to the lit. [54) a strong 

acceleration of the nucleation rate, caused by the autocatalytic 

formation of the adions, plays an important role in the formation 

of dendrites. 

May and Kautz [57] presented a mechanism to explain the different 

morphologies. 

- Dendrites are likely to be due to a more rapid growth on the non

basal crystallographic planes than on the basal planes. 

Mossy deposit is a result of dissalution from the non-basal planes 

at low cathadie potentials. 

Model systems were sought which would produce such a phenomenon. 

Two such systems were found to be in accord with the proposed mechanism. 

One involves rapid disproportienation of Zn+-species on the non-basal 

planes; the other involves a redox reaction between zinc-zincate and 

hydrogen water systems. 

In batteries, dendrite deposition is undesirable because it leads to 

·short-circuiting. Along with the search for better separators which hinder 

short-circuiting, attempts have also been made to control the deposit 

morphology (and to get mossy deposits, which are desirabie in battery 

electrodes). 

Factors which influence the morphology are: 

~~diEiv~~-!~-!~~~!~~!!2!X!~ 
Certain additives modify the deposit morphology inhibiting the formation 

of dendrites and widening the range of current densities leading to 

compact deposits [58-60]. Diggle et al. [59] ascribed the inhibition 

of zinc dendrite morphology to a blocking action in the case of some 

organic additives, and, in the case of lead and quaternary ammonium 

salts, to specific adsorption, which is supposed to lower the electra

static field. 

Bressan and Wiart [60,61] concluded that the additive lead acetate 

modifies the rates of some elementary reactions taking place at the 

interface and seems to decrease that of the autocatalytic step in the 

reaction mechanism. They also concluded that the additives give rise 

to an accelerated nucleation rate ensuring a faster renewal of active 

growth sites. 

JO 



Y~E!~~~-EB~!Bi~g-~~!h~~~ [49,62-66] 

Periodically varying cathadie currents modify the deposit morphology 

by the formation of zinc sponge and extending the formation 

of compact epitaxial deposit [49,65]. However, control of the deposit 

morphology is limited and herree this does not appear to be a very 

promising methad for solving the problems af the zinc electrode. (Appelt 

[66] has given a qualitative based on the formation of a 

diffusion layer and the change of the zincate concentratien at the 

surface when a "three-component-impuls current" is used. This current 

also influences the initiation of zinc dendrites). 

Naybour [56] has demonstrated the effect of electrolyte flow on the 

morphology, and correlated the morpholagy with the Reynolds 

number: on increasing Reynolds numbers the marpholagy of the deposit 

undergoes transition from dendrite to bulbous (a kind of sponge) and 

to a flat deposit (plate-like structures). 

Two meehanisms for zine deposition in and onto ZnO-electrodes have been 

proposed [67-70]. One mechanism assuroes the direct solid statereduction 

from ZnO to Zn [67] and the other assumes that the dissalution of zinc 

oxide is foliowed by reduction of the zincate ion [68]. Drazie and Nagy [68] 

concluded that the contribution of the solicl-state reactian to the battery 

electrode process is not likely to be more than a few percent, if any. 

Zavgorodnyaya [69,70] cancluded that in less concentrated KOH-salutians 

(0. I ta 0.5 N), the reaction occurs predominantly directly in the solid 

state and only in part via a prior dissalution step, while in coneen

trated solutians it occurs ehiefly via the dissalution step. 

2.2. Properties of zinc ~n batteries. 

Porous electrades are used in battery systems because they attain the high 

current densities required. The behaviour of these electrades in battery 

systems involves a greater number of interrelated phenomena than is the 

case in planar eleetrades. Besides anodic and cathadie phenamena, the 

geometry, the structure parameters of the electrode and the cyele con

ditions also determine the behaviaur. 

Many investigations have been carried out on parous electrodes, both 

and theoretically. The structure of poraus electrades has 

a major influence on the utilization. Several empirica! correlations have 

been derived for this interdependence [71-73]. From a mathematica! model 
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based on a concentrated ternary electrolyte theory, Sunu and Bennion [74] 

predicted that, if a membrane separator is applied, the utilization is 

severely limited by depletion of hydroxyl ions within the zinc electrode 

compartment. They also predicted that the reaction profiles in the pores 

are highly non-uniform, and that the reaction zone near the electrode 

surface is very thin, resulting in a low discharge capacity. This has 

been experimentally confirmed [75]. On repeated cycling the difference in 

anodic and cathadie reaction current product distribution causes the 

redistribution of solid zinc and zinc oxide species in the pore. Information 

about the reaction product profiles in the poreus electrode is obtained 

by measuring the penetratien depth of the reaction in the pore. This can 

be done with different techniques: 

- microslicing of the electrode followed by chemical analysis of zinc and 

zinc oxide [75,76] 

microscopie maasurement of the zinc oxide in the pore [77] 

- continuous measurement of current through each segment of a sectioned 

poreus electrode fabricated by photolithographic technique [78,79] 

This gives direct information of the current distribution in the pore. 

From these measurements it has been concluded that the penetratien depth 

is very small (only a fraction of the thickness of the poreus electrode), 

and that the current distribution is highly non-uniform and varies depen

ding on anodic or cathodic curr~nt [78,79]. 

Investigations of the anodic reaction in a pore have indicated the disso

lution-precipitation mode of ZnO formation [76,77,80]. This zinc oxide is 

referred to as a type-I film {23]. SEM-observations of these precipitates 

[78,80] have given insight into morphological aspects of .electrocrystallized 

ZnO (the porosity of the Znû-film is 80-85%). 

Nagy and Bockris [76] have explained current distribution in the porous 

electrode by a model for an oxide film, consisting of a thin high-resistance 

compact film beneath the porous oxide upper layer. To account for the 

passivatien mechanism caused by the formation of a compact ZnO within the 

electrode pores, Liu et al. [79,81] made use of the model of Sunu [74]. 

They concluded that the high non-uniformity of current distribution was 

due to the high electrolyte resistance compared to both the charge 

transfer resistance and the diffusion resistance of OH--ions. 

It has been suggested that the passivation of the electrode may have 

been caused by pore plugging due to the catalytic hydrogen evolution. 

The last model considered here, is the migration model, developed by 

Yamazaki [82]. He formulated the current or reaction product distribution 

12 



in a poreus electrode but did not take into consideration the precipitation 

of zinc oxide and passivation. The calculated results showed different 

reaction product distributions during charge and discharge, attributed 

to a resistivity change in the pore electrolyte and to a change in the 

interfacial reaction resistance. 

2.2.1. Shape Change. 

Shape Change involves the redistribution of the active material on the 

zinc electrode geometrie area with cycling. The active material is 

removed from the electrode edges and agglomerates towards the plate 

center. Many investigations have been carried out to gain a better under

standing of this phenomenon. 

Parameters influencing Shape Change (SC) are: 

- Ig~-2~e!h_~f_2!~sh~Eg~ cnon) 
Seiger stuclied the effect of DOD on the cycle life. His study also 

included failure mechanisms other than SC [83]. The relation between 

DOD and cycle life was very clear and was expressed in the following 

exponential function 

D)] (2.3) 

in which 1 is the number of cycles obtained at depthof discharge (D), 

is the cycle life at 100% DOD (D ~ I) and a is a proportionality 

factor. 

- !h~-~XE~-~f-~~E~E~!~E· 
Ih~-~!~!sh!~~~!E!S_E~~i~·of the negative and positive active material. 

- Ih~-S~8~~E~S!i~g of the cell with the electrodes. The effect of the 

orientation of the zinc electrode, horizontally or vertically with 

respect to the earth's gravitational field, on the extent of Shape 

Change is insignificant [84,85]. 

- rg~-~~~i!i~~~ to the zinc electrode. 

Amalgamatien of the zinc electrode to increase the hydrogen overpotenrial 

also increases the rate of SC [84]. Other additives, however, (such as 

cadmium, lead and thallium, which also increase the hydragen overpotential) 

reduce the rate of SC [86,87]. Some surface active agents, such as 

Emulphogene, have a positive effect upon the cycle life [88]. 

The effect of additives in pasted zinc battery electredes has been 

stuclied in great detail by McBreen at al. [89-91]. They concluded [89] 

that the benificial effect of some metal oxide additives (PbO, In(OH)
3

, 
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Tl 2o3 and mixtures of these) is due to the overpotential increase which 

improves the current distribution and so decreases the rate of Shape 

Change. They suggested that this additive effect is in reality a sub

strata effect and assumed that the adverse effect of HgO is due to a 

slight overpotential decrease. The effect on the current distribution 

during formation of the electredes has been further investigated by 

means of a sectioned nickèl oxide electrode, by the same authors [90]. 

In the case of zinc electrades with no additive, the average current 

density at the edge sections was about twice that at the center sections. 

Additives such as Tl2o
3 

and In(OH) 3 result in a more even current distri

bution during formation. However, in this latter investigation they 

found that HgO had little effect on the current distribution which, 

of course, does not support their earlier findings. In addition, 

anomalous effects were found with PbO additives because of leaking 

of the additive into the electrolyte, especially at the electrode edge. 

Two different mechanisms have been proposed to explain Shape Change: 

- HeBreen [92] gives a qualitative explanation of the phenomenon of SC, 

based on extensive experimental data of the patterns of current and 

potential distribution during cycling of a zinc electrode. 

Differences in current distribution during charging and discharging 

result in accumulation of zinc. and exhaustion of reducible zinc species 

at the plate periphery. He postulated that this leads to the formation 

of concentratien cells, composed of the edges and the center of the 

electrode, so that zinc dissolves away from the plate edge and is depo

sited at the plate center. These concentratien cells in turn cause 

Shape Change. The second factor contributing to SC, according to 

McBreen, is the occurrence of a concentratien gradient of zincate, in 

the beginning of discharge (in the first stages of cycling) due to 
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the current distribution, and leading to a displacement of the zincate 

in the direction of the center. HeBreen's explanation, however, is not 

satisfactory. A diffusion process is incorporated in the model only at 

the moment that the concentratien gradient in the direction of the 

center is negative (to explain the movement of zincate to the center) 

but not when the reducible zinc species at the plate periphery is 

exhausted and the concentratien gradient is positive. Furthermore, 

the reasoning of McBreen is notconsistent regarding.the idea of a 

concentratien cell concept. He argues that relaxation of the different 

potentials over the electrode surface to a common value must occur via 



a concentratien cell, rather than via the much slower diffusion process. 

However, different potentials over the zinc electrode arise also in the 

of discharge due to variations in zincate concentration. 

In this situation he limits himself to a diffusion process concept 

only and discounts the concentration cell concept in his explanation. 

As a result, the concentratien cell concept and the diffusion process 

concept are incorporated in the model only when they can explain Shape 

Change. 

In their consideration of Shape Change Choi et al. [93] presented a 

mathematica! model, based on convective flows induced by electro

osmotie and osmotic forces across the membrane separator, which is 

present in the actual battery system. During discharge these forces 

induce a flow of electrolyte from the zinc electrode cernpartment 

towards the counter electrode compartment, i.e. across the mernbrane; 

during charge this flow occurs in the reverse direction (see Fig. 2.3). 

y 

~x 
Fig. 2.3 Schematic view of the convective flows in the accumulator 

... : during 

-+ : during 2 

zinc campartment 

membrane separator 

3 nickel campartment 

During discharging the salution in the zinc electrode campartment is 

supersaturated with zincate and during charging the electrolyte salution 

becomes unsaturated due to deposition. The combination of these two 

facts results in a net movement of zinc in the y-direction during a 

complete cycle. On repeated this leads to Shape Change. 

The material redistribution over the zinc electrode and the average 

fluid flow rates, which are measured in a zinc/silveroxide cell, with 
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vented electredes and a radiation-grafted polyethylene separator 

[94,95], are in agreement with the predicted values of the model. 

However, a great discrepancy exists between the predicted and observed 

cumulative concentratien changes at the end of the cycles. But this is 

.attributed to physical differences between the "model"- and the "actual" 

cell. Experiments were also carried out in cells where provisions were 

made to prevent conveetien [94,96]. Although the measured Shape Change 

was considerably less than in normal cells, this test cannot be regarcled 

as decisive because the depth of discharge (DOD) was only half that of 

normal cells. The mathematica! model prediets that in a cell with 

minimal convection, the overpotential and current have to be uniform 

over the whole electrode, but this is not verified by the measurements 

[96]. Moreover, the model is neither complete nor satisfactory because 

it only prediets the material redistribution in the y-direction (see 

Fig. 2.3) and not in the z-direction (in which direction SC also takes 

place) [92,95], or in the x-direction (see chapter 2.2). 
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3. THE ELECTROCRYSTALLISATION OF ZINC FROM ALKALINE MEDIA. 

3.1. Introduction. 

The electrocrystallisation of zinc has been extensively studied from the 

technological point of view. The number of publications on this subject 

is continuously increasing due to the promising features of zinc as 

electrode material in rechargeable batteries.The complexity of the 

behaviour of this metal as an electrode is evident from different types 

of studies and contradictory data found in the literature. 

Only few investigations (see for example raferences [1,2]) have been 

carried out on the first stages of the deposition of zinc. However, these 

studies still lack the detailed analysis of the very initial stages such 

as the initial formation of monolayers and the initia! nucleation and 

three-dimensional growth of centres. 

It is now well established [3] that detailed information about the kinetica 

of electrocrystallisation can be obtained readily from the initial stages 

of the potenticstatie deposition on foreign substrates. The electrocrystal

lisation of nickel, an irreversible process, was recently examined [4) 

by this technique and it was shown that the computer-based analysis of 

the initial stages of the deposition [5], according totherelevant 

general electrocrystallisation models [6], gives direct information as 

to the kinetica of nucleation, the kinetica of crystal growth in two and 

three dimensions, the morphology of the deposit and the role of 'overl~p' 

of growth centres, etc. 

The main aim of the work reported in this chapter is to explore the extent 

to which such studies can be used to derive similar information about a 

reversible process, the electrocrystallisation of zinc. 

3.2. Theory. 

Derivation of current-time equations for electrocrystallisation processes 

requires as a pre-requisite the correct calculation of the actual area 

of growth eentres at any time, t, prior to and after the coalescence of 

centres. It was pointed out recently [7,8] that the statistica! treatments 

of overlap [9] used for such calculations account for all ingestion of 

sites due to their coverage by the growth processes, but ingestion of sites 

due to the conversion of sites into nuclei are not accounted for; this type 
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of ingestion must then be taken into consideration by introducing a 

nucleation law [7,8] 

N (I - exp- A't) (3. I) 

where A (nuclei cm-2 s- 1) is the initial rate of nucleation, A' (s 1
) is the 

-2 rate of conversion of a site into a nucleus and N (nuclei cm ) is the total 

number of nuclei which can be formed in time t in the absence of growth 
-2 processes. If nucleation is progressive in time and occurs at only N0 (cm ) 

preferred sites, then the total number of nuclei which can be formed in 

the absence of growth is given by 

(3.2) 

whereas for the case of progressive nucleation in the absence of such 

preferred sites 

~2 

ar 
c 

(3.3) 

where re (cm) is the critical size of a nucleus and a is a packing factor. 

General current-time equations for nucleation and two-dimensional growth 

of eentres tagether with the concurrent hydragen evolution [6] give rise 

toa transient shown in Fig. 3.1. The initial current in this case rises 

t -c: 
Cll ... ... 
:I 
() 

time-

Fig. 3.1 Theoretica! current-time transient due to the two-dimensional 

nucleation and growth tagether with evolution of hydragen (on 

the tops and at the edges of the growth centres). 
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with time according to 

(3.4) 

where 2 > n > I depending on whether A' is very large (n = I forA' = oo) 

or very small (n = 2 for A' very small compared to the overall rate of 

the proces~.The steady-state current is due to hydragen evolution 

on top of the monolayer deposit. 

The general current-time equation for nucleation and three-dimensional 

growth of eentres whose shapes are approximated by right-circular cones, 

Fig. 3.2A, is given by [6] 

i = z F k' {1 [- ;r M
2
k

2
A ( 2 - 2t + 2 

(- A't))]} - exp t - -- exp 
A'p2 A' A' A'2 

(3.5) 

-2 -I -2 -I 
where k' (moles cm s ) and k (moles cm s ) are the rates of crystal 

growth in the direction perpendicular and parallel to the substrate, and 
-1 -3 M (g mol ) and p (g cm ) are the molecular weight and the density of 

the deposit, respectively. 

t 
A -c::: 

(I) ... 
k' 

... 
::s 

t 
(,) 

zFk1 

k -
substrata time ___,. 

Fig. 3.2 A. Growth of right-circular cones, viewed at four different times. 

B. Current-time transient according to equation (3.5). 

Equation (3.5) has two limiting forms. If the nucleation is instantaneous 

(i.e. A' = oo; N ='A/A' N0), the current-time equation is given by 

- ;r M2k2N 
i z F k' {I - exp 2 O t

2
} (3.6) 

p 
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If the nucleation is progressive and AT is large compared to the overall 

time, the current-time equation is given by 

i z F k' {1 - exp (3.7) 

The above Eqs. (3.5), (3.6) and (3.7) predict an asymptotic approach of current 
-2 toa constant value, z F k' (A cm ),Fig. 3.2B. However, the transients 

for the deposition of nickel [4,5} and cabalt [10] on a vitreous carbon 

electrode show that the current goes through a Jnaximum. The appearance of 

this maximum current in the initia! stages of the potenriostatie deposition 

of nickel has been explained by the mechanism of 'death' and synchronised 

'rebirth' of new centres: a mechanism also observed [11] by electron 

microscopie studies of the initia! stages of the deposition of nickel 

onto {111} single crystal copper. 

It has recently been shown [12] that nucleation, growth and overlap of 

hemispherical centres, also considered later in this paper, can adequately 

explain the transients of the electrocrystallisation of nickel without 

further assumptions of 'death' and 'rebirth' processes. 

The electrocrystallisation of zinc was stuclied on silver electrades in 

alkaline zincate solutions. Measurements were made in a conventional three-

campartment cell at 295 ± 1 K, using a Wenking potenticstat (68 FR.5) and 

a Universal Programroer (PAR 175); the current-time transients were recorded 

on a Kipp (BD8 multirange) chart recorder. The reference electrode is an 

Hg/HgO electrode and all potentials are given with respect to this electrode. 

The counter electrode is a high purity zinc rod. 

A polycrystalline silver rod electrode of purity 99.95% and 6 mm in 

diameter, embedded in KelF was polished with successively. finer grades 

of alumina (down to 0.05 ~m); the electrode wasthen cleaned by pouring 

firstly fast running tap water and then double distilled water over it. 

The experimental work was carried out in 10 M KOH + 0.5 M ZnO solutions 

prepared from AnalaR Chemieals and double distilled water. The solutions 

were freshly prepared prior to each set of experiments. 

The Ag electrode, in each experiment, was inserted into the cell at 0.0 V; 

the potential was then stepped to the value Er (which was previously 
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determined as being the rest potential of a pure zinc rod in the solution 

in use) for a period long enough for the background current to fall to a 

steady low value. Next, a further step to the appropriate werking potential 

was applied so as to initiate the electrocrystallisation of zinc. The 

overpotentials, here defined as the difference E - Er• were varied between 

24 and 35 mV. 

3.4.1. General Features of the Initial Stages of the Electrodeposition 

of Zinc. 

Fig. 3.3 illustrates the initial part of the current-time transient observed 

for the potenticstatie deposition of zinc onto a polycrystalline silver 

electrode at a potential of- .1.381 V (Er -1.355 V). In the time range 

0 < t < t the deposition of a layer can be observed (peak A). 
l 

('11 l I 2 E 
B 
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< 
E ->-.... 
UI 1 
c 
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"C .... 
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200 300 
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Fig. 3.3 Initial part of the current-time transient of the deposition of 

zinconto a polycrystalline silver electrode at -1.381 V (vs. 

Hg/HgO). 

At t > t 1 nucleation and three-dimensional growth of eentres take place. 

The growth of these eentres in the direction parallel to the substrate 

is impeded by their coalescence during the later stages. The current goes 

through a maximum at t a t 2 (peak B) and decreases rather slowly compared 

to the rising portion of the transient. 
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3.4 The extended longer-time 

part of the transient 

shown inFig. 3.3. 
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Fig. 3.4 shows the longer-time features of the transient shown in 3.3. 

It can be seen that the current after falling to a relatively low value 

at t = t
3 

slowly rises again, indicating the 'rebirth' of new eentres on 

the top of the underlying deposit and their subsequent growth into the 

solution. 

Successive increase in overpotential drastically decreases the time scale 

and increases the current scale at which peaks A and B occur (see Fig. 3.5 

at E -1.385 V and Fig. 3.6 at E = -1.390 V). Overlap of the two transients 

(one observed at t < t 1 and the other at t > t
1

, Fig. 3.3) and a larger 

increase of the current peak A, with respect to that of B, is also observed. 
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Fig. 3.5 

Initial part of the current-time 

transient of the deposition of 

zinc onto a polycrystalline 

silver electrode at -1.385 V 

(vs. Hg/HgO). 
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Fig. 3.6 

Initial part of the current-time 

transient of the deposition of 

zinc onto a polycrystalline 

silver electrode at -1.390 V 

(vs. Hg/HgO). 

3.4.2. Detailed Analysis of the Initial Stages. 

The formation of the layer of deposit observed in the time range 0 < t < t
1 

(Fig. 3.3), is by no means the first layer formed on a silver substrate. 

Potential sweep measurements (Fig. 3.7) show at cathodic potentials 

smaller than that of Fig. 3.3, monolayer/adsorption peaks prior to the 

formation of this layer, as also found in [13]. The relatively large, 

diminishing background current observed in Fig. 3.3 at the very beginning 

of the transient is thus mostly due to fast formation of these initial 

layers wbich, however, are not investigated. in this paper. 

If the layer, observed in the above time range is assumed to be formed via 

a two-dimensional nucleation and growtb process with concurrent evolution 

of hydrogen at the edges and on the tops of the growtb centres, then 
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Fig. 3.7 

Cyclic voltammogram of a polycrystal

line silver electrode in JO M KOH + 

0.5 M ZnO; sweep rate: 10 mV/s; 

first sweep, after polishing, 

between 0 and -1.33 V. 



at time t
1 

(when the monolayer formation is completed) the current is 

given by 

(3.8) 

-2 -1 where ~ (moles cm s ) is the rate constant for the evolution of 

hydragen on the top surface of the full layer. The nucleation and three

dimensional growth of eentres must then take place on the top of this 

already deposited layer. Assuming right-circular cone growth forms, the 

total current-time equation descrihing the transient, in the time range 

t 1 < t < t 2 is given by Eqs. (3.5) and (3.8): 

i iH + z F k' {1 
r ';[ ( (t-tl) 2 

2(t-tl) 2 - exp L- + 
A' A' 

2 - A' (t-t1))]} (3.9) - -- exp 
A'2 

provided that there are no other processes, such as the 'death' and 

'rebirth' of crystal growth. Fig. 3.8 is the computer fit of the experimental 

transient, Fig. 3.3, in the above time range to this equation. It is worth

while to note that the nucleation rate constant A'(s- 1) is directly 

obtained by this computer fit. 
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Fig. 3.8 The part of the current-time transient shown in Fig. 3.3 in the 

time range t
1 

< t < 

+ + : experimental data 

Derived parameters: A' 

: theoretical fit of equation (3.9) 

= 0.11 ± 0.02 (s- 1); 
-2 0.479 ± 0.003 (mA cm ) ; t 1 = 24.3 ± 

-8 -2 -1 (0.931 ± 0.002) 10 (moles.cm .s ) ; 

0.8 (s); 

-6 2 -6 -2 (0.161 ± 0.003) JO (moles .cm .s )~ 

standard error of fit : 0.36 10-
2 

(mA.cm-
2

) . 
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A computer fit of the same experimental data of Fig. 3.3 in this time range, 

t
1 

< t < t 2, to the simplified form of Eq. (3.9) for progressive nucleation 

(Eq. 3.7 + 3.8)~ shows that the fit is slightly less than in Fig. 3.8 
-1 -2 (standard error of fit: 0.17 JO mA cm ), indieating that Eq. (3.7) is 

indeed only an approximation of the general relation (Eq. 3.5). 

The current-time transients obtained at higher potantials (E = -1.385 V 

(Fig. 3.5); E = -1.390 V (Fig. 3.6)) show that bere, evidently, the mechanism 

of two-dimensional nucleation and growth can no longer be an adequate 

deseription of the first transient peak. Indeed, when these transient data 

are fitted to the current-time equations (describing monolayer formations 

simultaneously with nucleation and three-dimensional growth of eentres 

on the top of the two-dimensional growth centres), large negative values 

for the evolution of hydragen and negative rate constauts are obtained; 

i.e.: this model is no longer operative. 

'Fig. 3.9 Growth of secondary right-circular cone eentres at sites where 

primary eentres coalesce 

e contact angle of the primary centres. 

In order to explain the current-time behaviour at higher potantials we 

propose a model, in which nucleation and three-dimensional growth of 

primary centres, having low contact angle, e, (Fig. 3.9) at low over

potential, are followed by nucleation of secondary three-dimensional 

growth eentres at the junctions where coalescence of the primary eentres 

occur, We assume in this model that the nucleation is instantaneous. 

The derivation of the current-time equation for this model is straight

forward. The current, i , due to the instantaneous nucleation and three-p 
dimensional growth of primary eentres is given by equation (3.6) in the 

following notation: 

(3. 10) 
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where subscript p denotes that the rates belang to the nucleation and 

growth of primary centres. After an induction time, t 1, growth of secondary 

eentres at junctions where primary eentres have coalesced, starts. The 

growth of secondary eentres affects the total current in two ways, firstly 

by decreasing the current (due to the decrease in the actual area of the 

centres) by an amount of 

(1 - exp 
-1T M2k2 N 

(t-tl)2) z F k' s 0 
p 2 

p 
( 3. I I) 

and secondly by increasing the current by 

(I 
-1T M2k2 N 

(t-tl)2) z F k' s 0 
s \ - exp 2 

p 
(3. 12) 

where subscript s refers to the secondary centres. A complete description 

of the transient, Figs. 3.5 and 3.6, up to the second maximum must, moreover, 

also include the initial diminishing background current. If we assume 

that the fall in the background current, ib, is related to the coverage 

of the primary growth centres, then 

i~ exp ( 3. 13) 

where i~ is the value of current observed at t 0. 
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Derived parameters: 

ib 

~N 
p 0 

k' • 
k 2 N s 0 

-2 
1.69 ± 0.04 (mA cm ) 

- (0.1429 ± 0.0002) 10-7 (moles cm-2 .-!) 
-2 2 -6 -2 

- (0.22 ± 0.01) 10 (moles cm s ) 

(0.2973 ± 0.0002) 10-7 (moles cm-2 .-1) 

(0.309 ± 0.003) 10-4 (moles2 cm-6 s 

t
1 

= 5.26 ± 0.03 (s) 
-2 -2 

standard error of fit : 0.68 10 mA~cm 

Fig.3.10 (Initial) current-time transient of the deposition of zinconto 

a polycrystalline silver electrode at -1.385 V (vs. Hg/HgO) 

+ + : experimental data ; : theoretica! fit of equation (3.14) 

and (3.15) 
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The total current is then given by 

i ib + i for t < tl (3.14) 
p 

and by 

i ib + i - i + i for t ~ tl (3. 15) 
p -p s 

Figs. 3. JO and 3. 11 show the computer fit of the experimental transients at 

potentials of -1.385 V and -1.390 V to the above equations (3.14) and (3. 15). 
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Der i ved parameters: 

ij, * 2. 78 ± 0.03 {mA cm - 2) 

1<:, = (0.375 ± 0.002). 10-7 (moles cm-z .-1) 

k5. N = (0.30 ± 0.01) 10-2 (moles2 cm-6 .-z) 
p 0 

k~ = (0.465 ± 0.002) 10-7 (moles 2 cm-2 .-1) 

k; N0 = (0.16 ± 0.02) 10-3 (moles2 cm-6 .-2) 

t
1 

= 1.5 ± 0.2 {s) 

standard error of. fit : 0.25 10-2 mA.cm-2) 

0 2 4 6 8 10 

Fig. 3.11 Initial current-time transient of the deposition of zinconto a 

polycrystalline silver electrode at -1.390 V (vs. Hg/HgO) 

+ +: experimental data;----: theoretica! fit of equation (3.14) 

and (3. 15) 

In Fig. 3.12, k;, the growth rate constant of the secondary eentres in the 

direction perpendicular to the substrate, is plotted against the over

potential. In this small potential region a nearly linear relation is 

·obtained, indicating that the linearized form of the Butler-Volroer relation 

is valid 

i z F k' 
s 

i z F n 
oRT (3. 16) 

in which i is the exchange current density. The calculated i
0
-value is 

0 2 
about 100 A/m (related to the geometrie area of the electrode). In the 

literature [14-16] i -values of 200-3100 A/m2 are given. It is a moot 
0 

question whether this i
0
-value can be compared with the i

0
-values for the 

Zn + zn2+-reaction, as determined in the literature. 
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Fig. 3.12 

Plot of z F k~ against n. 
k~ ~ rate of growth of the secondary 

eentres in the direction perpen

dicular to the substrate, as obtained 

by curve fitting. 

The growth of the secondary eentres starts after an induction period (t 1) 

which decreases at higher overpotentials. 

The reproducibility of the derived parameters is good, if we take into 

account the variation in the surface of the silvér substrate for each 

experiment and the sensitivity of the different parameters on the over

voltage. 

The transient according to equations (3.15) and (3.9), however, deviates from 

the experimental data at longer times as equations (3.15) and (3.9) predict 

an asymptotic approach of current to a constant value. This will be dis

cussed later on. 

Experimentally the current increases again after a decrease beyoud the 

point B, resulting in a minimum at t = t
3 

(Fig. 3.4). On fitting the equations 

for nucleation and three-dimensional growth of eentres to the transient, 

Fig. 3.4 at t > t 3 , a good fit is obtained, indicating that the deposit in 

this range is again formed via the nucelation and 3 D-growth. This deposit 

appeared to be mossy. 
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3.5. Discussion. 

The transient behaviour of nucleation and growth of conical forms were 

considered in the theoretica! section. The initial transient current is 

mainly governed by factors which affect the coverage of the substrate, 

such as the shape of the ,basal plane of the growth eentres and the 

operative nucleation and growth laws. The actual topography of the 

eentres exerts influence after their coalescence and heaomes the dominating 

factor for the transient shape after the full coverage. The very good fit 

of the transients for zinc to the equations indicates that the nucleation 

and three-dimensional growth of eentres are indeed responsible for the 

initial stages. We note that models based on right-circular cone growth 

forms predict an asymptotic approach of current to a steady-state value 

and further assumptions about the cessation of growth above and over that 

due to the coalescence are necessary. Furthermore, the eurrent-time 

transients over a range of overpotantials were explained by two models, 

one at low(Fig. 3.3)and the other at higher overpotantials (Figs. 3.5 and 3.6). 

We like to point out that the above models can be replaced by only one 

model in which no further assumptions are needed. In this model (Fig. 3.13) 

spherieal7eap growth eentres instead of right-cireular cones are consider-ed. 

Fig. 3.13 Growth of secondary hemispherical eentres at sites where the 

primary eentres coalesee. 

Whereas continued growth of the eonical eentres following overlap preserves 

the topography of the surface,Fig. 3.2A(so that the eurrent approaches a 

limit, Fig. 3.2B), the eontinued growth of spherical cap eentres leads to 

a smoothing of the surface,Fig. 3.14A(with hemispherieal caps). The current

time equation based on nucleation law [1] for the growth of such eentres 

is eomplicated; herè we only consider the current-time equations developed 

[12] for the nucleation and growth of hemispherical eentres (a = ~ in 

Fig.3.14A)based on the two limiting cases of 

a) Instantaneous conversion of N
0 

(cm-2) sites into nuclei, for which the 

current is given by 
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exp 
M2 k2 N 2 

(- -1! ---=-z_o t) J 
p 

t 

i "" exp du 

0 (3. 17) 

b) Progressive nucleation when ~· is large compared to the overall time 

of growth for which 

i "" exp (3. 18) 

-TI M2 k2 A 3 2 exp ___.:.:-=..:~-=---= (2 u - 3 tu ) du 
3p2 

Bath these equations predict a maximum in the current-time behaviour, 

Fig. 3. 14B, except that equation (3.17) prediets an initial current rise 

proportional to the square of time whereas equation (3.18) indicates an 

initial rise proportional to the cube of time; both transients reach a 

steady state value of z F k at extended times. 

However, the correlation between experimental data and theoretical equations 

is not yet made . 

A 
l 
1: 
Q) ... ... 
:I 
(J 

zFk1 

time -
Fig. 3.14 A. Growth of hemispherical cap eentres viewed at four different 

times. 

B. Theoretical current-time transient for the mechanism of crystal 

growth, illustrated in Fig. 3.14A. 

In order to find out whether the peak currents observed in Figs. 3.3, 3.5 

and 3.6 are due to any transport processes, the deposition of zinc onto 

a rotatingAg disc electrode is studied. 
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The current-time transient, (Fig. 3. 15), of the potenticstatie deposition 

of zinc onto a rotating disc electrode, also shows the presence of peak 

currents, indicating that these currents are indeed caused by the decrease 

of the area of the deposit after coalescence. 
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Fig. 3.15 Current-time transient of the deposition of zinconto a rotating 

(2000 rpm) polycrystalline silver electrode at -1.382 V (vs. 

Hg/HgO). 

In practice zinc is deposited at high rates where the reaction is pre

dominantly controlled by the diffusion of species through the solution, 

Here we have only studied the deposition at low rates, i.e. at low over

potentials, as the detailed information about the nucleation and growth 

mechanism can be easily followed and understood under these conditions. 

Further insight into the complexity of the behaviour of zinc is clearly 

required for a variety Gf experimental conditions. 

3.6. Conclusions. 

Measured i-t transients for electrodeposition of zinc from an alkaline 

medium onto a silver substrate were compared with calculated tr·ansients 

for models of crystal nucleation and growth. 
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The electrocrystallisation of zinc is found to go through the following 

stages: 

I. adsorption/underpotential monolayer formation of zinc foliowed by: 

2. the formation of a thin layer by nucleation and three-dimensional growth 

of primary centres, with a low contact angle at low overpotenrial (24 mV) 

and an increase in this contact angle at higher overpotential; 

3. the formation of a secoud layer by nucleation and 3 D-growth of secondary 

centres, at low overpotenrial on the top of the first layer and at higher 

overpotenrial at the juncrions where the primary eentres coalesce. 

The primary and secondary nucleation and crystal growth lead to the 

formation of a compact deposit, prior to: 

4. nucleation and three-dimensional growth of eentres leading to the 

formation of a loose mossy 
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4. INTERACTION OF ZINC DEPOSITED FROM AN ALKALINE SOLUTION WITH A 

POLYCRYSTALLINE SILVER SUBSTRATE. 

4.1. Introduction. 

Zinc electrodeposition on silver is of technological importance because of 

the use of a silver current collector in zinc secondary batteries [1]. 

Adti~ et al. [2] studied the adsorption onto and the alloy formation of zinc 

with silver. They found that underpotential deposition and alloy formation 

takes place. 

In relation with the study of the nucleation and three dimensional growth 

of zinc eentres onto silver [3, 4], a detailed examination of the deposition 

of zinc onto silver and their interaction was started using cyclic voltammetry, 

mieroprobe technique and ellipsometry. Because cyclic voltammetry and ellipso

metry can be applied simultaneously, it is expected to get more information 

about the surface reactions. 

4.2. Experimental. 

The electrochemical measurements were made in a conventional three-compartment 

glass cell at 295 ± I K, using a Wenking potentiostat (68 FR.5) and a 

Universal Programmer (PAR 175); the cyclovoltammograms were recorded on 

an X-y recorder (HP-7046 A). The reference electrode is an Hg/HgO electrode 

and all potentials are given with respect to this electrode. The counter 

electrode is a high purity zinc rod. The working electrode is a polycrystalline 

silver rod of purity 99.95% and 6 mm in diameter, embedded in KelF, such that 

only the flat base was exposed to the electrolyte. 

The pretreatment of the surface substrate is as follows: polishing with 

successively finer grades of alumina (down to 0.05 pm) and cleaning by pouring 

firstly fast running tap water and then double destilled water over it. 

Before each experiment this pretreatment was carried out. 

The electrolyte is a 10 M KOH + 0.5 M ZnO solution and was prepared from 

Analar Chemieals and double destilled water. The solutions were freshly 

prepared prior to each set of experiments. 

All the cyclic voltammetric studies were made with a rotating electrode 

(2000 RPM, to avoid mass transport limitation), in voltage regions more 

negative than 0.0 V to avoid the oxidation of the substrate. The voltage 

scanrateis 10 mV s- 1• 
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A Jeol mieroprobe apparatus was used. The penetration depth of the electron

beamis about 0.2 ~m (at the voltage of 5 kV). 

The samples were prepared as follows. The zinc was deposited on the silver 
-I electrades by a sweep (10 mV s ) to -1.5 V (negative to the restpotential 

of zinc in the salution (-1.36 V)). By varying the arrest times at certain 

potantials (-1.25 V; -0.45 V) in the anodic sweep, different samples are 

obtained. After removal from the electrolyte, the electrode was wasbed in 

fast running tap water, double destilled water, rinsed in ethanol and dried 

in air. 

Simultaneous electrochemical and ellipsametrie measurements were made in a 

KelF cylindrical cell with quartz windows fixed for an angle of incidence 

of 70° at the mounted working electrode (0.7 cm2). The counter electrode 

is a platinum sheet (± 3 cm2). The raferenee electrode is an Hg/HgO electrode. 

The ellipsometer was a Rudolph automatic ellipsometer model RR 2000 equipped 

with tungsten iodine light souree and monochromatic filter for 546.1 nm. 

4.3. Results. 

4.3. 1. 

Fig. 4.1 shows a cyclic voltammogram on a polycrystalline silver electrode 

in theE-range 0.0 to -1.43 V in 10 M KOH + 0.5 M ZnO. The deposition of 

zinc (A) and, during the subsequent anodic sweep, the dissalution of the 

bulk-zinc (B) and other anodic peaks (C and D) can be clearly discerned. 

When the electrode, after the deposition of zinc, is held at -1.36 V 

(the restpotential of zinc in this solution), peaks C and D become more 

pronounced (Fig.4.2). These peaks were found to depend upon the contact 

time of the zinc layer with the silver substrate. Moreover, the condition 

of the surface, whether zincis present eg. at its restpotential -1.36 V, 

or at -1.25 V, when the bulk-zinc has been dissolved during the anodic 

sweep, influences the anodic peaks C and D. 

Fig. 4.3 shows the dependenee of the anodic charges (Q) under the peaks 

C and Don the arrest times at 1.36 V (= t 1) and at -1.25 V (= t
2
). 

QC and QD are found to be proportional to the square root of time t
1

• 

In Table 4.1 the slope of the Q vs. lt
1 

lines are tabulatedas function 

of the arres.t time at -1.25 V (= t
2
). 
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Fig. 4.1 Cyclic voltammogram on a polycrystalline silver electrode (0.28 cm2) 

in theE-range 0.0 to -1.43 V in 10 M KOH + 0.5 M ZnO (2000 RPM). 
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2 Fig. 4.2 Cyclic voltammogram on a polycrystalline silver electrode (0.28 cm ) 
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in the E-range 0.0 ,to -1.43 V in 10 M K.OH + 0.5 M ZnO (2000 RPM), 

with an arrest time of IS min at -1.36 V, the restpotential of zinc. 
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Fig. 4.3 Dependenee of the anodic charges under peaks C and D on the arrest 

times at -1.36 V (= t 1) and -1.25 V (= t
2
). 

t2 

(min) 

0 

I 

5 

slope QC vs. lt 1, Q0 vs. lt 1 and QC + Q
0 

vs. /t
1 

as function 

of the arrest time at -1.25 V (= t
2
). 

slope Qc vs. ltl slope Q
0 

vs. ltl slope Qc + Q0 vs. ltl 
-1 -1 

(mC.min 2
) (mC.min 2

) (mC.min 

9.8 ± 0.6 2.3 ± 0.1 12.1 ± 0.7 

7.9 ± 0.4 2.5 ± 0.1 10.4 ± 0.5 

6.8 ± 0.6 2.9 ± 0.1 9.7 0.7 

4.3.2. Ellipsometry. ---------
Fig. 4.4a shows the change in~ and ~ during a potential sweep in the 

E-range 0.0 to -1.39 V. 

Fig. 4.4b shows the corresponding voltammogram. Significant changes in 

~ and ~ occur at the same potentials where deposition and dissalution 

peaks are observed in the cyclic voltammogram. 
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Fig.4.4a. Change in ö and ~ duringa potential sweep on a polycrystalline 

silver electrode (0.7 cm2) in theE-range 0.0 to -1.39 V in 

10 M KOR + 0.5 M ZnO. 

b. Corresponding cyclic voltammogram. 

Under the before mentioned sweep conditions, ö and ~ reach a maximum, 

resp. m1n1mum at the moment when the maximum amount of zinc is deposited 

(~ 20 mC/cm2). This means that in the potential range -1.39 to -1.365 V 

ö still increases and ~ decreases. ö and ~ become nearly constant after 

both peaks Band C are dissolved and reach final values at 0.0 V, that 

are within 0.5° the same as the initial values at 0.0 V. If, after the 

cathodic sweep, the anodic sweep is arrested at the restpotential of zinc, 

-1.36 V, forten minutes, ö and ~ become nearly eonstant during this 

arrest period. On resuming the anodic sweep, larger changes in Ä and ~ 

than in Fig. 4.4a are observed. Also peaks C and D are increased. 

Fig. 4.5 shows the result when morezincis allowed to deposit (~ 100 mC/cm2), 

by making the reversal potential more cathodic (-1.42 V). Ä reaches a 

maximum at -1.42 V, while ~ reaches a minimum at -1.36 V on the anodic 
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Fig. 4.5 Change in 6 and ~ duringa potential sweep on a polycrystalline 

silver electrode (0.7 cm2) in theE-range 0.0 to -1.42 V in 

10 M KOH + 0.5 M ZnO, plus corresponding cyclic voltammogram. 

sweep. When now the sweep is arrested at the restpotential on the anodic 

sweep, 6 and ']! do not become constant. Moreover, the final values of 

Á and ljJ at 0.0 V are now different from the initial values. It was found 

that this difference between the final and initial values of IJ and ~ 

depends on the reversal potential and on the time of arrest at -1.36 V. 

When such an electrode, with final values of 6 and ~ different from the 

initial values, is thereafter repeatedly subjected to a potential sweep 

between 0.0 V and a potential, just cathodic of the zinc restpotential, 

the values of the ellipsometric parameters IJ and ']! at 0.0 V slowly return 

to the initial values (Fig. 4.6). 
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Fig. 4.6 Dependenee of êA and o~ on the number of sweeps, between 0.0 V 

and a potential, just cathadie of the zinc restpotential. 

To further analyse the peaks C and D, mieroprobe measurements are earried 

out. 

Table 4.2 summarizes the mieroprobe results for the silver-zinc system. 

The two different samples are prepared by a potential program as pietured 

in Fig. 4.7. 
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Table4.2 Mieroprobe results of Ag substrate samples, preparedas shown 

in Fig. 4.7. 

Percentage (at. %) Total wt % 

Ag Zn Ag and Zn 

Sample I 22 ± 3 78 ± 3 91 ± I 

Sample II 55 ± 3 45 ± 3 95 ± 2 



Combination of the results in Table 4.2 and the phase diagram of silver and 

zinc (Fig.4.8) point out that the c-phase (alloy AgZn3) is present on the 

surface of sample I and the ~-phase (alloy AgZn) on the surface of sample 

II. Also, traces of other elements are present i.e. oxygen and silicium. 
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Fig. 4. 7 Potential program of silver substrate samples in JO M KOR + 0.5 M 

ZnO (2000 RPM). 
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Fig. 4.8 Phase diagram of silver and zinc [5], extrapolated to room 

temperature. 

4.4. Discussion. 

With the cyclovoltammetric technique the formation of two phases is indicated: 

C at -1.15 V and Dat -0.25 V (and a very small one at -0.55 V). 

With the mieroprobe technique two of these could be identificated: C is the 

c-phase (alloy AgZn3 ) and Dis the ~-phase (alloy AgZn). These phases are 
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formed by 1interdiffusion of zinc and silver as indicated by the dependenee 

of the anodic charges on the square root of the arrest time (t 1) at the 

restpotentlal of zinc (Fig. 4.3). It is seen from Table 4.1, that with increasing 

t 2 the slope QC vs. lt 1 decreases, whereas the slope Q0 vs. lt 1 increases. 

With removal of excess Zn, by arresting the potentlal at -1.25 V, so that 

bulk-zinc dissolves, some AgZn3 is transformed into AgZn. In this trans

formation process AgZn2 is probably an intermediate (small peak at -0.55 V). 

It is very likely that this transformation takes place already during the 

zinc deposition. 

Moreover,it is also seen from Table4.1 that the total charge (QAgZn + QAgzn> 

decreases with time t 2 • This could indicate that these phases are t~ansformed 
into another phase of Ag and Zn, probably the a-phase, in which zinc is 

soluble up toabout 25 atomie percent at room temperature [5]. The dissalution 

of the zinc in the a-phase probably will not occur at a potentlal more 

negative than 0.0 V and so this zinc will remain in the substrate. This explains 

why a great discrepancy exists in the initia! part of the current-time 

transient of the potenticstatie deposition of zinc onto a freshly, mechanically 

polisbed silver surface and the deposition on a 'cycled' silver surface i.e. 

a silver surface on which already zinc was deposited and dissolved (Fig. 4.9). 

1.4 

<( 

E 
1.2 ..... 

z 
w 
Q:: 
Q:: 1.0 ::> 
u 

-r 

0.2 

0 

44 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
l 

0 60 120 180 

- TIME(s) 

Fig. 4.9 

Initial part of the current-time 

transient of the deposition of 

zinc onto a polycrystalline 

silver electrode (0.28 cm
2) at 

-1.39 V. 

after mechanically polishing 

after an anodic sweep up to 0 V. 



The difference between the final and initia! values at 0.0 V of the ellipsa

metrie parameters~ and ~. caused by an arrest time at -1.36 V, could be 

explained by the formation of the a-phase zinc deposition. 

This is also supported by an experiment in which the deposited zinc layer 

had a contact time of a few weeks with the substrate. Then, in the cyclic 

voltammogram, a peak appeared at a potential positive to 0.0 V. 

The results also indicate that oxygen and silicium are present, 

oxygen probably by oxidation of zinc at the surface after remaval of the 

electrode from the cell, and silicium because of the use of a glass cell. 

Because ditfusion of zinc and silver through different phases takes place, 

it is nat possible to calculate one single ditfusion coefficient: the 

ditfusion coefficient involves the ditfusion of a component in a uniform 

phase. Therefore, calculation of a more general penetratien constant is 

carried out, which gives a rough indication of the penetratien rate of zinc 

into silver. Calculation of a penetratien constant (K) of zinc and silver 

is possible with 

2 
K (4. I) 

where /:;,x is the penetratien depth (cm) and t the penetratien time (sec). [ 6] 

/:;,x is proportional to the total charge (Q Q + Q~) of the zinc species tot e: ç, 

of the two phases, via correlation coefficient a 

~x 

Combination of (4.1) and (4.2) gives 

2 

K 

(4.2) 

(4. 3) 

The correlation coefficient a can be determined by calculating the amount 

of zinc atoms per volume unit in the phases and correlating this amount 

with the charge of the dissolved zinc of the phases. This can be done as 

follows. 

The number of atoms (x) per volume unit in the two phases can be determined 

with use of the lattice parameters in the phases [7] 

x = 
t; 

1 
-3-
a E, 

where a and c are the lattice parameters. 

(4.4) 
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The number of the zinc atoms (y) per volume unit in the two phases is equal to 

• x e: (4.5} 

Multiplying y with a factor (nF/N) results in the amount of charge (q} per 

volume unit. needed for dissolving the zinc species in the two phases 

(4.6) 

where N is Avogadro's number, n is the charge number of zinc and F is the 

Faraday constant. Combination of (4.4), (4.5} and (4.6) gives 

nF 3 2 (4.7a) qe: =N . 4 f'3 2 -a c 
2 e: e: 

nF I 1 (4.7b) q =- 2 -3-~ N 
a t;, 

These q's are the separate contributions of the two phases to the correlation 

coefficient a. 

With use of the ratio (6) of the charge of the zinc species in the two phases, 

given in Fig. 4.3, 

a can be obtained 

Combination of (4.7a), (4.7b) and (4.9) gives 

- ( 13 ) fnF) a- J.tï3 "\N 
13 

-2--
a c 

e: e: 
+ c ! 13)(~) t 

Using equation (4.3), K can be calculated. 

(4.8} 

(4.9) 

(4. JO) 

If the value of the slope Qtot (= QC + QD) vs. lt 1 in Table 4.1, is taken 

at t 2 = 0, then K has a value of 7 x lo-14 cm2/s. Ad~iê and McBreen [2] 

calculated a diffusion coefficient with a value of 3.Jo-12 cm2/s and 

Schmidt et al. [8] estimated a value of D < I0-14 cm2/s. 
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These diffusion coefficients can not be compared with the calculated 

penetratien constant. 

Calculation of the optical constauts of the deposited zinc and of the two 

zinc alloys is possible with use of a computer program in which the thickness 

of the deposited layer, the optical constauts of the substrate and the 

solution, and the measured ellipsametrie parameters 6 and ~ has to be inserted. 

For the calculation of the optical constauts of the deposited zinc layer the 

following assumptions were made: 

- The zinc deposit is a uniform layer upon the smooth silver surface, with 

the geometrie surface taken as the true surface. 

- No interaction takes place between the zinc and the silver layer. 

- The total amount of the cathodic charge applied is only used for the zinc 

reduction. 

- One layer zinc deposit needs 400 ~C/cm2 and has a thickness of 2.3 X 
(calculated with use of the atomie radius of the zinc atom and the h.c.p.

structure of the zinc lattice [7). 
Using the values for 6 and ~of the interface Ag[zn[solution at the rest

potential of zinc on the anodic sweep, the optical constauts N and K are 

calculated for different thicknesses of the deposited zinc layer. The calcu

lated values differ considerably from the literature values of zinc [9] , 

even for thin deposits, when the deposit time was only a few seconds. This is 

an indication that the simplified model, as assumed here i.e. a zinc layer 

upon the silver substrate without any interaction between silver and zinc 

cannot be applied. There must be a rather fast formation of alloys by inter

ditfusion of silver and zinc and this can explain the discrepancy. 

Also, the change of A and ~ with time at the restpotential of zinc indicates 

that ditfusion takes place at the interface, independent of current flow. 

The dependenee of the difference between the final and initial values of 

A and ~on the arrest time t 1 (at the restpotential), and the amount of 

deposited zinc implies that not all the zinc is removed from the silver 

substrate during the anodic sweep. Probably, some remaining zinc is present 

in the a-phase and can only be removed at more positive potentials. By 

repeatedly sweeping without arrest time, the remairring part of the zinc 

in the a-phase can dissolve. 

Besides the alloy formation by interditfusion there is another factor which 

influences the ellipsametrie parameters A and ~· This factor is the surface 

roughening, caused by the interditfusion process. Between these two factors, 

alloy formation and surface roughening can not be discriminated by ellipso

metry. Because of this, we did not try to calculate the optical constauts of 
the different alloys. 
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4.5. Conclusions 

Zinc forms alloys with the substrate via diffusion. Two phases are identified: 

one as the €-phase (AgZn3) and the other as the ;-phase (AgZn). A penetration 

coefficient (k) of 7.Jo-l4 cm2/s is calculated, Transformations into phases 

with lower ~inc content take place continuously, probably resulting in the 

formation of the a-phase. 
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5. THE ELECTRODEPOSITION AND -DISSOLUTION OF ZINC AND AMALGAMATED ZINC 

IN ALKALINE SOLUTIONS. 

5. I. 

Several mechanisms have been proposed for the zinc reaction in alkaline 

media, based on contradictory experimental results. For the amalgamated 

electrode less information is available. In an actual battery system, 

however, the zinc electrode is usually amalgamared to hinder self-discharge 

of the battery during which hydrogen is formed. On the other side, it has 

been found that amalgamation accelerates the Shape Change [1-4]. Therefore 

and in order to gain more insight in the effect of amalgamation on its 

kinetic behaviour, the zinc electrode and amalgamared zinc electrades 

prepared 

nique in 1.5 

5.2. Review. 

were stuclied with the galavanostatic transient tech-

10 M KOH. 

Several mechanisms for the zinc electrode were proposed. One of them, that 

of Dirkse and Hampson, is as follows [5-12]: 

2~ink + + Zn(OH):d (D.I 

Zn(OH):d + Zn(OH)ad + e (D.II 

-
Zn(OH)ad + OH ~ Zn(OH) 2 + e (D.III) 

Zn(OH) 2 + 2 OH - 2- (D.IV ) + Zn(OH) 4 

In this mechanism, written for the anodic process, reaction (D.II) is rate 

determining at very short times. On a longer time scale (> 10 ~s) or at high 

overpotential, the formation of kink sites, associated with reaction (D.I), 

becomes rate determining. The mechanism is based on galvanostatic transient 

measurements at very low overpotentials (< 10 mV) in I - 10 M KOH. It was 

found that the exchange current density, i
0

, decreased as the measuring 

time increased. The authors did not correct for the ohmic potenrial drop, 

because in their view this drop may be neglected in such concentrared 

electrolytes. They also performed potenticstatie measurements at high 

overpotentials, but observed a maximum in the transient [12]. In double 

pulse measurements the maximum disappeared, but no straight Tafel lines 

were obtained. According to Dirkse, this behaviour is caused by adsorption 

of an intermediate [12]. 

Dirkse has also pointed out that the ionic strength of the electrolyte 

must play an important role [10,13]. At high KOH concentratien (> 4 M) 
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there is almost no "free" water because it is almast totally attached 

to the ions present. This will have a strong effect on the activity 

coefficient of the OH--ion. Dirkse therefore has carried outsome measure

ments at constant ionic strength (with the aid of KF, for F- is iso

electronic with OH-) in order to maintain the water activity constant. 

A second mechanism is that of Bockris et al. [14]: 

-Zn + OH -+ Zn OH + e (B. I 

ZnOH + OH - -+ Zn(OH); (B.II ) 

Zn(OH); + OH - Zn(OH); (B.III) -+ + e 

Zn(OH); + - 2- (B.IV ) OH .... Zn(OH) 4 

In this mechanism, reaction (B.III) is the rate determining step (RDS), 

both in anodic and cathadie direction. The first two steps of the 

mechanism (B.I + B.II) are derived from theoretica! arguments. Bockris 

et al. come to their conclusions on the basis of galvanostatic and potentia

static transient measurements in 0.1- 3 M KOH, both at very low and high 

overpotentials. Compensation for the IR-drop was found to be necessary 

even using a special reference electrode construction in which this 

electrode could be placed as close as 0.0025 cm to the working electrode. 

The results of the potenticstatie and the galvanostatic experiments were 

identical. Bockris et al. also determined reaction orders with respect to 
- 2-0H and Zn(OH)4 , in both anodic and cathadie direction. Intheir apinion 

the formation of kink sites is not rate determining because the i
0 

obtained from extrapolation of the Tafel line was identical with the value 

from experiments at very low overpotential. The same mechanism was also 

found by other workers from steady state measurements [15). Their results 

from transient measurements, however, were not consistent with this 

mèchanism. This is a good example of the contradictory information regarding 

the kinetica of the zinc electrode. 

About the amalgamaeed .electrode as used in actual battery systems, almost 

no kinetic information is available. Dirkse has performed some experiments [16] 

in order to prove that in this case charge transfer is rate determining, 

and not the formation of kink sites. The amalgamaeed electrode must then be 

regardedas a "liquid", which implies that kink site formation cannot play 

a role in the electrode processes. He found that indeed the amalgamaeed 

electrode gave rise to higher current densities than the zinc electrode for 

a given overpotential. The resulting mechanism has the same reaction sequence 

as for the zinc electrode, only the RDS is now shifted to reaction D.II. 

More information is available about the mechanism of the zinc amalgam 
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electrode, The question arises, however, if these results can be applied 

to the amalgamaeed zinc electrode: amalgam experiments make use of a 

mercury drop in which a small amount of zinc is dissolved, being the 

reverse of an amalgamaeed electrode, in which a small amount of mercury 

is introduced onto solid zinc. Even the proposed mechanisms for zinc 

amalgam are contradictory: Payne and Bard [17] suggest a similar mechanism 

as that of Dirkse and Hampson (Z~ink written as Zn), with conclusions 

drawn from potential step chronocoulometry, d.c.polarography and potential 

sweep voltammetry experiments, foliowed by thorough mathematica! analysis, 

however, Despië et al. ll8] suggest a mechanism with a chemical step between 

two electron transfer reactions as the RDS. Moreover, they consider water 

as a reaction partner. 

The zinc electrode and the amalgamaeed electrode were studied by means of 

the galvanostatic transient technique in alkaline solutions with concen

trations ranging from 1.5 to 10 M KOH, and in KOH-KF electrolytes at 

constant ionic strength. The zincate concentratien was varied from 

0.011 to 0.4 M. 

THE CELL. All experiments were performed in the cell given in 5.1. 

Fig. 5. I The cell: CE= counter electrode, WE 

RE reference electrode. 

Hg#HgO 

working electrode, 
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The total cell volume was about 60 ml. The counter electrode (CE) was 

made of :dnc (99.9% Merck) in order to maintain the zincate concentradon 

as constant as possible. As a reference electrode (RE) a Hg/HgO-electrode 

was used having the same electrolyte as used in the cell. All potentials 

are given with respect to this electrode. In general, the distance between 

the WE and the trip of the Luggin capillary - RE system was 2 mm in order 

to avoid shielding of the electrode. Before each measurement nitrogen was 

bubbled through the cell to remove dissolved oxygen. All experiments were 

performed at room temperature (20°C). 

THE ELECTRODE. The electrode consisted of a polycrystalline zinc rod 

(99. 9% Merck), machined to 6 mm diameter and embedded in KelF • This 

type of electrode construction was also used for the amalgamaeed zinc 

electrodes, which consisted of a proprietary zinc rod containing I and 6 

wt.% mercury. These pre-amalgamated zinc alloys are manufactured with a 

special production technique [19,20] by Metallurgy Hoboken-Overpelt, 

Belgium*. The electrades with I and 6 wt.% mercury are nominated 

Zn(Hg.I) and Zn(Hg.II) resp. 

ELECTRODE PRETREATMENT. The zinc and the amalgamaeed zinc electrades were 

first mechanically polisbed using SiC paper 600. After this treatment, the 

electrode was electrochemically etched in the electrolyte under investi

gation by varying the potential three to five times from -800 to -1600 mV 

vs. Hg/HgO, and back. (Scanrate 50 mV.s- 1
). During this scan much more 

zinc dissolved into the solution than was deposited on the surface. The 

result was a shiny electrode in which the separate grains could be clearly 

discerned. A third amalgamated electrode (Zn(Hg.III»was preparedas 

follaws: the zinc electrode was polisbed using SiC paper 600 and then 

diamond paste 3 ~m. The electrode was amalgamated by immersing it for 

• 60 seconds into a solution. of 0.3 g HgC1 2 in 10 g acetone. The resulting 

black film on the electrode surface was wiped off, the electrode was rinsed 

with double distilled water and electrochemically etched in the same way 

as the zinc electrode. Before each experiment the electrode was amalgamated 

and pretreated anew. 

CHARACTERIZATIOW OF THE Zn(Hg,III) ELECTRODE. To characterize the 

Zn(Hg,III) electrode two facts are of importance, viz. the total 

amount of mercury on the surface and the distribution of the mercury 

over and in the zinc. The total amount of mercury on the electrode 

* Obtained by courtesy of Dr. Meeus. 
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surface was measured as fellows: ten thin circular zinc discs (dia

meter 8 mro) were amalgamated under the conditions given above. 

Thereafter, the discs were dissolved in 25 ml concentrated nitric acid 

and the mercury concentratien of this solution was measured by atomie 

absorption. The mercury content of the zinc electrode was 0.9 mg.cm-2 

Second, it was whether the mercury forms alloys with the 

zinc on a time scale of a few hours. The X-ray diffractograms (Cu, Ka) 

of the zinc electrode and the amalgamated electrode did nat show any 

difference. Moreover, the calculated values for the lattice constauts 

almast coincided with the values on the ASTM card of zinc, thus the 

lattice was not stretched due to possible diffusion of mercury into 

the zinc lattice. 

The distribution of the mercury over the zinc surface was investigated 

by electron probe This technique did not reveal segre-

gation of the mercury. Therefore, it must be assumed that mercury is 

distributed regularly over the surface. These findings agree with the 

results of Swift et al. [21]. Moreover, they showed that on a time 

scale of a few hours no mercury will diffuse into the grains. Such 

diffusion had only to be taken into account after a period of four 

months. 

SOLUTION PREPARATION. The zincate solutions were prepared from analytical 

grade chemieals (p.a. Merck) and double distilled water. For the experi

ments at constant ionic strength KF (p.a. Merck) was used. 

Oscillos- r--::::-11----. 
cope 

Fig. 5.2 The experimental set-up for experiments in cathadie direction. 
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MEASURING TECHNIQUE. The galvanostatic pulse teehuiqua was used, with 

a pulse time of 5 ma or shorter, The set-up is based on a concept of 

Bockris et al. [22]. The cathodic set-up is depicted in Fig: 5.2. 

In order to be able to apply currents up to 8 A, the high power 

Darlington transistor MJ901 was used; the type number of Zener diode Z 

was BZX 55C 6V2. 

The anodic set-up is similar, however, the Zener diode, the accumulator 

and the collector-emitter were placed in reverse order; in this case the 

transistor type uurober was MJIOOJ. 

With these circuits excellent rectangular current pulses were obtained. 

The programmer was a PAR potentiostat programmer model 175; the 

oscilloscope a Tektronix model 535A. 

5.4. Results. 

5.4.1. Zinc electrode. 

E-t TRANSIENTS. In both the anodic aud cathadie Tafel region a distiuct 

plateau (after charging of the double layer) was observed for the 

transients. The ohmic potential drop, which could be read directly from 

the oscilloscope screen, could not be neglected since it occasionally 

exceeded several times the values for the activatien overpoteutial: the 

trausients obtaiued at very low current deusities did uot reach a constant 

value after charging of the double layer. This makes extrapolation to 

zero time hazardous; thus, uo values for i
0 

were calculated from these 

experiments. At very high current densities the overpotential increased 

linearly with time after charging of the double layer, due to concentratiou 

polarization [23]. In this case the linear region was extrapolated to 

zero time and the zero-time value was used for calculating the activatien 

overpotential. Sometimes, a small maximum was observed in the transieut. 

The possibility of the appearance of such a maximum in the trausient for 

multistep reactions was evaluated by Pionski [24] for several theoretica! 

models. According to Selànger [25] the maximum can be explained by poly

merization of zinc species at the electrode surface. The appearance of . 
the maximum had almost no effect on the extrapolated value of the activatien 

overpotent ia!. 

It was noted that the activity of the zinc electrode appeared to be a 

function of the waiting time at the restpotential. This activity, reflected 

in the i
0 

value, decreased with increasing waiting time, It was tried to 
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find a pretreatment which wonld yield a reprodncible electrode snrface: 

applying a high anodic prepulse of 0.5 A cm-2 did not have the desired 

result, nor did cathadie rednetion with hydragen evolntion in I M KOH as 

recommended by Bockris et al. [14). It seems, therefore, that the activity 

of the electrode is determined by its actnal surface state. Conseqnently, 

in order to get as reprodncible results as possible, it was decided to 

perfarm the measurements after 10-30 minutes waiting time at the rest

potential. Within a single measurement the Tafel slope did not depend 

on i
0

• Valnes for the capacity of the double layer, calculated from the 

slope of the tangent at the very beginning of the transient, were very 

high (several hundreds ~F cm- 2
) and showed little variation with salution 

composition. 

TAFEL LINES. In general, the applied cnrrent densities did not exceed 

0.5 A cm-2. Measnrements at higher i were not possible dne to fast 

occnrring concentration polarization, making the extrapolation to zero 

time imposssible. Examples of results for the zinc electrode in 3 M KOH/ 

0.1 M ZnO in the anodic and cathadie directions are given in Figs. 5.3 

and 5.4. 
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Fig. 5.3 

The Tafel line in 

anodic direction 

for the zinc elec-

trode in 3 M KOH/ 

0. I M ZnO. 

Fig. 5.4 

The Tafel line in 

cathadie direction 

for the zinc elec-

trode in 3 M KOH/ 

0. I M ZnO. 
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For all concentrations the anodic Tafel lines are usually linear over 

one decade of current density. Most of the cathadie Tafel lines are 

linear over a region less than one decade. Results of series of experi

mentsas a function of KOH concentration are summarized. in Table 5.1. 

(Each experiment is repeated at least five times). 

Table 5 .. 1 Measured values of Tafel slope b and of i
0 

for the zinc electrode as function of KOH conccmtration. ---
anodic cathodic 

Electrolyte ba(mV) a: i
0

(A cm-2) x 104 cr: b
0

(mV) cr: i
0 

(A cm-2) x 10
4 a: 

1.5 M KOH/0.1 M ZnO 47 6 84 61 105 19 155 61 

3 M KOH/0. 1 M ZoO 41 12 140 95 130 27 450 330 

7 M KDH/0. I M ZnO 53 16 77 61 137 32 400 320 

10 M KDH/0. I M ZnO 38 11 84 45 137 32 380 240 

• O'n is the standard deviation4 

The anodic Tafel slope is about 38 - 53 mV and the cathadie Tafel slope 

is about 105 - 137 mV for all concentrations. The reproducibility of the 

cathadie Tafel slope was less than of the anodic one, as is indicated 

by its standard deviation (on). 

RESTPOTENTIALS. In Table 5.2 the restpotentials of zinc vs. Hg/HgO are 

given as a function of KOH concentration. The zincate concentradon was 

0. I M. The restpotentials showed some fluctuations, probably due to the 

interference of hydragen evolution. Because the corrosion current is low 

and i
0 

of the zinc/zincate couple is high, the restpotentials will differ 

only slightly from the equilibrium potentials. These equilibrium potentials 

Table 5.2 

Measured restpotentials vs. Hg/HgO of the zinc electrode as a function 

of the KOH concentration. 

Electrolyte E (mV) r 

1.5 M KOH/0.1 M ZnO -1332 ± 3 

3 M KOH/0.1 M ZnO -1354 ± 6 

7 M KOH/0.1 M ZnO -1368 ± 4 

10 M KOH/0.1 M ZnO -1376 ± 4 
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were calculated according to the Nernst equation, using the Davies 

equation [26] for the activity coefficients, since the activity coeffi

cients of KOH and K2 Zn(OH) 4, in the presence of each other, are not 

known : 

-log 0.509 
Ir 

Ir + 
- sr} ( 5. 1) 

I is the ionic strength of the solution, y± the activity coefficient, and 

B a constant. Although this empirical equation is valid only for concen

trations up to I M, Boden, Wylie and Spera [26] calculated values of the 

activity coefficients for KOH solutions up to 10 M, which almost coin

cided with the measured values of Akerlof and Bender [27]. The best 

agreement was found for B = 0.275. The values for the activity coeffi

cients of zincate were also calculated with this equation. For the 

activity of water, values obtained for NaOH solutions were adopted [28]. 

The activity of the solids (Zn, Hg/HgO) was considered to be unity. 

The calculated equilibrium potentials are presented in Table 5.3. 

Calculated activity coefficients, and equilibrium potentials of zinc 

vs. Hg/HgO as a function of KOH concentration. 

Electrolyte aH 0 YKOH YK
2

Zn(OH) 4 
E (mV) r 

2 

I. 5 M KOH/ 0. I M ZnO 0.95 0.9 0.8 -1332 

3 M KOH/0.1 M ZnO 0.88 1.3 1.7 -1352 

7 M KOH/0.1 M ZnO 0.62 4.2 17.7 -1368 

10 M KOH/0.1 M ZnO 0.38 10.6 113 -1372 

From Tables 5.2 and 5.3 one can see that the agreement is excellent. 

The restpotentials as a function of zincate concentratien in 7 M KOH 

are given in Tabel 5.4. In this table are also shown the calculated 

values using, again, the Davies equation. From Table 5.4, one can see 

that here also the agreement between the measured and the calculated 

restpotentials is good. 

REACTION ORDER IN HYDROXYL IONS. Because the fluctuations of i
0 

are a 

function of the surface state of the electrode, reaction orders have to 
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Table 5.4 

Measured and calculated restpotentials of zinc in 7 M KOH, as a function 

of zincate concentration. 

Electrolyte E (measured) E (c r r 

0.4 M ZnO -1353 mV -1350 mV 

0.1 M ZnO -1367 mV -1368 mV 

0.04 M ZnO -1375 mV -1379 mV 

0.011 M ZnO -1386 mV -1394 mV 

be determined from measurements at the same electrode. At each concen

tration, a galvanostatic run was made to obtain the Tafel lines. After 

completion of the experiment, the first salution was tested again; iudeed 

the Tafel line was not shifted more than JO mV. The reaction order with 

respect to species j, is defined ás follows: 

pj (~ ~~= !.) (5.2) 
J E a. 

' ~ 

It is necessary to use activities (so to know the activity coefficients) 

instead of concentrations as done by most authors, because here very 

high concentrations were used. The fact that the reaction order is 

defined at constant potential E causes difficulties in the measure

ment of p with respect to OH-: in order toplot the Tafel lines with 

respect to the same reference electrode, the change in equilibrium 

potential must be known as a function of KOH activity. This change 

cannot be measured directly since the potential of the RE also 

changes with the KOH activity. To use a pH independent RE is not 

desirable, since unknown liquid-junction potentials are so introduced 

by the different electrolytes in the RE and the WE compartment. 

Therefore, direct messurement of p is not possible. 

An alternative is the calculation of p from the dependenee of i
0 

on 

KOH activity. For the anodic process 
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pi [ exp Cla :; 

(
a log i ) + Cla z F ( 1l Er ) 
a log a~ = Pj 2.3 RT W log a. 

J J 

(5. 3) 

(5.4) 



Consequently, for the cathodic process: 

(5.5) 

( 
a E ) 

Now • êl log ra. can be obtained from the Nernst-equation (Er in Volt 

vs. NHE): J 

1.184 (5.6) 

The activity coefficients can be obtained from equation (5.1). In 

Table 5.5, the calculated activities of KOH and the restpotentials 

vs. NHE are 

follows that 

Table 5.5 

different solutions. From these data it 

= -87.3 mV. 

Calculated activities of KOH and restpotentials of the zinc electrode 

vs. NHE as a function of KOH concentration. The zincate concentratien 

was 0.1 M. 

Electrolyte YKOH log ~OH E (mV) r 

1.5 M KOH 0.9 0.1 -1222 

3 M KOH 1.3 0.6 -1270 

7 M KOH 4.2 1.4 -1345 

10 M KOH 10.6 2.0 -1386 

The values of the reaction order PoH- for the anodic respectively the 

cathodic process can now be calculated with equation (5.4), c.q. (5.5), 

using the experimental value of d log i/d log aKOH (0 ± Q. I) and the 

measured Tafel slopes ba and bc which are equal to respectively 
2.3 RT and 
a zF 

a 

For all concentrations this leads to the values given in Table 5.6. 

REACTION ORDERS IN ZINCATE. In contrast to the experiments at different 

KOR concentrations, the reaction order in zincate can be measured 
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Table 5.6 calculated reaction order PoH- for anodic and cathodic 

process at the zinc electrode as function of KOH concen

tration. 

PoH-,anodic PoH-,cathodic 

I. 5 M KOH/0. I M ZnO 1.9 ± 0.3 -0.8 ± 0.3 

3 M KOH/0.1 M ZnO 2,1 ± 1.0 -0.7 ± 0.3 

7 M KOH/0.1 M ZnO 1.7 ± 0.8 -0.6 ± 0.3 

JO M KOH/0.1 M ZnO 2.3 ± 1.0 -0.6 ± 0.3 

directly. In these experiments the zincate concentratien was varied 

from 0.011 M to 0.4 M, in 7 M KOH. Again activities have to be used 

instead of concentrations. However, since the ionic strength is about 

the for the different solutions, the activity coefficient of 

zincate should not vary with the zincate concentration. Therefore, 

we suppose it makes no difference now, whether activities or concen

trations are used for the determination of the reaction orders in 

zincate. The results in the cathadie direction are given in Fig. 5.5. 

The measured cathadie p-value in zincate is 1.3 ± 0.3. The same experi

ment in anodic direction gave a value of 0. 

-1.7 

EnHg/Hgo<Vl 

7M KOH 

-1.6 

-1.5 

-1.4 

0.011 M ZnO 

-2 -1 0 
-tog!Îl <AGm-2J 

Fig. 5.5 Determination of the cathodic reaction order in zincate for 

the zinc electrode in 7 M KOH. 
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EXPERIMENTS AT A CONSTANT IONIC STRENGTH. In order to eliminj:tte the. 

effect of changes in the activity of water as a function of the KOH 

concentration, experiments were performed at a constant ionic strength 

of 10 M. As a supporting electrolyte, KF was used. Although the chan

ges in the activity of water can be significant, the results showed 

that these changes did nat make any difference for the zinc electrode 

reaction. The Tafel slopes remained constant; i
0 

kept the same order 

of magnitude. 

5.4.2. Amalgamated electrodes. ---------------
The transients of the three amalgamated electrades were different from 

those obtained at the zinc electrode. First of all, the rise time of 

the transients was much smaller, caused by a smaller value of CDL and nat 

by an increase of i
0

• In general, the values for CDL were about JO times 

smaller than in the case of the zinc electrode. Another difference was 

the behaviour at very low i. In contrast to the zinc electrode a distinct 

plateau in the E-t transient was observed, thus values for i
0 

could also 

be obtained from measurements at low overpotential. In Fig. 5.6, the 

results of three separate experiments at low overpotential are presented 

for the Zn(Hg,III) electrode. The other amalgamated electrades give 

similar results. It can be seen that, again, the activity of the electrode 

(i
0

) is a function of the actual surface state. 

20 

lla !m\ll 

r 
10 

l -10 

1Jc <mVl 

-20 

Fig. 5.6 Determination of the i
0 

for the amalgamated electrode in 

3·M KOH/0.1 M ZnO from measurements at very low n, results 

of three separate experiments (•, o, A). 
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TAFEL LINES. The Tafel lines were measured for four different KOR con

centrations. Typical examples of these experiments are given in Figs. 

5.7 and 5.8 (for the anodic, respectively cathadie situation). 

50 

lJ•<mVl 

i 
25 

-2 -1 - log lil <Acm-2 l 
0 

Fig. 5.7 The Tafel line in anodic direction for the amalgamated 

electrode Zn(Hg,III) in 3 M KOH/0. I M ZnO. 

0 

0 

-20 

lJc<mVl 
0 

i 0 

0 

-100 0 

0 

-2 -1 0 
- log lil (Acm- 2l 

Fig. 5.8 The Tafel line in cathadie direction for the amalgamated 

electrode Zn(Hg,III) in 3 M KOH/0.1 M ZnO. 

A deviation of the linear region from the anodic Tafel line at high 

current densities was observed for all three amalgamated electrades 

and was probably brought about by a change in the surface state of the 

electrode caused by the passage of such a high current. The results of 

the complete series of experiments are summarized in Table 5.7. 

The kind of amalgamatien appears to have almost no effect on the i
0
-, 

ba- and bc-values. The anodic Tafel slope is about 30 - 35 mV for all 
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concentrations. The cathadie Tafel slope decreases with increasing 

KOH-concentration: from about 120 mV at 1.5 M to about 50- 60 mV at 

10 M. 

Table 5. 7 

Measured values of tafel slope b and i
0 

of the three amalgamated electredes as a function of KOH concentration. 

The zincate concentration was O.l M. 

t ancdie cathodic 

Electrolyte Electrode mV) "n i x 104 (A cm-2) 
" bc (mV) n • 0 n 

Zn(Hg,I) 130 20 34 10 260 100 110 

1.5 M KOH Zn(Hg,II) 80 30 35 8 220 90 120 

Zn(Hg,III) 100 20 37 8 130 60 130 

Zn(Hg,I) 220 60 34 9 330 70 80 

3 M KDH Zn(Hg,Il) 120 20 41 11 270 80 93 

Zn(Hg,III) 100 80 33 5 230 150 85 

Zn(Hg, I) 210 90 29 6 270 80 57 

7 M KOH Zn(Hg, II) 170 40 29 6 270 130 60 

Zn(Hg, III) 130 60 32 3 170 80 71 

Zn(Hg, I) 190 60 30 8 200 60 48 

10 M KOH Zn(Hg, II) 130 40 30 3 200 20 51 

Zn(Hg, III) 140 50 36 6 190 50 56 

RESTPOTENTIALS. In Table 5.8 the restpotentials of the amalgamated 

electrode are given as a function of KOH concentration. It can be seen 

that these values are about IS mV more negative than the values for 

zinc. This is probably caused by a change in E0 and/or the activity 

of Zn, due to amalgamation. 

Table 5. 8 

Measured restpotentials vs. Hg/HgO of the amalgamated electrode as a 

function of KOH concentration. 

Electrolyte Er (mV) 

1.5 M KOH/0.1 M ZnO -1342 ± 2 

3 M KOH/0.1 M ZnO -1362 ± 6 

7 M KOH/0.1 M ZnO -1383 ± 3 

10 M KOH/0. I M ZnO -1390 ± 8 

" n 

32 

23 

20 

16 

11 

20 

13 

10 

22 

8 

5 

4 
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REACTION ORDERS IN HYDROXYL !ONS. In this case too, the reaction orders 

cannot be measured. The i
0 

was virtually pH independent: 

(

(l

0 

log i
0 

\ 

l,. -0. I to +0. 1. The reaction orders in the hydroxyl ion 
log aKOHJ 

can be calculated according to the equations (5.4) and (5.5). The 

resulting vs.lues for the ancdie and cathodic PoH- are summarized in 

Table 5.9. 

Table 5.~ calculated reaction order p
0

H_ for the ancdie and cathodic 

process at the amalgamated zinc electredes as function of 

KOH concentration. 

Electrolyte PoH-,anodic PoH-,cathodic 

1.5 M KOH/0. I M ZnO 2.5 0.8 -0.7 ± 0.3 

3 M KOH/0. I M ZnO 2.5 ± 0.7 -1 .o ± 0.4 

7 M KOH/0.1 M ZnO 2.9 ± 0.7 -1.4 0.6 

JO M KOH/0. I M ZnO 2.7 ± 0.7 -1.6 ± 0.4 

REACTION ORDERS IN ZINCATE. Since the cathodic Tafel slope is a function 

of the KOH concentration, the p in zincate was measured both in 3 M 

and 10 M KOH in the same way as done for the zinc electrode. Both 

experiments gave a value of +0.9 for the cathodic p. In the ancdie 

direction this value was 0., 

EXPERIMENTS AT CONSTANT IONIC STRENGTH. In contrast to the results 

for zinc, the ionic strength had a distinct influence on the kinetics 

of the amalgamated electrode. The ancdie Tafel slope remained the 

same, but the cathodic slope was 50 - 59 mV for the whole KOH concen

tratien region. The i
0 

was pH independent. 

5.5. Discussion/conclusions. 

The results can be summarized as fellows: (Table 5.10). 

The interpretation of the results for the zinc electrode is rather 

straightforward. The results are in reasonable agreement with the 

mechanism suggested by Bockris et al. for KOH concentrations up to 3 M, 
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Table 5.10 Results of the k.inetic experiments for the z:inc electrode and the amalgamate:d electrodes 

(values in brackets give the standard deviation Cfll) 

Anodic Cathodic 

M KOH 1.5 3 7 10 1.5 3 7 10 

Zinc electrode: 

Tafelslope b(mV) 47(6) 41( 12) 53(16) 38( 11) 105(19) 1130(27) 137 (32) 137(32) 

i ·104 (A cm-2) 84(61) 140(95) 77(60) 84(45) 155(61) 450(330) )(320) 380(240) 
0 

PoR- 1.9±0.3 2.1±1.0 1. 7±0.8 2 .3±1.0 -0.8±0.3 -o. 7±0.3 -0.6±0.3 -0.6±0.3 

Pzn(oH>z-
- - 0±0.1 - - 1.3±0.3 -

Effect of Ionstrength no no no - no no no -

Tafelslope b(mV) 35(8) 35(9) 30(5) 33(6) 122(26) 87( 17) 63(18) 53(1) 

1é (A cm-2) 100(30) 130(80) 160 (70) 150(60) 180(90) 260(130) 220( 110) 190(50) 

2.5±0.8 2.5±0.7 2.9±0.7 2.1±0.1 -0.7±0.3 -1.0±0.4 -1.4±0.6 -1.6±0.4 

0 - 0 - o. 9±0.2 0.9±0.2 

no no no - yes . yes yes 

and hence in conflict with the mechanism of Dirkse and Rampson. Tafel 

slopes of about 40 mV in anodic and about 120 mV in cathadie direction, 

indicate the following reaction as RDS, in both anodic and cathadie 

direct ion. 

For this mechanism the following reactian orders would be expected: 

anodic cathadie 

3 -I 

0 

-

The experimental p-values in zincate are in agreement with these data. 

The values for p0H_ are somewhat less (p0T~ d' ~ 2.0 and PoR- h 
n ,ano ~c ,cat a-

die~ -0.7). This is attributed to the intricate way of calculation of 

PoR-' which involves both experimental and literature data. 
2-Since the electroactive species is Zn(OR) 4 , the first two steps in 

the cathadie direction are 

2- -Zn(OH)
4 

+ Zn(OR)
3 

+OH 

Zn(OR); + e + Zn(OH); + OH 
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The remaining steps of the mechanism of Bockris et al. are based on 

theoretica! arguments. 

Although i
0 

cannot be determined exactly from our experiments at low 

overpotentials, one may conclude that the value for i
0 

from these 

experiments, and from experiments at high overpotential (Tafel region) 

did not differ by more than a factor 3. This is in agreement with the 

findingsof Bockris et al., who concluded from this information that kink 

site formation is not rate limiting. Unfortunately, direct measurement of 

the reaction orders in OH- is not possible. It has become clear in our 

experiments that i
0 

is virtually pH independent. This is again in agreement 

with the findings of Bockris et al. and contradiets measurements of Dirkse, 

who obtained a maximum at 7 M KOH [8]. 
The same applies to the measurement of the reaction orders in zincate, 

Fig. 5.5, which reveals that i
0 

depends on the zincate concentration. 

Dirkse and Hampson, however, observed that i
0 

was practically indepen

dent of the zincate concentratien [8,11]. 

The differences in the i values from our work and that of others must 
0 

be attributed to differences in electrode pretreatment and to the 

measuring period. The highest values for i
0 

were obtained when short 

measuring periods (ps range) were used. Bockris et al. reported 

values of (80-3700).10-4 A cm-2 in electrolytes from 0.1- 3 M KOH. 

The fact that Dirkse et al. did not obtain straight Tafel lines at high 

overpotentials [12] is probably caused by the fact that the ohmic 

potential drop was not taken into account. Our experiments showed that 

the IR-drop certainly cannot be neglected. The ionic strength has no 

influence on the mechani.sm and the kinetics of the zinc electrode. 

The explanation of results for the amalgamated electrode is not 

equally straightforward. The formation of kink sites is of no impar

tanee since i
0 

values measured in experiments at low and very high 

overpotantials are the same. The results at a constant ionic strength 

suggest that water participates as a reaction partner. On the basis 

of this assumption, and the obtained Tafel slopes, we propose the 

following mechanism in which the reacting species, adsorbed at the 
2-electrode, is the water-containing species Zn(OH) 4 (H20)a : 
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2- -
Zn(OH)4 (H20)a + Zn(OH) 3 (H20)b + OH-+(a-b) H

2
o 

Zn(OH) 3 (H20)~ + e + Zn(OH) 2 (H2o)~ + OH + (b-c) HzO 

Zn(OH) 2 (H20)~ + Zn(OH)(H2o)d +OH + (c-d) HzO 

Zn(OH)(H20)d + e- + Zn(Hg) +OH-+ d HzO 

(P. I) 

(P. Il) 

(P.III) 

(P. IV) 

The rate determining step in the anodic and cathadie direction is probably 

not the same because of the values of the anodic and cathodic Tafel 

slopes. The anodic Tafel slope of 30 - 35 mV indicates that in anodic 

direction reaction (P.I) is rate determining (independent of the ionic 

strength). The shift in the cathadie Tafel slope from 120 to about 60 mV, 

when going to high KOH concentrations, can be explained if (c-d) is 

smaller than (b-c). At high KOR concentrations, there is almast no free 

water present, so reaction (P.III) will praeeed faster than reaction 

(P.II); consequently, the Tafel slope changes from 120 to 60 mV. At a 

constant ionic strength of 10 M there is no free water available in 

each solution, thus reaction (P.III) will be the RDS over the whole 

concentration range. The question arises what causes the different 

behaviour of the zinc and the amalgamared zinc electrode, since the 

ionic strength does not have any influence on the behaviour of the zinc 

electrode. In our view, this change is caused by a difference in adsorption 

because the double layer capacities differ a factor ten. The double 

layer capacity of the zinc electrode suggests that the electrode is 

covered with adsorbed OH--ions and/or intermediates. The of 

the amalgamared electrode approaches the value for pure mercury. This 

implies that the surface of this electrode is mainly covered with 

adsorbed water molecules. Consequently, the water activity only influ

ences the amalgamared electrode, and at the zinc electrode only OH-

is involved. Thus, the difference in the mechanism of the zinc electrode 

and the amalgamated electrode is caused by a change in adsorption beha

viour, rather than by easier formation of kink sites due to the amal

gamation. 
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6. THE ZINC ELECTRODE IN THE NICKEL OXIDE-ZING ACCUMULATOR 

6.1. Introduction. 

In this chapter the behaviour of the zinc electrode in a nickel oxide-zinc 

battery will be investigated in order to get more insight in the processes 

accuring at the zinc electrode, in particular in the Shape Change (SC) 

phenomenon. This study was carried out with self-built cells, subjected to 

repeated charge/discharge cycles. The occurrence of SC is strongly in

fluenced by the cell-geometry. Cells of about 0.5 Ah capacity, with porous 

zinc electrades and built-in facilities to measure the potential distri

bution along the zinc surface, were used. 

Because of the reported influence of amalgamatien on the Shape Change 

[1-3], the effect of incorporation of metal oxide additives (HgO, PbO) 

and of replacing zinc oxide partially by amalgamated zinc powder, was 

studied. 

6.2. Construction of electrades and celi-design 

Zinc electrode --------------
The following zinc electrades were used: 

I. teflon-bonded zinc oxide 

II. teflon-bonded zinc oxide with additive(2 wt% HgO or 2 wt% PbO) 

III. teflon-bonded zinc oxide (with 1-6 wt% HgO as an additive), 1 part, 

and amalgamared zinc powder (with 1,3 or 6 wt% Hg), 2 parts, the 

latter as furnished by Metallurgy Hoboken-Overpelt, Belgium. 

The teflon bonded zinc oxide was prepared following the procedure given by 

McBreen [4]: a 2 ml portion of teflon dispersion (30-N, DuPont) was 

diluted with 15 ml doubly distilled water and added to 25 g zinc oxide 

(Merck p.a.). The paste wasthen heated to 280-300°C, cured at that temper

ature for about 1 hr. and then crushed. The teflon-bonded zinc oxide was 

mixed thoroughly with HgO or PbO as an additive for preparing the type !I

electrode, or with HgO and amalgamared zinc powder for preparing the type 

lil-electrode. The electrades themselves were prepared by pressing the 

mixture in a mould onto a nickeisereen (which has been plated befarehand 

with silver and acted as a current collector; geometrie surface area of 

3.5 x 3.9 cm). The current lead of silver was connected to the screen by 

spotwelding. In table 6.1 the composition of the different zinc electrades 

is tabulated. 
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Table 6.1 Composition of the zinc electredes and assembling type of cells 

Cell Teflon bonded Additive Amalgamated thickness kind of Assembling 

no. zinc oxide (g) kind (g) Zinc powder (cm 103 ) zinc electr. type 

(8) %·Hg 

1 2.0 - - - - 64±3 I A 

2 2.0 PbO 0.04 - - 65±10 II A 

3 2.0 HgO 0.04 - - 65±7 II A 

4 1.0 HgO 0.01 2 1 69±9 III A 

5 1.0 HgO 0.03 2 3 67±10 III A 

6 1.0 HgO 0.06 2 6 67±9 III A 

7 2.0 HgO 0.04 - - 62±8 II B 

8 1.5 HgO 0.03 - - 52±2 II B 

9 1.5 - - - - 53±3 I B 

10 1.5 - - - - - I B 

11 2.0 - - - - 69±5 I A 

12 2.0 - - - - 66±8 I A 

13 2.0 - - - - 65±5 I A 

14 2.0 - - - - 66±5 I A 

Nickel oxide electrode ----------------------
Sintered nickel oxide electrades were taken from bought Ni-Cd batteries, 

Varta type SD 2.4. Each electrode (3.5 x 3.9 x 0.085 cm) had a capacity of 

0.4 Ah. In cells 1-9, the nickel oxide electrades were uncharged and in 

cells 10-13 charged (about 0.3 Ah) . 

. The separator was a 0.009 cm thick RAl P-2193 specimen, çonsisting of one 

layer of cellophane, sandwiched between two layers of RAl P-2291, a copol

ymer of methacrylic acid and cross-linked low-density polyethylene. 

The electrolyte is 9.5 M KOH/0.5 M Zn0/0.5 M LiOH and prepared from Analar 

chemieals and doubly distilled water. 

Reference electrode -------------------
The reference electrode is a Hg/HgO-electrode in a glass tubing, see Fig. 

6. 1. 

The electrochemical experiments are carried out in cells of acrylic plastic 

with interior dimensions of 6 x~7 x 0.4 cm(= h x 1 x w). 
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Provisions were made for introduetion of one or more reference electrode(s) 

by drilling holes (diameter: 0.6 cm) in the 

wall. The conneetion between the reference 

refere nee 
electrode 

electrode cernpartment and the interior was a 

drilled hole (diameter: 0.1 cm), filled with 

adsorber material to prevent entering bubbles. 

In Fig. 6.1 a schematic view of the cell with 

reference electrode is given. 

a er ylic plastic Fig. 6.1 Scheme of cell with 

reference electrode. 

The cells were assembled in two different ways: 

type A The zinc electrode is placed in between the two nickel oxide elec

tredes (cells no. 1-6 and 11-13, Table 6.1). In this configuration 

only one reference electrode is used, which is placed at the side 

of the cell. The relative position of the capillary hole in the 

side wall, with respect to the zinc electrode, is shown in Fig. 

6.2.A. 

type B The zinc electrode is placed in betweenthe front cell walland the 

nickel oxide electrode (consisting of two parallel plates) (cell 

no. 7-10 Table 6.1). One reference electrode is mounted at the side 

of the electredes (a), three other reference electredes are placed 

along the front of the zinc electrode as indicated in Fig. 6.2.B, 

nrs. b, c and d. 

(A) 

si de 

zinc- electrode 

nickeloxide 
electrode 

capillary hole a 

front 

zinc electrode 

c 

capillary hole 
b 

Fig. 6.2A/B Relative position of the capillary holes with respect to 

the zinc electrode for the types A and B, respectively. 
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The RAl P-2193 separator was wrapped three times around the zinc electrode 

(in such a way that short circuiting was almost impossible). 

Furthermore, a nonwoven propylene adsorber (RAI A-1480) was placed in 

abuttal of the nickel oxide electrode 

The cell was filled such that the level of the electrolye was about 0.3 cm 

above the top of the electredes (i.e. about 3 ml electrolyte was used). 

The electrades were allowed to soak for about one day prior to the start 

of the experiment. Thereafter, the cell was vacuum treated to remove gas 

bubbles. (The cells were operated in the vented mode.) 

6.3. Experimental Procedure. 

6.3.1 Cycling experiments. --------------
The batteries no. 1-10 (Table 6.1) were subjected to charge-discharge cycles 

at constant current, 200 mA for cells 1-6 (assembly type A) and 100 mA for 

cells 7-10 (assembly type B). 

Since zinc is utilized at two sides for cells 1-6 and only at one side for 

cells 7-10, this implies the same current densities, i.e. 7.3 mA cm-2 • 

An automatic cycling device was constructed for these experiments which was 

capable of'repeated charging and discharging three test cells to preselected 

cut-off times and/or voltages. The rest time between the cycles is usually 

circa 30 min. This device was used in conjunction with a power supply (Delta 

power supply E 030-1). 

The cell voltage (Ecell) and the p'otential of the zinc electrode with res-

pect to the Hg/HgO reference electredes (EZ .... EZ d) were monitored 
13 n,a n, 

using high impedance couverters (10 ~ between the recorder and the reference 

electrodes). 

The zinc electredes were charged with 0.5 Ah (cells 1-6) and 0.3 Ah (cells 

7-10), which is 20-40% of the theoretica! capacity of the zinc active 

material, as is usual in zinc battery charging [5,6]. Less charge passed 

through the cell, if the cell voltage reached the charging cut-off volt

age of about 2.2 V beyoud which hydrogen is formed. Here, the state-of

charge (SOC) is defined as being 100% with this predetermined amount of 

charge or if the cut-off voltage is reached, 

The cells were discharged until the cell voltage reached the discharging cut

off voltage of about 1.35 V corresponding with a sudden decline in the volt

age time curve. This state is defined bere as the fully discharged state 

(0% SOC). 
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After cycling experiments, the tested cells were dismantled and the zinc 

electrode was examined for Shape Change, visually, and by measuring the 

thickness at different places of the electrode. 

6.3.2 measurements. 

The capacity of the cell is measured as a function of the discharge current 

to get insight in the degree of utilization of the zinc electrode. The 

charge current was 70 mA (2.6 mA cm-2) (charge time: 8 hr) and the dis

charge current was varied between 70 and 500 mA (2.6-18.3 mA cm-
2
). A 

cut-off voltage of 1.35 Vwasused for all discharge measurements. 

After discharge·at currents higher than 70 mAtherest capacity was deter

mined by discharging the cell with 70 mA, in order to get comparable con

ditions for each charge/discharge cycle. 

The mercury penetratien method was used to measure the pore volume per gram, 
3 -1 

[cm g ], and the pore size distribution of electrodes, fabricated of 

bonded zinc oxide and of a mix of teflon bonded zinc oxide and 

amalgamared zinc powder. 

(These experiments were carried out by the group of Prof. Scholten at the 

department of Chemical Technology, University of Technology, Delft). The 

porosity is then calculated with 

V 

P-1+ V 
p 

in which p = true density of active material [g cm-3 ]. 

The porosity can also be calculated with 
V 

E = ..:..E_ 
Vt 

3 -1 in which vt = total volume per gram material [cm g ]. 

(6. 1) 

(6.2) 

The total volume (=Vt) is determined by the geometrie surface area and the 

thickness, for which the average value is taken from thickness measurements 

at different places along the electrode surface. 
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6.4 Results. 

6.4.1 experiments, --------
In Fig. 6,3 cell voltage (Ecell)- and zinc potential (EZn,a)-time curves 

during charging and discharging for cell 1 at constant current of 200 mA are 

shown for different cycle numbers. During the first 35 cycles the cell can 

be charged with the predetermined amount of 0.5 Ah, but with increasing 

cycle number the cut-off voltage (2.2 V) is reached earlier, so less charge 

is accepted by the cell. The zinc potential curves show a similar pattern as 

the cell voltage curves. 

E [VJ 

t 

[vs Hg/HgO] 

t -1.5 

-1.0 

charge 
89 63 43 25 ----- :.z;;;-J.Z 5 __.. 

0 

89 63 43 25 
.d .L.I/, 5 

1 2 

discharge 

........_ Ecell 

----~~ 
89 63 43 35 s 

.. Ezn,a 
llillllll••<~, .. ke=:~:::::-s 

89 63 43 35 

0 1 2 3 
- tlme[hrl 

Fig. 6.3 Ecell and EZn,a-time curves during charging and discharging of 

cell 1 at constant current of 200 mA for different cycle numbers. 

EIVl 

1 22 )(I( x x ex.-~~tex 0 ox•o,.eox•oxeox•ox•oxeox•O• 
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• • 0 
)( • • 0 

xee~~ooo 0 0° 0 

.... 0 

Ezn.a 
·1.6 lvs Hg/HgO) 

I 

-1,2 

-1.0 

10 20 30 

charging 
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cycle number 

Fig. 6.4 Ecell and EZn,a of cells 1-3 at the end of the charge and dis

charge period as function of cycle number. 

o = cell 1 ; • = cell 2 ; x = cell 3. 
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During discharge EZ remains constant for the first 5 cycles. On further 
n,a 

cycling, a decrease of EZ is observed at the end of discharge: after 
n,a 

about 40 cycles a limit of ca. 1.05 V (vs. Hg/HgO) is reached at the 1.35 V 

cell cut-off voltage. Fig. 6.4 compares E 11 and EZ at the end of the 
ce n,a 

charge and discharge periods during cycling for cell 1 (no additive), cell 2 

(PbO additive) and cell 3 (HgO additive) (See Table 6.1.). 

The cut-off voltage during charging is reached after 18 cycles in cell 3, 

after 26 in cell 2 and after 40 cycles in cell 1. This patternis also ob-

served for EZ , which reaches 
n,a 

a limit value of about 1.6 V(vs. Hg/HgO) at 

the 2.2 V cell cut-off voltage. During discharging E levels off to ca. 
Zn,a 

1.05 V (vs. Hg/HgO), reached by cell 3 after about 15, by cell 2 after 

about 20, and by cell 1 afterabout 40 cycles. 

capacity [Ah] 

t 
.5 

.4 

.3 

. 1 

x 

x 

! 
o 

0 
io 

• 0. •• 

0o~~--~20~~--~40--~--6~0--~~8~0--~~,o-o-J 

- cycle no 
Fig. 6.5 Capacity of the cells 1-3 as ·function of cycle number. 

o = cell 1 ; • = cell 2 ; x = cell 3. 

arrows = rest period (64 hours) 

The charge efficiency, defines as the ratio of the charge output and the 

charge input, is about 95% for cell 3 and about 90% for cells 1 and 2. The 

capacity (= charge output) of the three cells is plotted in Fig. 6.5. Ini

tially, the capacities of the cells are constant, but with cycling the 

capacity decreases. However, a rest period (64 hours) after 70 and 92 cy

cles, had a benificial effect on the capacity of cell 1 and 2. Photographs 

of the zinc electrode from cell 2after 104 cycles are shown in Fig. 6.6; in 

Fig. 6.7 the thickness distributions of the zinc electrodesof cells 1-3, 

measured at different places along the surface is given. The amount of 

material is largest in the center and at the bottom, showing unambiguously 

the Shape Change phenomenon. No significant differences between the three 

cells are observed. At the edges some active material is still present in a 
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Fig. 6.6 Photographs of the zinc eiectrode (both sides) of cell 2 after 

104 cycles. 

50 

47 

50 

43 

cell1 cell 2 r:ell3 

Fig. 6.7 Thickness distributions (in 103 cm) of the zinc electrodes of 

cells 1-3 after 104 cycles as measured at different places along 

the surface. 

layer, which seems to be more teflonated than the material in the center 

and at the bottom. 

Cycling results for cell 5, in which the zinc oxide is partially replaced 

by amalgamated zinc powder, are presented in Fig. 6.8. The bend in the 
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Fig. 6.8 Ecell and EZn,a-time curves during charging and discharging of 

cell 5 at constant current of 200 mA for different cycle numbers. 

curves develops more gradually than that in Fig. 6.3, both during charging 

and discharging. Fig. 6.9 shows and EZ at the end of the charge n,a 
and discharge period for cell 4 (prepared with 1% amalgamated zinc), cell 5 

(3% amalgamated zinc) and cell 6 (6% amalgamated zinc). The cut-off volt-

age on charging is reached after about 24 cycles for all three cells. The 

charge efficiency is high (95%) for the majority of the cycles. 

2.2 

EI V 1 

I z.o 

1.8 

-1.6 

-1.4 

-1.2 

-10 

Ecell 

I 
g". 

10 20 30 so 60 70 
-- cyde- no 

Fig. 6.9 Ecell and EZn,a of cells 4-6 at the end of charge and discharge 

period as function of cycle number. 

o = cell 4 (1% amalg. Zn) ; • = cell 5 (3% arnalg. Zn) 

x= cell 6 (6% amalg. Zn). 
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In Fig. 6.10 the capacity (=charge output) of these cells is plottedas a 

function of cycle number. The decrease, after an initially constant value, 

is much steeper than in cells 1-3 (Fig. 6.5). Already after 25-35 cycles 

the capacities are reduced to 50% of the initial values. No significant 

differences between the three cells with the different percentage of mercu

ry we re found. 

capacity I A hl 
t .5 

.2 

.1 

%~----~10~----2~0~--~3~0----~40~--~5~0----~60~----70 
- cycle no 

Fig. 6.10 Capacity of the cells 4-6 as function of cycle number. 

o = cell 4 ; • = cell 5 ; x = cell 6. 

In Fig. 6.11 photographs of the zinc electrode of cell 6, after 67 cycles 

are shown, which is also representative for cells 4-5; in Fig. 6.12 the 

thickness distributions of the zinc electrodesof cells 4-6 are given. 

Fig. 6.11 Photographs of the zinc electrode (both sides) of cell 6 after 

67 cycles. 
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Fig. 6.12 Thickness distributions (in 103 cm) of the zinc electrades of 

cells 4-6 after 67 cycles as measured at different places 

a long the surface. 

6.4.2 Potential distribution. 

The potential distribution over the surface of the zinc electrode was roea

sured in the cells 7-9, using four reference electrodes, as indicated in 

Fig. 6.2, (EZ , .... EZ d). n,.a n, 
Potential times curves of cell 7 with 2% HgO additive, are shown in Fig. 

6.13A, for different cycle numbers tagether with the cell voltage-time 

curves 6.13B. In Fig. 6.14 the potentials at the end of the charge and 

discharge period are plotted as a function of the cycle number. E E Zn,a' Zn,b 
and EZn,d increase more gradually toa maximum value (about 1.8 V) than 

E
2 

(midst of plate), which rather suddenly increases to that value n,c 
between cycle 52-55. 

2.4 

E cell I V l 

22 

2.Q 

charge 

44 

1.9 
discharge 

E,.11 1Vl 

11o:---:-----:2:----::-,-~4 
- timelhrl 

Fig. 6.13A Ecel1-time curves during charging and discharging of cell 7 

at constant current of 100 mA for different cycle numbers. 

79 



-1.8 
Ez0 !V I 

VS Hg/ltjO 

-110 

-1.6 

-120 

-1.4 

Ezn 
! V vs HgiHgOI 

12 

-1D 

" " Qi) 

" 

" .. 
® 

18 

-1.4~ 
-1.2 

" 

-1.0 ' 

charge 
-tB " 68 @ 

-1.6 
" 

" 

-uo 
-18 

" " @ 

-1.6 

-1.4 

4 -1.20 2 3 
- time [hrl 

discharge 

" 

- 0,80!---l--~---!;---! -14, 
' 18,(,4,68 ,86 

-t2 

-1.0 

-118!--~-~2-, ---!:'----! -oao!---l--~2--~3-~ 
- time!hrl 

0 

Fig. 6.13B EZ •••• EZ d-time curves during charging and discharging of 
n,a n~ 

cell 7 at constant current of 100 mA for different cycle numbers. 

During discharging, differences between the potantials become more clear and 

different leveling-off values are reached. The capacity (initially constant) 

begins to decrease 1n the same cycle number(52-55), where E strongly Zn,c 
increases. 
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Fig. 6.14 EZn,a ...• of cell 7 at the end of the charge and discharge 

period as function of cycle number. 

In cell 8 (also with 2% HgO additive) the amount of active material of the 

zinc electrode is reduced to 1.5 gr. The cycle number where EZ strongly n,c 
increases and the capacity begins to decline, is now in the region 40-43. 

Potential-time curves at discharging of cell 9 (without the HgO additive), 

are shown in 6.15. The increase with cycling of the potentials at the 

end of the charge period is much more gradual (Fig. 6.16). The potential 

charge 
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Fig. 6.15 A EZn,a EZn,d-time curves during charging of cell 9 

at constant current of 100 mA for different cycle numbers. 
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Fig. 6.15 B EZn,a EZn,d-time curves during discharging of cell 9 
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Fig. 6.16 EZ •••• EZ dof cell 9 at the end of the charge and dis-
n"a n, 

charging period as function of cycle number. 

distribution upon discharging is more uniform than in cell 7 and the highest 

overpotentialis measured at the bottorn edge (EZn,b), contrary to cells 7 

and 8, where the highest overpotential is measured at the top-edge (EZn,d). 
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6.4.3 Influence of the nickel oxide electrode. 

One experiment has been carried out to establish the influence of the state

of-charge of the nickel oxide electrode in the beginning of cycling. In Fig. 

6.17 potential-time curves for the zinc electrode of cell 9 with an initi

ally uncharged, and of cell 10 with an initially charged nickel oxide elec

trode, are shown during discharging of cycle 9. The anodic overpotential of 

zinc in cell 10 increased strongly at the end of discharge, indicating that 

the zinc electrode is the capacity limiting in cell 9, because no increase 

is observed. 

E Zn 

[ Vvs Hg/HgO I 

-1.4 

-12 

-1.0 

discharge period 
cycle 9 

.....____ cell 9 

time [ hr I 

0 2 3 

Fig. 6.17 

EZn,a EZn,d of cell 9 and 

10 during discharging in the 

9th cycle. 

The capacity was determined for three cells with zinc oxide electredes con

taining no additives (cells 11-13, see Table 6.1). Charged nickel oxide 

electredes were used. 

In Fig. 6.18 the results of three series of experiments are shown. The capa

city tends to decrease linearly with the discharge current. 
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Fig. 6.18 Capacity of the cells (11-13) as a function of the discharge 

current for three series of experiments. 

(o = 1 st serie ; o = 2nd serie ; <> = 3rd serie) 
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The porosity was determined for electredes of the same composition as in 

cell 1 and 4, i.e. a teflon bonded zinc oxide, respectively a mixture of 

teflon bonded zinc oxide (1 part) and amalgamated zinc powder (2 parts). In 

Fig. 6.19 the pore size distributions of these electredes are shown. The 

resulting data and the calculated porosities are tabulated in Table 6.2. 

The calculated porosities are rather low compared with riterature values 

(0.5-0.8) [7 ,8]. 
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Fig. 6.19 Pore size distribution of the two kind of zinc electrodes. 

• teflon bonded zinc oxide 

o teflon bonded zinc oxide and amalgamated zinc powder 

~Table 6.2 Tha pore volume per gram, mean pore radius. surface area. density, total volume 

p.er gram and porosity of two different types of zinc electrode 

84 

teflon bonded 

zinc oxide 

Pore volume, V [cm? .g- 11 0.115 
p • 

mean pore radius, R [A] 260 

surface area [cm2 g-1) 8.4 104 

true density, p [g cm-3]
0 

5.3 

Total volwne, Vt [cm3g- 1] 0.32 

et with equation (6.1) 0.38 

e::. with equation (6.2) 0.36 

0 calculated with Pzno • 5.6 g cm-l 

Pzn •7.1gcm-
3 

teflon bonded z:inc oxide 

and amalgam. zinc powder 

0.067 

320 

4 104 

6.8 

0.2 

0.31 

0.31 



6.5 Discus.sion. 

While uncharged nickel oxide electrades were used in cells 1-9, the charging 

curves indicate that, initially the cells can be loaded with the predeter

mined charge, hence the nickel oxide electrode is not capacity limiting; 

neither, initially is the zinc electrode. By observation and comparison of 

6.4 and 6.9 with Figs. 6.5 and 6.10. respectively, it appears that 

and [EZ [,at the end of the charge period, increase with cycling n,a 
and that the cut-off voltage and the maximum value of EZ are reached at n,a 
the same cycle which marks the start of the capacity decline of the cell. It 

follows from the charge efficiency data that in a cycle more zinc oxyde is 

reduced during charging than zinc is oxidized in the subsequent discharge. 

With each next cycle the amount of reducible zinc oxide decreases and final

ly it becomes exhausted, so that the zinc electrode cannot be charged 

further. This effect was calculated for the amalgamated zinc electrades 

(cells 3-8), where the rate of self-discharge is low. 

In Table 6.3 the total amount of the differences between charge input and 

charge output of all cycles up to the start of capacity decline is given in 

column 5; the last column 9 the sum (S) of column 5 and the charge 

input of the subsequent charge period (column 6). The theoretica! 

capacities of the zinc oxide electrode (column 3) are in rather good agree

ment with the calculated sums (S). Therefore, it is concluded that the de

crease of the capacity and the increase of the zinc overpotenrial during 

charging are caused by exhaustion of the active zinc oxide material. 

Ta.ble 6. 3 The theoretical capacity, the tot al .amount of the differences between charge input and 

output up to the capacity decrease, and thè charge input in the subsequent charge period 

for different cells. 

(1) (2) (3} (4) (5) (6) (7) 

cell : Amount 
n 

theoretica 1 cycles before I: (Ah. -Ah out) charge input sum (S) 
i=1 >n 

no. of capacity capacity subsequent 

ZnO deeresse charge period 

(g ) (Ah) (Ah) (Ah) (Ah) 

! 

3 2.0 1.3 18 0.67 0.43 1. to 
4 1.0 0.65 23 0.32 0.32 0.64 

5 1.0 0.65 24 0.22 0.45 0.67 

6 1.0 0.65 22 o. 22 0.42 0.64 

7 2.0 1.3 54 1.10 0.45 1.55 

8 1.5 1.0 43 0.84 0.30 1.14 
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In'cells with non-amalgamated zinc electrades considerable self-discharge 

occurs with the result that more active zinc oxide material is present than 

in amalgamated electrodes. This is demonstrated by the shift of the start 

of capacity decline toa higher cycle number (Fig. 6.5), and also by the 

more gradual increase of the cathadie zinc overpotentials (Fig. 6.16). 

During discharging of cells 1-9 it can be deduced from Figs. 6.4, 6.9, 6.14 

and 6.19, that in the beginning of cycling (1-10 cycles) the nickel oxide 

electrode is the capacity limiting factor. With cycling, the zinc electrode 

gradually becomes the limiting electrode, as can be seen from the increasing 

anodic overpotential. Possible causes of this increase are: 

- passivatien of the zinc electrode by thin film formation [9,19]; 

- plugging of the pores of the electrode by insoluble reaction products 

[ 11]; 

- depletion of electrolyte [11]. 

A further point of interest is the much steeper decrease in capacity with 

cycling of cells 4, 5 and 6 (Fig. 6.10) eeropared to cell 3 (Fig. 6.5). The 

difference in porosity of the two types of zinc electrades in thought to be 

responsible for this effect: the porosity (E) of the zinc electrades in the 

cells 4-6 is ca. 0.31, and ca. 0.37 in cell 3 (which in this respect can be 

compared with the zinc electrode in cell 1), implying a smaller surface area 

of the zinc electrode in cells 4-6 and hence a smaller degree of availibility 

of the active material on discharging. So, the use of amalgamated zinc powder 

for fabrication of the zinc electrode does not have a beneficia! effect on 

the cycling behaviour, though the rate of self-discharge seems to be lower 

than with the other type of amalgamated zinc electrodes. 

The capacity of the cell decreases linearly with the discharge current (Fig. 

6.18), indicating that the availability of the active material decreases. 

Probably, the above mentioned causes for the increase of the anodic over

potential are also responsible for this decrease. 

For a study of the Shape Change phenomenon it would be preferabie to monitor 

the current distribution which gives direct information about the material 

distribution over the zinc electrode. However, it is not possible to carry 

out current distribution measurements via sectioning of the zinc electrode: 

the sections short-circuit as a result of dendrite formation during charging 

(sectioning of the counter electrode would be possible but then it has to be 

assumed that the current flow through a section of the'counter electrode is 

a good indication of the flow through the portion of the zinc electrode just 

opposite that section). For our experiments we have therefore decided to 
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measure the potenrial distribution, because this is experimentally easy to do. 

In principle differences in overpotenrial over the surface of the zinc elec

trode can be attributed to: 

- differences in local current density (as a result of the actual current 

distribution; 

variations in the zincate concentratien at various points at the electrode; 

- local passivatien phenomena. 

The current distribution is determined by many factors. With no polarization 

at the electredes the primary current distribution is operative [12], which 

is determined by the geometry of the electrodes, the electrolyte and the 

separator. Due to activatien and concentratien polarization the actual cur

rent distribution will be more uniform. The magnitudes of the effects of 

these polarizations are dependent on the ratios of the kinetic respectively 

the mass transport resistance and the ohmic resistance. 

If only the primary current distribution is operative then the current is 

highest at the periphery and no differences would be expected between 

charging and discharging. As result of polarization phenomena at the elec

trode, the actual current distribution varies continuously during charging 

and discharging and with cycling. 

From the potenrial distribution measurements of cell 7 (with HgO-additive) 

and cel 9 (without additive) (Figs. 6.13 and 6.15), it can beseen that for 

both cells the potenrial distribution was more uniform during the charge 

than during the discharge period. The distribution of the end-potentials 

shows the same tendency (Figs. 6.14 and 6.16). 

After dismantling of the cells, SC could be clearly observed in all cells. 

This is tentatively explained as fellows. If it is assumed that places with 

higher overpotentials correspond to places with greater current densities, 

then it fellows that in cells 7 and 9 the current density in the periphery 

is larger than in the centre and that the current distribution is more 

uniform during charging than discharging. Zincare is consumed in the charge 

period and produced in the discharge period. Therefore, the difference in cur

rent distribution will during discharging, result in a concentratien gradient 

of zincare along the surface in the direction of the centre, which is more 

negative than the same gradient in the direction of the periphery during 

charging. Hence, a net movement of zincate to the centre is expected as 

result of one cycle. So the material redistribution, and thus the SC, can 

be explained by diffusion of zincare along the surface caused by non-uniform 

current distributions. 
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The concentratien cell concept of McBreen [5] cannot explain the material 

redistribution, because the greater differences in anodic overpotentials 

compared to the cathode overpotentials should lead to a net effect of dis

salution of zinc in the centre and deposition in the periphery. 

There was no distinct difference in the appearance of the different elec

trades after dismantling the cell; therefore, the influence of additives on 

the rate of SC could not be established. However, the higher rate of SC 

which is generally found for amalgamated zinc electredes [ 1], could be ex

plained by the more non-uniform potential distribution on discharging of 

the amalgamated electrode (cell 7, Fig. 6.14), compared.to the non-amal

gameted electrode (cell 9, Fig. 6.16); this would leadtoa higher rate of 

material redistribution on discharging. 

A mechanism of Shape Change, based on non-uniform current distributions, is 

not completely satisfactory, because it does not explain the accumulation 

of material at the bottorn of the electrode upon cycling. The mechanism based 

on convective flows down by (electro) osmotic pumping of the membrane sepa

rator [13] does explain SC in the y-direction (see Fig. 2.3) but fails to 

explain Shape Change in the z-direction. Therefore, Shape Change seems to 

be caused by a combination of both these effects. 

Moreover, it is found that the capacity decline of the cells as result of 

cycling, is greater than expected by the observed reduction in geometrie 

surface area. Redistribution of the active material in the x-direction, 

leads to densification and this is thought to be responsible for the extra 

capacity decline. 

6.6 Conclusions 

Different types of zinc electredes were cycled. SC was observed in all 

cases andnodistinct difference between the zinc electredes withoutand 

with the HgO and PbO additive was observed. The change in porosity of the 

zinc electrodes, due to the incorporation of amalgamated zinc powder, is 

thought to be responsible for the steeper capacity decline with cycling. 

- The decrease of the capacity and the increase of the zinc overpotential 

during charge are caused by exhaustion of the active zinc oxide material. 

After a number of cycles the zinc electrode has become the limiting elec

trode during discharge. 
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- The potential distribution along the surface was assumed to correspond 

with the current distribution; this is then found to be non-uniform and 

leads to a concentratien gradient of zincate. The material redistribution, 

and thus the SC, was tentatively explained by diffusion of zincate along 

the surface. 
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7 • IMPEDANCE MEASUREMENTS 

7.1. Introduction. 

The use of the impedance technique for the study of electrode processes has 

expanded rapidly over the last three decades. With this technique informa

tion has been obtained on deposition and dissolution phenomena of the zinc 

electrode [1-7]. Characterization of primary cells, in which zinc is used 

as a negative electrode material, has also proved possible [8-10] and impe

dance data could be related with the state-of-charge of a battery. 

In this chapter the behaviour of zinc and amalgamated zinc electredes in 

alkaline zincate electrolyte is stuclied with the impedance method. Also, 

the poreus zinc (zinc oxide) electrode in a Zn-NiOOH battery configuration 

was investigated using this technique, both in the charged and the dis

charged state and with the aim to find a correlation between cycling behav

iour and impedance results. 

7. 2. Theory. 

Starting from simple and well-known theory, based on the Randles circuit 

[11], we can best present the impedance frequency behaviour in a complex 

plot according to Sluyters [12). An example of such a plot is given in Fig. 

7.1, in which the componentsof the circuit are provided with commonly en

countered values. 

4 
RQ I mUi) .02 

f 
2 

• 
• • 

&sk; . 
• S.12 

0 2 4 6 8 
- Re<S'U 

Fig. 7.1 Complex impedance plot with equivalent circuit:Rn=1.6Q; cr=1.0Qs-i; 

cd1=6~F; Rct=2.8n. 

Frequency range 0.02 Hz + 65 kHz (multiplication factor 2) 
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As fellows from.the theory the so-called Warburg impedance 

z = ow-!-jcrw-! 
w (7. 1) 

becomes dominant at low frequencies: Z becomes a straight line with unit 

slope, characteristic for a diffusion controlled electrode reaction in the 

absence of convection. 

For a reversible metal-metal ion electrode process (cr)rev'the Warburg 

coefficient, and (R ) , the charge transfer resistance, are [12] ct rev 

RT 1 (o) 
rev = n2F2A (2D)!c0 

ox 

(7.2) 

(R ) = 
ct rev 

where A 

D 
0 c ox 

s c ox 
I 

0 

n 

a 

1-a 

[Q] 

surface area of the electrode [cm2 ] 

diffusion coefficient of the roetal ion [cm2 s- 1] 

concentratien of metal ion at the [mol.cm-3 ] 

electrode surface 

concentratien of metal ion in the bulk phase [mol.cm 

exchange current [A] 

electrens per molecule oxidized or reduced 

cathadie transfer coefficient 

(7.3) 

When the mass transport in the salution is influenced by natural or 

forced conveetien the ivarburg impedance behaviour changes [ 12]. In Fig. 

7.2 the complete impedance plot is shown for the case of forced 

convection. At decreasing frequency the imaginary part tends to zero 

lm(Ql 

r 

Fig. 7.2. 

• 665.4 
·I . .. · .04 

• I •t~sk 

0 2 3 5 
--+ Re(fll 

Total impedance of the Randles circuit with forced conveetien 

(2000 RPH). RQ= l.63S1; Rct ~2. 2511; o=1 .Orls!; Cdl =6JJF; D=2. 1•10 - 6 cm2 

6=7.8•10-4cm. Frequency range: 0.01 Hz+ 65kHz (multiplication 

factor : 2). 

-1 
s 
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and the real part becomes [12] 

lim z• = oo(~)! 
(;t+Q W D 

(7 .4) 

where o c thickness of the Nernst-diffusion Layer (cm). 

In the case of heterogeneaus reactions, surface processes such as 

adsorption, surface diffusion and lattice formation must be taken into 

account. Two models which include surface diffusion of adatoms and the 

adsorption of intermediates will be outlined briefly. 

(A) Based on the well-known adatom mechanism for metal-ion exchange 

reactions [ 13] 
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M + M + ~+ • + ze 
latt ad solut1.on 

Fleischmann et al. [14] have proposedan analogous circuit in which 

additional components expressing surface adsorption and surface dif

fusion and lattice formation, are included 1 Fig. 7.3. 

Cctl 

Rct Zw 

7.3. Equivalent çircuit in which additional componentsexpressing 

surface processes are included in the Randles circuit. 

e
5 

represents a pseudo-capacitance, the adatom diffusion impedance 

and Rlatt the impedance due to lattice formation. At equilibrium 

potential these are defined [14] by 

c s 

V5 RT V 1 
D 1 zFI1+jw/k

2 

where C 
s 

a o 

pseudo capitanee [F] 

(7 .5) 

(7 .6) 



In 

c0 = adatom concentration (mol.cm-2] 
A 

D 
a 

21 

0 -1 
I

0
/(zFcAA) (s ] 

adatom diffusion impedance [[2] 

diffusion coefficient along the curface [cm
2 

s-1
] 

distance between two parallel steplines on the surface [cm] 

so the 

7.4 a plot of this equivalent circuit is shown in case w/k
2
«1 

-term can be simplified to 

z s 

R 
x 

R 
x 

V?l. 
RT 

zFI a 0 

is defined as 

+ R 
latt 

12 
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··" ·.· 
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.. 

16 
-RemJ 

(7. 7) 

(7 .8) 

24 

7.4. Total impedance of the equivalent circuit of Fig. 7.3 with the 

following parameter values: 

R-=2Q• R =2n· R =12Q• C =2011F· C =20mF· o=1ns-~· 
-1l ' ct ' x ' dl "' ' s ' ' 
Range 0.01 Hz + 65 kHz (multiplication factor : 2) 

Frequency 

(B) The other approach was first used by Gerischer and Mehl [15] and later 

by Epelboin & cs.in the study of dissalution and electrocrystallization 

phenomena [1,16]. 

The mathematica! analysis of the characteristics can be 

described as follows. The response of the total current for a mechanism 

that involves n intermediate species (surface coverages e1 •••• Sn) to 

a sinusoirlal potential pertubation is by 
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öi - (ai\ 
- \aE)e 1, 

n 
öE + r 

•••• ' 8n i•1 (ai) äë'8.,Eöei 
J 

(7 .9) 

so, the faradaic admittance is given by 

(j;'i) (7 .10) 

The derivation of the expression for the impedance (Z=l) is completed y 
by the evaluation of the terms on the right hand side of equation 

(7.10) for the mechanism of interest. 

In the case of the electrocrystallization of nickeland cobalt [16], it 

is supposed that Me(OH) adsorbs at the interface and acts as an inter

mediate compound (and not as a catalyst). Several simplifying assump

tions are made such as absence of convective diffusion. Depending on 

the parameters in the final expression of the impedance, the faradaic 

impedance can be either inductive or capacitive. For an inductive 

faradaic impedance, the equivalent circuit of the electrode overall 

impedance is given in Fig. 7.5. 

Rg Rct 

p L 

Fig. 7.5. 

Equivalent circuit of the elec

trode impedance for the 

electrocrystallization process 

of a metal via an intermediate 

compound [ 16] • 

p faradaic resistance; 

L = self-inductance. 

In the case of zinc electrocrystallization, Epelboin et al. [1] observed 

an impedance diagram which reveals several semicircles both capacitive and 

inductive ones, They assumed adsorption at the interface of three 

species: Had(8 1), zn:d (82) and ZnAad(e
3

) (A is an anion) and a coupling 

between the heterogeneaus reactions, one of them being autocatalytic. This 

corresponds with the relaxation of the cd
1
-Rct circuit and the coverage 

fractions of the three adsorbed species. 

Therefore, their model can explain the existence of an inductive faradaic 

impedance characterized by at least three time constants. In Fig. 7.6 a 

simulated and measured impedance diagram of the electrocrystallization of 

zinc in alkaline zincate solution is given. 
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Fig. 7.6.a. Simulated impedance diagram of the electrocrystallization of 

zinc, according to the model of Epelboin et al. [1] 

b. Measured impedance diagram of the electrocrystallization of 

zinc (electrolyte: 7 M KOH/0.25 M ZnO; 5000 RPM; 

i 35.7 mA·cm-2 ; E -1.613 V/SCE). frequency in hertz. 

The model has been extended to incorporate surface diffusion and additives 

[2-5]. The morphology of different zinc electrodeposits was explained by 

taking into account a coupling between the surface diffusion of zn:d and 

the interfacial reaction (2]. The impedance measurements have also been 

carried out in the dissalution range, for various electrolyte compositions 

[6]. It was concluded that at least four adsorbates are involved corres

ponding to four faradaic relaxation processes. 

Furthermore, impedance spectra have been obtained during the cycling of a 

zinc electrode in an alkaline zincate solution to imitate the situation in 

a real battery system [7]. Drastic changes in the impedance diagrams were 

deposition dissalution 
lm en~ • 

f 
• (1') 

5 (1) 
·l k 

.5 
• •470 

. . •.02 lOOk 
0 • 0 

- Re(Ql 
•.02 

(2) .5 \2') 
.2 

2k. 
.1 .qz . . • • 

7k 0 

(3) 

2J • 
21 k. . • .02 

0 
Fig. 7.7 Impedance diagrams obtained during the cycling of a zinc elec-

trode (2600 RPM) [7]. 
-2 electrolyte : 5 M KOH/0.5 l1 ZnO; i=25 mA•cm ; cycling period: 

1 hour (cycle numbers in brackets, frequency in hertz) 
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observed during cycling (Fig. 7.7), indicating an increase in electrode 

area and a variatien of the electrode kinetics with cycling. Also the 

kinetics of zinc deposition appear to be very sensitive to the contamina

tion of the electrolyte by dissolution products. 

Besides these more fundamental studies, also the impedance of electrical 

storage cells, particularly the primary batteries, have been measured for 

practical purposes. This impedance is of interest not only for the purpose 

of predicting the battery behaviour in electronic circuits but also because 

it can be a useful diagnostic for assessing their quality i.e. the state

of-charge. 

The Leclanché cell {8], the alkaline zinc-manganese dioxide cell {9] and 

the alkaline zinc-mercuricoxide cell {10] have been examined as a function 

of the state-of-charge. 

The impedance diagram of a Leclanché cell can be explained in terros of 

control by charge transfer and diffusion at the rough zinc electrode, 

because this electrode has a nominally planar configuration whereas the 

catbode (the depolarizer) has a larger surface area, due to the finely 

divided carbon, which is used as a conductor. The in-phase component of the 

impedance at 31.2 Hz was found to be a good indicator for the state of 

charge between 100 and 90% (Fig. 7.8). 

Re® 

i 
1.8 • 

• • • • 

• 
lA Fig. 7.8. 

• • In-phase component of the im-. . 
• : . pedanee at 31.2 Hz as function 

• • of the state-of-charge between 

100 and 90% [ 8]. 
2 4 6 8 10 - .,. dis:harged 

The impedance diagram of the alkaline Zn-Mn02 cell is complicated, because 

bere the manganese dioxide electrode has also to be included in the equiv

alent circuit. Though the interpretation of the impedance data was succes

fully accomplished up to 80% discharge, it was not possible to find a re

liable correlation with the state-of-charge. 
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The behaviour of the zinc-mercuric oxide cell conforms to that expected for 

rate control by charge transfer at the zinc electrode and diffusion in the 

solution (Fig. 7.9). At low frequencies a relaxation of the diffusive cir

cuit elements is observe§ which results in a complete suppression of the 

capacitive component of the impedance at low frequency. A simple linear 

relation was found between the state-of-charge and the charge transfer 

resistance, Rct' 

2 
lmlru 

MI ... . .. ... Fig. 7.9. t 1 . 
~~ 

~ 

2 3 4 

Complex plane plot for as manu

factured alkaline Zn-HgO cell; 

22°C ; zero current density [10]. 
0 

--. Re In) 

7.3. Experiment al 

7. 3. 1. Electrades and Cell. 

Several types and forms of zinc electrode were investigated: 

1. Disc electrode (0.28 cm2); non-amalgamared type and three types of 

amalgamated electrodes. Zn(Hg,I) and Zn(Hg,II) consist of pre-amalga

mared zinc-alloys containing 1 resp. 6 wt% mercury and Zn(Hg,III) is 

amalgamated by immersing a zinc electrode in a solution of mercurie 

chloride in acetone (see Chapter 5). 

2. Porous electrode (3.5 x 3.9 cm2): pasted zinc oxide on a silver plated 

nickel screen, without and with metal oxide additives (2% PbO or 

2% HgO). 

The impedance measurements of the disc electrades were carried out in 

the three-compartment cell, already described in chapter 5. The pretreatment 

is also given in that chapter. The electrolyte was an alkaline solution 

with concentrations from 1.5 to 10 M KOH and 0.01 to 0.1 M ZnO. 

Most of these measurements were performed immediately after the galvano

static pulse measurements, at both 0 and 2000 RPM. The latter rotation 

frequency was chosen in order to minimize the convective diffusion of the 

chemical species towards the electrode. 
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The impedance measurements at the porous electredes were performed in the 

nickel oxide battery contiguration with 9.5 M KOH/0.5 M Zn0/0.5 M LiOH. 

The construction of these cells was described in chapter 6. A reference 

electrode was used in these cells {see Fig. 6.2, Chapter 6). By means of 

this three-electrode configuration the impedance of the zinc electrode 

could be determined, as well as the impedance of the total cell. 

7.3.2. Instrumentation. 

The apparatus used for the impedance measurements incorporates a frequency

response-analyser (Solartron 1250), an electrochemical interface (Solartron 

1186) and a microcomputer (HP 9816), which completely controls the expe

riment (see Fig. 7.10). 

Fig. 7.10 

System set up for impedance measurements 

1: HP 9816 disktop computer and output devices 

2: Solartren 1250 frequency response analyser 

3: Solartron.1186 electrochemical interface 

4: three-electrode cell 

Measurements were made at frequencies in the range of 0.01 Hz to 10 kHz for 

battery experiments and from 0.01 Hz to 65 kHz for the experiments at the 

disc electrodes. The amplitude of the sinusoidal potential pertubatien is 

1 mV (rms). 

Most of the impedance diagrams were determined at the restpotential of the 

zinc electrode. Some experiments were carried out superimposed on a dc

current, anodic or cathodic. 
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The impedance measurements of the nickel oxide-zinc battery were carried 

out at zero current density as a function of the state-of-charge and the 

cycle number [The state-of-charge is defined as 100%, at 0.5 Ah or less 

if the voltage on charging reaches about 2.2 V, and 0%, when the voltages 

on discharging reaches 1.35 V (see Chapter 6)]. 

In order to get reliable results the standard resistor of the "Interface", 

which is required for the purpose of current to voltage conversion, has to 

be of the same order of magnitude as the resistance of the battery. This 

then requires an external standard resistor of about 200 mQ, otherwise 

measurements become inaccurate. 7.11 shows impedance data measured 

at the dummy cell using three different standard resistors (R ). Since these 
s 

diagrams do not coincide, it must be concluded that the "Interface" itself 

has an additional internal resistance. Correcting for an internal resistance 

of about 110 mn results in identical impedance diagramsas shown in 

7.12; only at frequencies higher than 10kHz deviations occur, indicating 
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Fig. 7.11 Effect of standard resistor of the Interface 1186 on the 

impedance of a dummy cell. 
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7. 12 Corrected impedance of the dummy cell, measured with 

different standard resistor values and corrected for the internal 

resistance of the system (about 110 ml) 
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that with smaller external standard resistors the measurements become un

reliable. Therefore, all battery experiments were carried out at frequen

cies lower than 10 kHz. 

7.4. Disc electrodes. 

7 .4.1. R=~uJ.!~~..!-.!i~~t:_ed zinc electrodes. 

In Fig. 7.13 a typical impedance spectrum of the Zn(Hg,III)-electrode is 

shownat its rest potential in 7 M KOH/0.1 M ZnO (unstirred solution). The 

spectra of the Zn{Hg,I)- and Zn{Hg,II) electrades are similar and can be 

described with the Randles equivalent circuit of Fig. 7.1. 

From the impedance plot the exchange current density (i
0
), the capacity of 

the double layer (Cdl), the Warburg coefficient (a) and the diffusion coef

ficient of the zincate ion (D) can be calculated. As is clear from Fig. 

7.13 the simulated impedance plot for the Zn(Hg,III) electrode is in good 

agreement with the measured values. 

4 111 
lmW> 

f • 

2 

65k .... 
0 ~ 4 6 8 

- Re<SH 
Fig. 7.13 Measured impedance plot (•) of Zn(Hg,III). 

electrode in 7 M KOH/0.1 H ZnO at the rest potential 

(Er=-1.382 V vs Hg/HgO) at 0 RPM 

Simulated impedance plot (-) 

Frequency range : 0.01 Hz ~ 65 kHz (multiplication factor : 2) 

In Table 7.1 the results of all experiments are tabulatedas a function of 

the electrolyte composition and the kind of amalgamaeed surface. 

The Table shows that the kind of amalgamation and the concentration of the 

electrolyte to not noticeably influence the i
0

- and cd
1
-values. 
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Table 7.1 i0 ~ Cdl, cr and D as function of the solution composition and the kind 

of amalgamated surface. 

i I cdl 
0 

Dzn 6 
electrode 

0 2 
(~F/cm2) (ÎI s -!) Electrolyte (A/cm} (cml Is x 10 ) 

x 10
4 

!0 M KOH/0.1 M ZnO Zn(Hg,l) 200-290 28-34 1.16-t23 i 1.9-2.1 

" Zn(Hg,lt) 240-270 30-33 1.02 2, 7 

" Zn(Hg,III) 200-210 25 !.!2 

7 M KOH/0.1 M ZnO Zn(Hg,I) 190-260 23-25 1.09 

" Zn(Hg,II) 240-294 30-32 

" Zn(Hg,lli) 160-250 23-24 

····---

I 
3 M KOH/0.! M ZnO Zn(Hg,I) 330-650 53-68 0. 97 

" Zn(Hg,II) 50-250 23-32 0.92 

" Zn(Hg,III) 175-650 44-66 0.89 

15 M KOH/0.01 Zn(Hg, I) 
! 

M ZnO 66-!02 31-32 '8.2 4.2 

" Zn(Hg, ll 63-115 28-39 5.2 

I 

10.4 

" Zn(Hg, III) -

When the disc electrode is rotated, the low frequency domain of the impe

dance diagram changes. A typical diagram is shown in Fig. 7.14 (The three 

amalgamated electrodes produce similar diagrams), These diagrams can also 

be described with the Randles circuit, in which now the Warburg impedance 

has to be corrected for convective transport. 

lm [nJ 

t 1 

0 1 2 3 4 5 
-Re [n] 

Fig. 7.14 Measured impedance plot (•) of Zn{Hg,III)-electrode in 

7 M KOH/0.1 H ZnO at the rest potential (E =-1.382 V vs. 
r 

Hg/HgO) at 2000 RPM 

Simulated impedance plot (-) 

Frequency range: 0.02 Hz+ 65 kHz (multiplication factor : 2) 

The thickness of the Nernst diffusion layer (o) can be obtained from the 

real part of the Warburg impedance, using equation (7.4). This result can 

be compared with the value, calculated from the Levich equation 
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where 

D 

w 
r 

\) 

diffusion coefficient of zincate [cm2 s-l] 

angular frequency of rotatien [s- 1] 

k . . . . [ 2 -1] LnematLC VLSCOSLty cm S 

Iable 7. 2 Thê Nernst diffusion layer ö as calculated with equation (7 .4) and {7. 11), respectively 

(D and o: are obtained from Table 7 ~ 1 and \l from { 17]) 

(7.11) 

lim zt a D V ó(cm) x 104 

""" 
w 

via via 

Electrolyte ((I) (Q s-i) 2 -1 
(cm s J 

2 -1 2 
(cm s x10 J equation 7.4 equation 7 ~ 11 

10 M KOH/0. 1 M ZnO 0.8-0.9 1.1 2.3 10-6 2. 79 7.8-8.8 8'.1 

7 M KOH/0.1 M ZnO 0.7-0.9 1.1 2.4 10-6 1.84 7.0-9.0 7. 7 

3 M KOH/0.1 M ZnO 0. 7-Q.S 0.9 3.3 10-6 
1.23 10.0-11.4 8.0 

15 M KOH/0.01 M ZnO 3.3-4.2 6 6 10-6 1.10 9.5-12.1 i 9.5 

In Table 7.2 the o-values are summarized. 

The agreement between the o-values calculated respectively from the impe

dance data and the Levich equation is good, The simulated impedance diagram 

(Fig. 7.14) also agrees well with the measured data. Supposition of ac 

nals on a 9c-current, whether anodic or cathodic, results in similar dia

grams as observed at the rest potential. A typical diagram, at anodic dc

current of 10 mA/cm2, is shown in Fig. 7.15. However, due to the disselu

tion or deposition process the surface of the electrode changes, continu

ously, so affecting the impedance measurements. A striking example is given 

~n Fig. 7.16. At longer deposition times an inductive loop is observed in 

the impedance diagram. Such a diagram is typical for a non-amalgamated zinc 

electrode as will he shown in the next part. 
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Fig. 7.16 Measured impedance plot of Zn(Hg,II)-electrode in 

5 M KOH/0.1 M ZnO at 2000 RPM ; 
-2 10 mA cm ; o i 

c directly after pretreatment 

• after ca. 20 min. deposition 

Therefore, it is not justifiable to obtain kinetic parameters from such 

measurements. The gavalnostaticpufs~method, as discussed in chapter 5, is 

more apt for this purpose. 

In Fig. 7,17 the impedance spectrum of the zinc electrode in 7 M KOH/0.1 M 

ZnO is given at the rest-potential at 0 RPM. The spectrum is quite different 

from that of an amalgamated electrode (Fig. 7.13). The small semicircle at 

high frequencies if followed by a pattern of a semicircle and a 

straight line. This part often masks the semicircle at 

The impedance spectra can be understood qualitatively from the 

circuit of Fleischmann et al. [14] (depicted in Fig. 7.3). The simulated 

curve, based on this equivalent circuit is also shown. 

tm(Q) 
.02 . 

f • 
4 

.5.12 
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Fig. 7.17 Measured impedance spectrum of the zinc electrode in 

7 M KOH/0.1 M ZnO at 0 RPM (•) ; uurobers indicate frequency; 

Simulated impedance plot (-) 
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The agreement is reasonable taking into account that the surface of the 

zinc electrode changes somewhat during the measurement. In Table 7.3 values 

of Rct' i
0

, Cdl' c8, c1 (with equation {7.5) and cr are tabulated as function 

of the salution composition for a series of experiments. 

~ Rct' i
0

,. Cdl, Rx' C9 and cA as function of the solution composition at a zinc electrode. 

R i R c c' (J cdl ct 0 x s A 
(Q s -!,, 

Electrolyte 
(ncm2) (A/ cm2 ) (UF/ cmZ) (Qcm2 J {IDFI cm2 J (1001 /cm2) 

x lé x 10
9 

10 M KOH/0.1 M ZnO 0.4-1.0 120-290 60-80 3-28 60-70 4-5 2-6 

7 M KOH/0.1 M ZnO 0. 2-0.6 200-750 70-180 4~20 20-80 2-5 2-6 

3 M KOH/0.1 M ZnO 0.1-0.3 500-1500 50-100 4-11 44-120 3-8 2-4> 

15 M KOH/0.01 M ZnO 10-26 50-150 60-75 24-34 0.6-1.0 0.04-Q.07 10-20 

Camparing Tables 7.3 and 7.1, it appears that i
0
-values are somewhat higher 

than for the amalgamated electrodes, though the scatter is rather large. 

The double layer capacity is twice that of the amalgamated zinc electrode. 

The impedance diagram at a rotating zinc-disc electrode, shown in Fig. 7.18, 

-is quite similar to that of a non-rotating electrode (Fig. 7.17). Only the 

Warburg impedance at low frequencies is not observed and it appears that 

the resistance in the RC-circuit, which relaxes at low frequencies, is 

about 2-5 times larger than in the absence of rotation. 
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Fig. 7.18 Measured impedance spectrum· of the zinc electrode·in 

3 M KOH/0.1 M ZnO at 2000 RPM; numbers indicate frequency 

Superposition of ac-signals on a dc-current changes the. impedance diagrams 

drastically. Fig. 7.19 shows the spectra obtained with an ancdie dc-current 

of 3.5 (a) resp. 35 (b) mA/cm2 • Increase of the dc-current leads toa 
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strong reduction of the large semi-eirele observed at the rest potential. 

It seems that this reduced semi-eirele overiaps the semi-eirele due to the 

relaxation of the Rctcd
1
-circuit. Also, an inductive and an additional 

capacitive loop are observed. According to Epelboin et al. [I, 16] this 

should indicate the presence of two intermediates in the electrode reaction. 
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Fig. 7.19 Impedance spectra of a zinc electrode in 7 M KOH/0.1 M ZnO 

at 2000 

a i 
a 

b 

RPM ; numbers 

3.5 mA cm-2 

35 mA cm-2 

indicate frequency 

With a cathodic dc-current similar diagrams are observed (Fig. 7.20). Here 

also, the large semi-circles shrink with increasing current and an inductive 

and an additional capacitive loop are observed. 

7.4.3 Discussion 

The total impedance of the amalgamated electredes can be adequately described 

with a model consisting of a kinetic and a diffusion controlled part, if 

necessary corrected for forced convection. Since no difference was found be

tween the impedance spectra for Zn (Hg,I-II~IU-electrodes, it can be con

cluded, that the kind of amalgamatien has no effect i.e. at all three elec

tredes sufficient mercury is present to cover the surface completely. Prob

ably, as a result of the electrode pretreatment, in which more zinc dis-

solves than concentratien of mercury on the surface takes place, 

leading to a complete coverage. 
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In Table 7.4 the i
0 

values obtained from impedance measurements at the three 

amalgamated electrades are compared with the i
0 

values from the galvano

static pulse technique (Table 5.6). As is evident there is a fair agreement 

between these i values. 
0 

Table 7.4 Comparison of i
0
-values at amalgamated zinc electrades 

calculated via different measuring techniques. 

-2 i
0

(A cm ) 104 

, 

electrolyte impedance galvanostatic 

technique pulse technique 

10 M KOH/0.1 M ZnO 200-290 130-200 

7 M KOH/0.1 M ZnO 60-300 130-270 

3 MKOH/0.1 M ZnO 50-650 100 ... 300 

1.5 M KOH/0.01 M ZnO 60-120 10-160° 

crnot given in Table 5.6 
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The hydroxyl concentratien has no influence on the i
0 

values, as was the 

case in the galvanostatic pulse technique. In Table 7.5 values are com-

pared that were obtained in direct sequence with the two different tech

niques at the same Zn(Hg,III)-electrode. Here too, the agreement is 

excellent. 

Table 7.5 Comparison of i -values, obtained with two different 
0 

techniques at the sameelectrode surface [Zn(Hg,III)] 

electrolyte 

10 M KOH/0.1 M ZnO 

i (A cm-2) 
0 

impedance 

technique 

200-210 

pul se 

120-150 

The a values ( Table 7.1) change with decreasing hydroxyl concentratien 

which means an increase of the diffusion coefficients of zincate (D). The 

D-values agree well with literature date [18] [(1.5-7)•10-6 cm2 s-l (25°C) 

in the hydroxyl concentratien range of 1-12 M]. 

The impedance diagrams of the amalgamared electrades measured with a sine 

superimposed on a dc-current do not significantly change with respect to the 

diagram at rest potential, i.e. the shape of the diagrams is similar, only 

the values of the charge transfer (R ) and of lim Z~ (which is proportional 
ct w~o w 

to o, see eq. 7.4, are affected. The zincate concentration at the surface 

(c~x), which is dependent on the underlying dc-current, influences the Rct 

and 0 values via equations (7.2) and (7.3). 

The striking difference between the impedance spectra of zinc and amal-

gamated zinc electrades clearly indicates that, at surface processes 

play a more important role. It was shown in • 7.17 that the results 

can adequately bedescribed with the analogous circuitry of Fig. 7.3. From 

the impedance data at high frequencies i
0 

values were calculated (cf. Table 

7.3), These values are of the sameorder of magnitude as the i
0 

values 

obtained with the galvanostatic puls technique (Table 5.1). Table 7.6 com-

pares the two series of data. The agreement is 

datapoints is large. 

but the scatter of the 

0 
In Table 7.3 values are given for the surface concentration cA as calculated 

with equation (7.15). The number of zinc atoms in the compact plane (0001), 

where the interatomie distance is 2.66 A [17] is 2.7 10-9 mol cm-2• 

107 



-Table 7.6 Comparison of i
0
-values ·at the zinc electrode calculated 

via different measuring techniques. 

-2 i (A cm ) 
0 

104 

electrolyte impedance galvanostatic 

technique pulse technique 

10 H KOH/0.1 H ZnO 120-290 84-380 

7 M KOH/0.1 M ZnO 200-750 77-400 

3 H KOH/0.1 M ZnO 500-1500 140-145 

1.5 M KOH/0.01 M ZnO 50-150 80-260° 

0 not given in Table 5.1 

From this, it follows that in 0.1 M ZnO solutions the surface of the zinc 

electrode is completely covered with zinc adatoms, so surface diffusion 

cannot play an important role in the model according to Fleischmann et al. 

[ 14]. Therefore, the resistance Rx must be attributed to Rlatt, the resis

tance of lattice formation (equation (7.8)), However, this explanation 

cannot be satisfactory either, because from the impedance measurements in 

the presence of a dc-current (Fig. 7.19) it can be deduced that this resis

tance decreases strongly with increasing dc-current or overpotential. This 

is rather unlikely for a resistance due to lattice formation, particularly 

in view of the already very high surface adatom concentration. For this 

reason, another process which is dependent on the activation potential must 

be responsible for the resistance Rx. 

In the model of Epelboin [1,16], too, intermediate species are considered 

in the explanation of impedance diagrams. 

Epelboin et al. [1] observed, during zinc electrocrystallization, an impe

dance diagram with an inductive faradaic part, characterized by at least 

three time constants. These are ascribed to the involvement of three inter

mediate species in the total reaction [Had' Zn:d and ZnAad (A is an anion)]. 

Cachet, Ströder and Wiart [6] pointed out four faradaic relaxation processes 

in the impedance diagrams during steady-state polarization measurements. 

From these results they concluded to at least four adsorbed intermediate 

species at the interface. The intermediate species, however, were not 

identified. 

Using an anodic or cathodic dc-current we likewise observed an extra induc

tive and capacitive loop. This would suggest, according to Epelboin et al. 
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[1,16], that two intermediates are involved in the total reaction 

Therefore, no agreement exists on the number and kind of the intermediates. 

The relaxation processes, observed in [1,6], take place partly in the very 

low frequency (< 0.1 Hz). 

The question here is whether the impedance data measured at such low frequen

cies (requiring very long measuring times) are not influenced by the change 

of the surface as a result of the deposition or dissalution process. This 

change can be seen very clearly during the deposition of zinc onto an amal

gamated zinc surface (Fig. 7.16). It can also beseen in Fig. 7.7 [7] that 

deposition or dissalution affects the impedance diagram drastically. There

fore, nat much value should be attached to the very low frequency measure

ments (< 0.1 Hz); it seems likely that intermediate species are involved in 

the reaction. 

7.5. Porous electrodes: Results and Discussion. 

Fig. 7.21 shows the impedance spectra of the zinc electrode, the nickel 

oxide electrode and the total cell in the discharged state after the first 

charge/discharge cycle of the battery. It can be seen that bath electrades 

contribute to the impedance of the total cell. Vectorial addition of the 
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Fig. 7.21 Impedance spectra of nickel oxide-zinc battery after the first 

cycle 

• zinc electrode 

o nickel oxide electrode 

+ : total cell 

Frequency Range;! Hz+ 5000Hz (multiplica~ion factor 2). 
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impedance of the two individual electrades results in an impedance diagram, 

which is nearly identical with the measured impedance of the total cell: the 

difference is smaller than 10 mQ in the frequency range of 1 to 3000 Hz. 

In the following, only the impedance of the Zn-electrode will be considered. 

Fig. 7.22 shows ·the impedance of a fresh zinc oxide electrode (uncharged) 

and at various states-of-charge (as defined in Chapter 6): in the uncharged 

state the is capacitive. 

During the first charging the impedance diagram changes considerably: the 

capacitive character decreases and, in fully charged state (about 0.50 Ah) 

a curve becomes visible which is characteristic for kinetic and mass trans

port controlled processes. For a flat electrode the Warburg impedance 

should be a 45° straight line. 

However, the angle is smaller than 45°, which points to the porous character 

of the zinc electrode [19]. During this first charging the ohmic resistance 

of the electrolyte increases due to the formation of gas bubbles (hydrogen). 
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Fig. 7.22 Effect of the !st discharge on the impedance spectrum of the 

zinc electrode 
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The effect of discharge is shown in Fig. 7.23. The impedance values become 

larger and more capacitive, but the diagram does not revert to that for the 

uncharged battery. 
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Fig. 7.23 Effect of the 1st discharge on the impedance spectrum of the 

zinc electrode 

•:0.50 Ah (SOC 

+:discharged (SOC 

frequency range 

100%) > 0.01 Hz 

0%) > Hz 

multiplication factor 2 

Before discussing the influence of further charging and discharging on the 

impedance of the zinc electrode, attention must be paid to two phenomena: 

(i) the effect of the rest time and (ii) degassing of the cell. 
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In Fig. 7.24 an impedance plot of a battery with a low state-of-charge 

(about 10-15%) is shown at various rest times, The impedance increases with 

the rest-time, which can be explained by the self-discharge of the active 

zinc material, resulting in an increase of zinc oxide. The effect of de

gassing is shown in Fig. 7.25. The shape of the impedance curve is unaf

fected, but the absolute values of the real part of the impedance decrease, 

indicating that the surface area electrode/electrolyte is increased by de

gassing. 

Therefore, all measurements are carried out after about half an hour rest

time, without degassing of the cell. 
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The effect of cycling is shown in Fig. 7.26 for the zinc electrode in the 

charged (100% SOC) anä discharged .(0% SOC) states. It is seen that the im-

lm (n] 

t 
.04 

~04 

a 
• • 

• • 
a !!I 0 0 o o- 0.64 

0.6-4._ 
• 

• 

lm [Q] .2 

t 

.08 .12 0 
-Re [R] 

+ cyc le 13 
o cytle 31 
• c y c Ie 75 /12) 

oC31) 
+ 

D 
•(75) 

b + • 
~ • 

lt 
li 

• •• 

.2 
-Re [g] 

Fig. 7.26 Effect of cycling on impedance spectra 
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pedanee in the charged state is always smaller than in the discharged state. 

The curves, however, are not well-defined and specific information is 

hardly obtainable. In order to see whether the drastic shape change of the 

zinc electrode, as illustrated in Fig. 6.6 (Chapter 6), is also reflected 

in the impedance data, real and imaginary parts of the impedance data at 

different frequencies in charged and discharged state are plotted in Fig. 

7.27 as function of cycle number. It appears that an effective change with 

cycling cannot be detected because of the scatter in the data. Only an in

crease in the real part of the impedance in the charged state of the bat

tery is observed in the first twenty cycles. 
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Fig. 7.27 Realand imaginary partsof impedance data of the zinc electrode 

at different frequencies in charged and discharged state. 

Addition of PbO of HgO to the zinc oxide electrode has no appreciable in

fluence on the impedance diagram. The effect of these additives on the im

pedance during cycle life is shown in Fig.' 7.28 and 7.29. Compared with 

the impedance of the zinc electrode, without additives (Fig. 7.27) no sig

nificant changes are observed. The values for the discharged state are 

I 13 



discharged _18.---~--~....:::'h:::a:..:rq._,le;ed __ ~---~--, 

• 1.3 Hz 
• 20 5 Hz 
• 2 6 kHz 

.4 

• 0 08 Hz .12 
• 20 5 ~z 

• 2 6 kHz 
.3 

. . 
.. 

.2 -06 

40 80 cycle 

discharged .oo.------~~c~ha~r~ge~d~--~---.---, 
• 008 Hz • 0.08 Hz 
• 2.5 Hz • 2 S Hz 

.3 
• 2 6 kHz • 2 6 kHz 

.06 

.2 

.03 . . .. . . ! ! . . . 
• • • • 111 . . 

40 80 cycle 40 80 cycle 

Fig. 7.28 Realand imaginary partsof impedance data of the zinc electrode 

with PbO-additive af different frequencies in charged and dis

charged state. 

likewise independent of the cycle number. Only in the charged state an in

crease of the real part of the impedance of the zinc electrode with PbO-ad

ditive is observed, in contrast to the zinc electrode with HgO-additive, 

where the impedance tends to decrease with cycling. 

This could indicate a decrease (PbO-additive), resp. an increase (HgO

additive) of the surface area of the zinc electrode in the charged state. 

However, these trends cannot be correlated with the Shape Change of the zinc 

electrodes: after 104 cycles the cells were taken apart and SC could be 

visibly observed in all three cells (Fig. 6.6) without significant diffe

rences between them. It would be expected that SC should result in a 

decrease of surface area, so that in all three cells this decrease should 

be reflected in the impedance data. 
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Fig. 7.29 Realand imaginary partsof impedance data of the zinc electrode 

with HgO-additive at different frequencies in charged and dis

charged state. 

7.6. Conclusions. 

The impedance diagramsof amalgamateddiscelectrodes are not influenced 

by the method of amalgamatien and can be adequately described with a 

kinetic and diffusion controlled reaction. The derived parameters are in 

good agreement with those calculated with the galvanostatic pulse tech

nique and indicate that no adsorption of hydroxyl ions or intermediate 

species at the amalgamated zinc electrode takes place. 

- The impedance diagrams at the zinc disc electrode indicate that surface 

processes in which intermediate species are involved play a more important 

role. 

The impedance technique appears no to be a suitable technique for moni

toring the Shape Change of the zinc electrode. Only the imaginary part of 

the impedance at low frequencies (e.g. at 2.56 Hz, Fig. 7.27, 7.28, 7.29) 

might be used to discriminate between the charged and discharged state 

of the zinc electrodes. 
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exchange current [A] 

-2 [A cm ] 

[mol 1-11 

r-T 
-2 -1 -1 rate of crystal growth [mol cm s ]; rate constant [cm s ] 

· [cm2 s-11 penetrat~on constant 

distance [cm] 

number of cycles in eq. (2.3) 
-1 

molecular weight [g mol ] 

number of electrous 

number of nuclei [cm-2]; Avogadro's number [mol- 1] 

reaction order 

charge amount per volume unit [mC cm-2] 

charge amount [mC] 
critical size of a nucleus [cm] 

resistance [Q]; gas constant [kJ mol- 1 K- 11; mean pore radius [A] 

time [s} 

temperature [K] 
3 -1 volume per gram [cm g ] 

admittance [Q-l} 

number of electrous 

impedance [ü] 



a transfer coefficient; proportionality factor in eq. (2.3); 

packing factor in eq. (3.3); correlation coefficient in eq. (4.3) 

y± activity coefficient 

6 thickness of Nernst diffusion layer [cm] 

~ ellipsametrie parameter 

E porosity 

n overpotenrial [V] 

e contact angle ; surface coverage 

V 
. . . . [ 2 -1] 

k~nemat~c v~scos~ty cm s 

p 

(J 

density [g cm-3]; faradaic resistance [~] 
Warburg coefficient [~ s!] 

a standard deviation 
n 

~ ellipsametrie parameter 

w (rotation) frequency [s- 1] 

Subscribts 

a anodic 

ad adsorption 

c cathadie 

ct charge transfer 

dl double layer 

f faradaic 

ox oxidized 

CE 

NHE 

RE 

RDS 

SC 

SCE 

soc 

Abbreviations 

counter electrode 

normal hydragen electrode 

reference electrode 

rate deterrnining step 

Shape Change 

standard calomel electrode 

state-of-charge 

p passivation, primary, po re WE working electrode 

r rest 

rev reversible 

s surf ace, secondary 

t tot al 

w Warburg 

Superscripts 

0 at electrode surface 

S in bulk 

real part 

imaginary part 
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SUMMARY' 

The alkaline nickel oxide-zinc batte'ry is a promising candidate as energy 

souree for traction purposes. A number of problems hinder a break-through 

of this battery. The main problem is the limited cycle life caused by 

various processes at the zinc electrode, among which Shape Change is the 

principle one. 

This thesis reports on certain aspects of the zinc electrode reaction and 

behaviour, both in a conventional electro-chemical cell and in an actual 

battery system. 

In Chapter 2 a literature survey is given on the properties of zinc in al

kaline solutions and the proposed mechanisms of Shape Change. In genera!, 

Shape Change is attributed to non-uniform current distributions or to 

electro-osmotie effects. It is concluded that neither of these mechanisms 

can explain all observed data. 

The initial stages of the electrocrystallization of zinc onto a silver sub

strate are investigated (chapter 3), using the potential step method. This 

is done because at the zinc electrode deposition and dissolution processes 

take place, in which the formation and breakdown of crystal lattices are 

involved. Analysis of the experimental current-time transients with detailed 

models of nucleation and growth was possible and it was concluded that the 

electrocrystallization of zinc proceeds via nucleation and growth, first of 

a thin layer of primary centers, having low angle of contact at low over

potentials, and subsequently by a layer, which starts to grow via secondary 

centers, formed at the sites where the primary centers coalesce. 

The interaction of the electro deposited zinc and the polycrystalline sil

ver was studied with cyclic voltammetry, mierobrobe technique and ellipso

metry (Chapter 4). Zinc forms alloys with the substrate via diffusion. Two 

phases are identified: the E-phase (AgZn
3

) and the ~-phase (AgZn). 

With time continuous transformation into phases with lower zinc content 

takes place, ultimately resulting in the formation of the a-phase. 

In an actual battery the zinc electrode is usually amalgamated to hinder 

the formation of hydrogen. Because little information is available to date 

in the literature on the reaction mechanism of the amalgamated zinc, the 

reaction mechanism of zinc and amalgamated zinc electredes was investi

gated with the galvanostatic transient technique (Chapter 5). The results 

for the zinc electrode indicate a reaction mechanism in which the rate 

120 



determining step is given by 

Zn(OH); + OH- ~ Zn(OH); + e 

The results for the amalgamared zinc electrades are not influenced by the 

method of amalgamatien and suggest a mechanism which involves the partici

pation of water. The differences between the zinc electrode and the amal

gamared zinc electrades are explained by changes in the adsorption behav

iour. 

The method of amalgamatien has also no effect on the results of the impe

dance measurements (Chapter 7). 

The impedance diagrams of amalgamared electrades can be adequately described 

with a kinetic and a diffusion controlled reaction. The derived parameters 

are in good agreement with those calculated with the galvanostatic pulse 

technique and indicate that no adsorption of hydroxyl ions or intermediate 

species at the amalgamared zinc electrode takes place. 

The impedance diagrams at the zinc electrode indicate that surface processes 

in which intermediate species are involved play an important role. 

Fin~lly, in order to obtain more information on the cycling behaviour and 

especially on the shape change phenomenon, different types of teflon bonded 

zinc and amalgamared zinc electrades in the nickel oxide-zinc battery are 

investigated by repeated charge/discharge cycles, messurement of the poten

tial distribution along the zinc surface (Chapter 6) and impedance meas

urements (Chapter 7). It appeared that impedance measurements could be used 

to discriminste between the charged and discharged state; however, it was 

not possible to monitor processes as Shape Change and densification. 

It is found that the increase of the cathodic overpotentials of the zinc 

electrode is related with the local availability of the reducible zinc oxide 

amount and that the change in capacity with cycling is strongly determined 

by the porosity of the zinc electrode and the excess amount of zinc oxide. 

A tentative explanation for the mechanism of Shape Change is given, based 

on different current distributions during the charge and discharge period, 

leading to a net movement of zincate in the direction of the centre via 

diffusion and so to the material redistribution (Shape Change). 
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SAMENVATTING 

De alkalische nikkel oxide-zink batterij is een veelbelovende energiebron 

voor traktiedoeleinden. De doorbraak van deze batterij heeft echter nog niet 

plaatsgevonden, voornamelijk vanwege een te geringe cycleerbaarheid, hetgeen 

in belangrijke mate wordt veroorzaakt door de vormverandering ("Shape 

Change") van_ de zink elektrode. In dit proefschrift worden een aantal aspec

ten van de reakties van de zink elektrode, zowel in een konventionele elek

trochemische cel als in een batterij systeem beschreven. 

In hoofdstuk 2 worden de eigenschappen van zink in alkalische oplossingen 

uitvoerig besproken en wordt ingegaan op de in de literatuur voorgestelde 

mechanismen van de vormverandering. Deze vormverandering wordt toegeschreven 

aan ongelijkmatige stroomverdelingen of elektro-osmotische effekten, Geen van 

deze twee mechanismen kan alle waargenomen verschijnselen verklaren. 

De beginstadia van de elektrokristallisatie van zink op een zilver sub

straat zijn in hoofdstuk 3 onderzocht met behulp van de potentiaal sprong 

methode, omdat de vorming en afbraak van het kristalrooster van zink een 

belangrijke rol spelen bij de processen, die gedurende het laden en ontladen 

aan de zink elektrode plaatsvinden. De experimenteel gemeten stroom-tijd 

kurven konden geanalyseerd worden met gedetailleerde modellen van kiemvorming 

en groei. Deze elektrokristallisatie volt.rekt zich via kiemvorming en groei 

van twee lagen, een eerste laag van primaire centra, gevolgd door een laag 

van secundaire centra, die gevormd worden op plaatsen waar de primaire elkaar 

overlappen. 

Vervolgens is de rol van het substraat verder onderzocht door bestudering 

van de interaktie met het neergeslagen zink met behulp van cyclische voltam

metrie, de mieroprobe techniek en ellipsometrie (Hoofdstuk 4). Het blijkt dat 

het zink via diffusie legeringen met het zilver vormt. De 8-fase (AgZn
3

) 

en de ~-fase (AgZn) zijn geïdentificeerd. Het de tijd vinden voortdurend 

transformaties plaats naar fasen met een lager zinkgehalte, hetgeen uit

eindelijk resulteert in de vorming van de a-fase. 

Om de vorming van waterstof tegen te gaan wordt in een batterij de zink elek

trode meestal geamalgameerd, Omdat er in de literatuur weinig bekend is over 

het reaktiemechanisme aan de geamalgameerde elektrode is een studie gemaakt 

van het reaktiemechanisme van zink en diverse typen geamàlgameerde zink elek

troden (Hoofdstuk 5), Dit gebeurde met behulp van de galvanostatischetransiënt 

techniek. De resultaten voor de zink elektroden duiden op een reaRtiemechanisme 
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met de volgende snelheidsbepalende stap: 

Zn(OH); + OH- ~ Zn(OH); + e 

De resultaten voor de geamalgameerde zink el~ktroden worden niet beïnvloed 

door de methode van amalgamering en wijzen op een mechanisme met water als 

reaktie partner. De verschillen tussen de zink elektrode en de geamalga

meerde zink elektroden worden verklaard door verandering in adsorptiegedrag. 

De impedantie diagrammen van de geamalgameerde elektroden (Hoofdstuk 7) 

worden niet beïnvloed door de wijze van amalgameren en kunnen beschreven 

worden met een model voor een kinetisch en diffusie bepaalde reaktie. De 

afgeleide parameters stemmen goed overeen met die welke met behulp van de 

galvanostatische transiënt techniek zijn verkregen en duiden erop dat geen 

specifieke adsorptie van hydroxylionen en intermediairen aan de geamal

gameerde elektroden optreedt. Impedantie diagrammen van de zink elektrode 

geven aan dat oppervlakte processen, waarin intermediairen 

belangrijk zijn. 

betrokken, 

Om meer inzicht te verkrijgen in het cycleergedrag en speciaal in de vorm

verandering zijn tenslotte verschillende typen zink elektroden (zink oxide 

gebonden met teflon, en geamalgameerd zink poeder met teflon gebonden zink 

oxide) in de nikkeloxide-zink batterij onderzocht. Dit is gedaan met behulp 

van herhaalde laad/ontlaad cycli, meting van de potentiaalverdeling langs 

het zink oppervlak (Hoofdstuk 6) en impedantiemetingen (Hoofdstuk 7). De 

impedantiemetingen blijken weliswaar informatie over de laadtoestand te 

geven maar kunnen niet gebruikt worden om de processen van vormverandering 

en verdichting van het aktieve materiaal te volgen. De toename van de over

potentialen tijdens het opladen van de zink elektrode hangt samen met de 

beschikbaarheid van de hoeveelheid reduceerbaar zink oxide ter plekke. De 

verandering"in kapaciteit met cycleren wordt sterk beïnvloed door de poro

siteit van de zink elektrode en de overmaat aan zink oxide. 

Voor het mechanisme van de vormverandering wordt een mogelijke verklaring 

gegeven, die gebaseerd is op verschillen in stroomverdeling gedurende de 

laad- en ontlaadperiode. Via diffusie van zinkaat leidt dit tot een netto 

verplaatsing in de richting van het centrum en zo tot een herverdeling van 

het aktieve materiaal. 
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STELLINGEN. 

!. Het is onwaarschijnlijk dat het cyclovoltammetrische gedrag van een 

poreuze zinkoxyde-elektrode in het potentiaalgebied van -0,9 tot 

-1,34 V (vs. Hg/HgO) verklaard kan worden door direkte reduktie van 

zinkoxyde vanuit de vaste fase. 

J. MeEreen and E. Gannon, Electrochim. Acta (1981) 1439. 

2. Het elektrochemische gedrag van een geamalgameerde zinkelektrode, 

verkregen via galvanostatische elektrodepositie [I] is niet 

representatief voor een zinkelektrode geamalgameerd door middel 

van de - in de batterijtechnologie gebruikelijke- stroomloze 

depositie [2]. 

I. L.M. Baugh, F.L. Tye and N.C. White in "Power Sourees 9", 

J. Thompson ed., Academie Press, London, 1983, p.303. 

2. J. Swift, F.L. Tye, A.M. Warwiek and J.T. Williams in "Power 

Sourees 4", D.H. Collins ed., Oriel Press, Newcastle upon Tyne, 

1973, p.415. 

3. Bij de bepaling van reaktieorden dienen aktiviteiten in plaats van 

koncentraties gebruikt te worden. 

J.O'M. Bockris and A.K.N. Reddy, Modern Electrochemistry, Plenum 

Press, .New York, 1970. 

4. Het door Wroblowa et al. ontwikkelde kriterium, om uit te maken of 

de zuurstofreduktie al dan niet via waterstofperoxyde verloopt, is 

praktisch van weinig waarde omdat dit kriterium te hoge eisen aan 

de experimentele nauwkeurigheid stelt. 

H.S. Wroblowa, Yen-Chi-Pan and G. Razumney, J. Electroanal. Chem. 

69 (1976) 195. 

5. Impedantiemetingen roepen voornamelijk weerstand op. 

6. Voor de promovendus gaat de spreuk "wie schrijft die blijft" 

meestal niet op. 



7. De huidige trend om barokmuziek uit te voeren op alleen authentieke 

instrumenten strookt niet met de intentie van de barokkomponisten, 

die openstonden voor nieuwe ontwikkelingen op gebied van instrumenten. 

8. De thermochemische produktie van waterstof is een onhaalbare kaart. 

Th. van der Plas, Energiespectrum, februari 1984, p.42. 

9. Dat relatief meer vrouwen dan vroeger een stottertherapie volgen 

duidt erop dat het emancipatieproces zijn vruchten afwerpt. 

J. Fluency Disorders 2 (1977) 301. 
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