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AN INVESTIGATION OF THE INITIAL STAGES OF THE DEPOSITION 

OF LEAD AND THALLIUM ON SILVER CATHODES 

by Brian Thomas 

The underpotential deposition of lead and thallium monolayers onto 

polycrystalline and single crystal silver electrodes has been investig-

ated with conventional electrochemical and reflectance spectroscopic 

techniques. 

Careful chemical polishing of the electrode surfaces was necessary to 

remove the distorted layer left by alumina polishing. 

The voltammetry behaviour of the polycrystalline electrode was shown 

to be a composite of the various single crystal structures in its 

surface. In the thallium system, it was possible to form two monolayers 

at an underpotential but only one in the lead system. In the absence of 

significant anion adsorption, the monolayer deposition process was 

dependent on the orientation of the substrate and consisted of two 

stages; an initial adsorption process in which the favourable, high 

co-ordination, sites on the electrode were occupied, followed by a 

phase transformation and crystal growth process until a complete layer 

was formed. 



with the majority of common anions, diffusion processes prior to 

lattice incorporation were the slowest step in the crystal growth pro-

cess. With lead deposition from a citrate complex the electron transfer/ 

lattice incorporation step was sufficiently slow to obtain direct 

evidence for the participation of two-dimensional nucleation steps in 

the monolayer formation. 

The first monolayer of thallium and the single monolayer of lead was 

shown to be a close packed layer in all cases, distorted to an extent 

depending on the substrate structure. In the case of thallium, these 

distortion effects were also seen in the formation of the second layer. 

The effect of anion adsorption in both systems was investigated and 

shown to be an important factor in determining the nature of the 

deposition characteristics. Lead monolayers on the {110} substrate 

could catalytically decompose perchloric acid electrolytes to a product 

which markedly reduced the rate of the lattice incorporation step in 

subsequent deposition. 

The overpotential deposition of lead was investigated on the same 

substrates. Monolayer formation was an essential precursor to thicker 

deposits. The effects of substrate orientation were still important in 

determining the growth kinetics of the bulk deposit. In nucleation pre-

pulse experiments, evidence for nuclei orientation effects was 

obtained. 
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CHAPTER ONE: METAL DEPOSITION. 



1.0 INTRODUCTION. 

The majority of the work described in this Thesis is concerned 

with the underpotential deposition of metals, i.e. deposition occurring 

at more positive potentials than that of the deposited metal/metal ion 

electrode. The widespread belief that such processes were adsorption 

phenomena has resulted in few attempts being made to relate them to the 

relatively familiar events occurring in overpotential deposition and 

consequently surveys of earlier work in the two areas must be treated 

separately. 

This chapter presents a brief review of the principal conclusions 

derived from studies of the initial stages of overpotential metal deposit-

ion in the present century. 

1.1 EA&LY CONCEPTS. 

To the extent that Faraday's^early studies relating the quantity 

of charge passed to the amount of metal deposited can be regarded as 

metal deposition, this area constitutes one of the oldest areas of exper-

imental electrochemistry. 

The earliest ideas relating to the growth of crystals ( e.g. 

metals and salts ) were concerned with a 2-dimensional nucleation, layer 

2 • 3 
by layer growth mechanism suggested by Kossel and developed by Stranski 

( 1927 ). In this theory an ideal crystal face grows by the formation of 

2-dimensional nuclei which are not stable unless they have a certain 

critical size, related in an inverse manner to the supersaturation 

( overvoltage ). Nucleation is followed by expansion of the nucleus over 

the entire face, by incorporation of atoms at the peripheral growth steps. 

The growth of a second plane cannot occur until a fresh nucleus is formed 

and consequently the deposit is built up from layer upon layer of 2-dimen-

sional crystal planes each formed from a single nucleus. The nucleation 

probability involves an activation energy governed by the work of 

formation which is inversely proportional to the supersaturation. This 



implies that growth becomes insignificant below a certain supersaturation 

which is about 50%. The Kossel-Stranski model assumed that charge transfer 

between electrode and ion took place on a plane site followed by the 

! T 

surface diffusion of the resulting ad-atom to the growing centre where 

incorporation at a high co-ordination site ( e.g. a kink site ) could 

occur. The role of surface diffusion as a rate-determining step in electro-

deposition was emphasized by Brandes^ ( 1929 ), however Erdey-Gruz and 

Volmer^ ( 1931 ) deduced an equation relating current density to over-

potential with the assumption that 2-dimensional layer formation was rate 

determining. These workers advocated the direct discharge of an ion at a 

growing centre rather than on a plane site. 

Subsequent experiments^revealed growth rates in many systems at 

supersaturations well below those expected to produce nucleation ( 25-50% ) 

in divergence with the classical theory of crystal growth and a new 
7 

mechanism was sought to explain these results.Burton, Cabrera and Frank 

introduced the concept of emergent screw dislocations ( 1949 ) into the 

model for crystal growth and it was shown that self-perpetuating steps 

resulting from such dislocations could account for growth at low super-

saturations. This would obviate the necessity for nucleation in such systems 

provided that the dislocation density was not too low or the deposition 

current density too high. Soon after, Steinberg observed growth spirals 

on electro-deposited titanium and subsequently many examples were found 

and this was thought to support the spiral mechanism of crystal growth. 

However a large number of crystals were found ( not necessarily metals ) 

possessing no features of this type and doubts concerning the universal 

applicability of the theory were expressed.^ Fleischmann and Thirsk 

suggested that the calculated frequency factors used in the calculation 

of 2—dimensional nucleation rates at a given supersaturation might be in 

error; the 3-D. rates were much greater than those calculated and it 

seemed possible that there could be a similar disparity between the 



theoretical and actual rates of 2-D. nucleation, Bewick et al. illus-

trated the importance of 2—D. nucleation in the growth of calomel deposits 

on mercury. Subsequently many examples of this type were found in anodic 

film formation on this substrate. However, this substrate is atypical in 

that the lack of surface structure prevents the possibility of screw 

dislocations determining the growth kinetics. Until comparitively recently 

no evidence was available to suggest that metals grew by the 2-D. nucleat-

ion of perfect crystal planes and the screw dislocation mechanism was 

generally accepted in this case. 

12 

Calculations by Bockris and Conway indicated that the direct 

deposition from solution onto growing centres , i.e. the Volmer mechanism, 

would be improbable on account of the activation energy for the various 

possible elementary processes and the picture of deposition and charge 

transfer at a plane site followed by surface diffusion of the resulting 
T 

ad-atoms to the points of incorporation on step lines, the indirect 

mechanism , was generally accepted. Estimates of the ad-atom concentration 

13 

at the reversible potential, were made by several groups but there was 

wide:divergence in the values obtained and this was attributed to the 

different methods of surface preparation employed. More recently several 

workers have questioned the validity of explaining the results of such 

experiments in terms of ad—atom concentrations. It was shown that a 

direct Volmer mechanism involving no surface diffusion and hence ad-atoms, 

would produce similar experimental results ( see sec, 1.4 of this chapter ). 

Progress in the understanding of metal deposition in the last ten 

years or so, is best illustrated by considering systems in which the metal 

deposited is identical with the substrate material separately from those 

involving deposition onto a foreign substrate ( e.g. Pb on Ag, Ag on C ). 

1.2 DEPOSITED METAL AND SUBSTRATE IDENTICAL. 

Undoubtedly the most significant studies in this category are those 

of the Bulgarian school,under Budevski. These workers studied deposition 



of silver from 6M AgNO solution onto silver single crystal electrodes 

prepared in a special way such that the surface configuration could be 

one of three types; 

a) a dislocation free plane with an atomically smooth surface. 

b) a dislocation free plane with a monatomic step of known length, 

c) a stepped plane with a known uniform step density. 

The electrode preparation involved the growth of a single crystal wire in 

a narrow capillary ( 150ym ) under the influence of superimposed altern-

ating and direct voltages. 

These dislocation free electrodes enabled the classical, Kossel/ 

Stranski model of electrodeposition involving growth of perfect crystal 

planes by 2—D nucleation, to be realised experimentally for the first time. 

The dislocation density on normal substrates is usually sufficiently high 

to obviate thevneed for nucleation. 

Experiments on dislocation free planes gave the following results: 

At constant current ( ~ 0.5mA cm~^ ) the overvoltage rises to 7-12mV 

and shows periodic oscillations which are due to formation of 2-D nuclei. 

The overvoltage rises rapidly to the critical value on switching on. As 

the nucleus expands over the surface, there is first a fall in the over-

voltage and then a rise in accordance with the variation in the length 

of the monatomic step. When this reaches the edge of the electrode, the 

overvoltage rises again to the critical value and the process restarts. 

The period of oscillation and the current density give the thickness of the 

layer ( monatomic ). 

In potentiostatic experiments, potentials up to 7mV leave the 

cell non conducting whereas at 8-12mV there is a strong oscillatory current 

corresponding to nucleation. In double potential step experiments, if the 

first pulse is long enough for nucleation to occur at that potential, the 



5, 

current continues in the second ( lower overpotential ) pulse until the 

new plane has completely covered the face. The experimental current-time 

transients vary from test to test and these can be simulated from purely 

geometrical considerations for a nucleus of specified shape arising at a 

specified distance from the edge of a circular face, with the assumption 

that the current is proportional to the length of the growing edge. 

12 

Although calculations by Bockris and Conway suggested that the 

direct deposition mechanism was unlikely on account of the high activation 

energy associated with it, other workers have showh that this is not 
necessarily the case^f the theoretical treatment appears to be rather 

17 

complicated and uncertain. Budevski et al. have shown that the direct 

transfer mechanism plays a predominant role in the deposition of silver 

on dislocation free silver electrodes and in this case the contribution 

of surface diffusion was negligible. 

Fischer and co-workers have stressed the role of inhibition 

as a general phenomenon in electrodeposition. Studies involving copper 

deposition onto mono and polycrystalline copper substrates, in the presence 

of inhibitors, indicated that the lattice planes in the growth layers are 

formed via 2-dimensional nuclei. 

Many other examples of studies in this category of metal deposit-

ion ( i.e. deposited metal and substrate identical ) in conjunction with 

those described above allow the following generalisations to be made: 

1. A relatively high density of crystal imperfections i.e. growth sites 

in the substrate surface permits the deposition reaction to occur without 

a nucleation overvoltage and the charge transfer reaction takes place 

directly on these growth sites e.g. kinks and steps. Nucleation may 

become significant at high deposition rates. 

2. When the density of crystal imperfections is relatively low or zero 

the formation of 2-dimensional nuclei is the rate determining step at low 



overvoltages and can be considered the initial step, 

1.3 DEPOSITION ONTO FOREIGN SUBSTRATES. 

These systems are capable of yielding most information about the 

nucleation process as substrate lattice extension at dislocations, case 1. 

above, is not normally possible. 

Studies in this category can be conveniently divided into two 

groups, 

a) systems involving the direct formation of three-dimensional nuclei 

onto the bare substrate with a considerable nucleation overpotential 

( 50-100mV X 

b) systems involving the formation of a complete monolayer of the 

deposited metal prior to any subsequent 3-dimensional growth ( which occurs 

at small overpotentials, 0-15mV depending on concentration ). 

This categorical distinction has frequently been ignored or 

misunderstood with the result that the present understanding of such 

deposition processes is somewhat primitive compared to that of systems 

where the deposited metal and substrate are identical. 

Category b) relates to the systems which show underpotential-

deposition ( U.P.D. ). This is a phenomenon in which a complete monolayer 

of the deposited metal can be formed at potentials more positive than the 

reversible potential of the deposited metal/metal ion electrode.. 

U.P.D. is very common on noble metal substrates ( e.g. platinum 

gold and silver ) but several questions pertaining to the nature of the 

monolayer ( e.g. its structure and state of charge ) are still unresolved 

despite extensive investigations by many research groups. This topic is the 

central theme of this thesis and is considered in detail in Chapter 2. 

The uncertainty associated with many published studies of metal 

deposition onto foreign substrates ( i.e. those not specifically aimed at 

investigating U.P.D:) is due to the fact that the possible formation of an 
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initial monolayer and the effect of this on subsequent nucleation, in 

potential step experiments, has been ignored. Although the deposition of 

a monolayer prior to the bulk is readily apparent in linear potential sweeps, 

this is not the case in potential step experiments and to date it has not 

been conclusively established whether monolayer formation always occurs 

( in those systems which show U.P.D. that is ) as an initial step in the 

electro-deposition process even when the potential is sufficiently high 

for 3-dimensional growth to occur. 

Kaischev^and co-workers have investigated the deposition of iron, 

silver, lead and mercury onto monocrystalline platinum substrates with a 

view to confirming the validity of the Volmer equation for the initial 

formation of 3-dimensional nuclei; 

J = A.expC -AG ^^^/kT) = A.exp(-S/n^) 

S=8m.Y 3.V ^/SkTz^.F^ 
n-v m 

with, J = rate of 3-dimensional nucleus formation. 

Y = specific free surface energy of the interface 
n-v 

between nucleus and electrolyte phase. 

V = mole volume of nuclei. 
m 

The other symbols have their usual significance. 

Although the results showed that the logarithm of the nucleation rate was 

inversely proportional to the square of the overpotential in agreement 

with theory, the significance of this conclusion is in doubt as the electrodes 

were not free from oxide films at the potential where metal deposition 

occurred and in addition, silver, lead and mercury all form underpotential 
31,32 

monolayers on platinum ( lead and mercury form underpotential alloys in 

fact ) and this was totally ignored. The overpotential necessary 

for nucleation to occur in these systems was of the order of lOOmV which 

is suggestive of 3-rather than 2-dimensional nucleation, however these 



systems are unusual in that most most metal deposition systems involving 

U.P.D. show very small overvoltages for nucleation ( usually < lOmV ). 

Presumably the surface oxide film was complicating the behaviour which 

Kaischev attributed solely to 3—dimensional nucleation. 

The importance of the presence of monolayer deposits in the 

subsequent nucleation and growth of thicker deposits was pointed out by 

Vermiliyea in 1963^^ with reference to anodic films ( e«g* oxides and salts ) 

but this idea has rarely been applied to the deposition of metals. 

The most obvious examples of category a) systems are those 

involving deposition onto vitreous carbon substrates. No underpotential 

monolayer formation is discernible and bulk deposition is usually assoc 

iated with large overvoltages ( typically of the order of lOOmV ) which 

probably represents a true 3—dimensional nucleation overpotential. The 

deposition kinetics of several of these systems have been studied by 

Harrison et al?^There are relatively few examples of metal deposition onto 

foreign substrates which involve neitherU.P.D. or alloy formation and to date 

these have not been investigated kinetically. 

In concluding this section, it seems essential to stress the 

importance of resolving the question of the role played by metal monolayers 

in electro—deposition on foreign substrates. This topic is considered 

further in Chapter 2. 

1.4 MODELS OF ELECTBOCRYSTAILIZAIION AT THE ATOMIC LEVEL. 

22 

This topic has been very adequately reviewed elsewhere and will 

be treated here very briefly. 
1.4(a) THE ADATOM MODEL. 

This model has been treated extensively although conclusive 

experimental verification has never been achieved. In it,adatoms arrive 

at the metal surface by diffusion and electrochemical reaction to the 

step line where they are incorporated into the lattice. The step lines 

arise from inherent imperfections in the substrate such as screw dislocations 
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and do not advance significantly during the measurement. 

In a potentiostatic pulse experiment, starting from the equilib-

rium potential, the theory has been fomulated exactly for two cases; 

a) when the equilibrium concentration of adatoms is maintained at the 

edge and the rate of incorporation and the reverse reaction at the step 

line are both fast; 

b) when equilibrium is not maintained and the rate of removal of adatoms 

at the step line is slow. 

In addition the theory has been developed for A.C, and galvanostatic 

33 
experiments. 

For case a) above, neglecting bulk diffusion, the equation relating 

17 
the steady state current to the overvoltage can be written as, 

i = i , .{expazFri/RT - exp-(l-a)zFn/RT}A /x tanh{x / A ) (1.1) 
o (.ad J o o o o 

where termed the surface diffusion penetration, is given by, 

A = (zFD C° ,/i f exp-azFn/2RT 
o s ad o(,ad; 

where, D = surface diffusion coefficient. 
' s 

C° , = equilibrium concentration of adatoms. 
ad 

^o(ad) ~ exchange current density of ions in solution 

with adatoms, 

X = ^.average step distance. 

When X » x , 1. reduces to the Butler-Volmer relation and the reaction 
o o 

is controlled by the rate of charge transfer. When « x^, 1. becomes 

i = i , j.fexp azFn/RT - exp-(l-a)zFn/RT}X /x 
o(ad; o o 

In this case the current is strongly influenced by the step density and 
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surface diffusion plays a predominant rdle. 

1.4(b) DIRECT DEPOSITION MODEL. 

This was suggested for the first time by Volmer^ and the charge 

transfer is assumed to occur directly at a step or a kink. 

Neglecting bulk diffusion, the equation relating the steady 

, 23 
state current to overvoltage is given by, 

i = i . .2r L[exp{azFn/RT} - exp{-(l-a)zFn/RT}| (1.2) 
o(st) o L J 

where, L = l/2x = the total length of growth steps per unit area, 

i , . = exchange current density of ions in solution with 
o(st) 

atoms on a step or a kink, 

r = atomic radius in the crystal lattice. 

o 

Experimentally no clear distinction can be made between 1.1 and 1.2; 

at low overpotentials the 'apparent' exchange current density obtained 

from the slope of the current-overvoltage plot, is given by 

i = (RT/zF)di 

° dn 

therefore in the case of the surface diffusion mechanism, replacing 

2x_ by 1/L 
i = 1 ° ' - - - 2LX tanh(l/2LX 
o o(ad) o o 

or in the case of direct transfer 

^o " io(st)2fo^ 

In the latter case, i is proportional to L irrespective of the step 

density. For indirect transfer, i is proportional to L for small step 

densities ( 21X <1.). For higher step densities, i^ becomes independent 

of L and the reaction is controlled by the rate of charge transfer. This 

result illustrates the impossibility of distinguishing between the two 

mechanisms from steady state measurements. However, the use of high 
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30 

frequency impedance measurements can lead to such a distinction. Budevski 

23 
et al. have shown, with silver electrodes of known step density, that it 
is possible to calculate the quantities, i , and i , It was found 

o(ad) o(st) 

that exceeded by almost three orders of magnitude, contradic-

12 
ting the calculations of Bockris and Conway. 

1,4 (c) NUCLEATION AND GROWTH MODELS. 

In the adatom model, metal growth takes place by incorporation 

of material at the step lines created by screw dislocations; this model is 

appropriate for the deposition of a metal on a substrate of the same 

material or the later stages of deposition onto a foreign substrate. 

Reference has already been made to the fact that deposition can also inv-

olve nucleation processes; these will be important in, 

a) the initial stages of metal deposition onto foreign ( inert ) subst-

rates , 

b) metal growth on substrates of the same material which possess few 

dislocations, 

c) growth at specific sites on electrodes of the same material ( dendrite 

formation ). 

The nucleation and growth model has been extensively developed for two 

limiting cases, 

1. rate control by the rate of mass transfer, 

2, rate control by charge transfer occurring when material is incorpor-

ated at the periphery of a growing centre. 

In addition the case of joint control by the rate of surface diffusion 

and charge transfer has been considered. 



12. 

25 

The rate of formation of nuclei can be described by a single exponential 

rate law i.e. 

N = N (l-exp{-At}) (1.3) 
t o 

where, 

N = total number of nuclei at time t. 
t 

N = total number of available nucleation sites, 
o 

A = nucleation rate constant. 

Two limiting cases of this equation are possible depending on the value of A. 

If A is large, all the sites are converted to nuclei virtually instant-

aneously and, 

= N (1.4) 

t o 

This situation is described as instantaneous nucleation and is most likely 

to hold on surfaces posessing significant microstructure. When A is small, 

l-exp{-At} == At 

therefore, 

(1.5) 

A nucleation situation of this type is described as progressive and would 

occur, for example, on a surface free from microstructure. 

The limiting cases of rate control, stated above, will now be 

described. 

1.5 (a) NUCLEATION AND GROWTH MODEL: RATE CONTROL BY CHARGE TRANSFER. 

This situation is commonly encountered in the growth of salt and 

oxide films ( especially on mercury ) where the slow step is incorporation 

of material at the periphery of the growing centres. In this case a 

substantial amount of information may be gained about lattice building 
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rates and ( in the case of progressive nucleation ) nucleation rates. 
25 

Fleischmann and Thirsk have formulated the current-time rel-

ationships for the potentiostatic growth of two and three-dimensional 

nuclei, using simple geometrical arguments. Considering the case of two-

dimensional growth; for a single cylindrical nucleus, the area on which 

deposition takes place increases with time and the current is given by, 

Zf (1.6) i = 2zFmMhk t 

P 

where, 

k = rate constant governing crystal growth. 

h = height of the centres. 

N = gram molecular weight of the deposited material, 

p = density of the deposited material. 

In the case of instantaneous nucleation, growth centres are formed and 

the total current is given by, 

i = 2zFmMhk^t % N (1.7) 

P 

whereas for a progressive nucleation system, . 

N = N At 
t 0 

and, 

i = 2zFiTMhk^t^ x N^A (1.8) 

P 

In the later stages of crystal growth the individual growth centres 

overlap and the peripheral length available for deposition decreases with 

time. Provided that the overlapping is random, the statistical problem of 

coalescence imay be solved algebraically application of Uie .A^nmm theorem. 

The complete equations for two-dimensional layer growth, including 

overlap are, 

2 2 2 P 3 
i = zFTfhAk t exp —ttM Ak "t (1.9) 

P 3p-̂  

for progressive nucleation. 
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and, 

i = zFnMN k^t exp (1.10) 

2 
P 

for instantaneous nucleation. 

Three-dimensional nucleation and growth can be treated similarly, 

although in this case the problem of overlap is more difficult. Three-

dimensional deposits formed from successive two-dimensional layers have 

26 
also been considered theoretically and can be observed experimentally e.g. 

11 
in the growth of calomel deposits on mercury. 

1.5 (b) NUCIEATION AND GROWTH MODEL: RATE CONTROL BY MASS TRANSFER. 

This situation is very common in metal deposition,and transport 

processes, either on the surface or in the solution, prior to the growth 

step, control the rate of the reaction. The case of two-dimensional layer 

formation will be considered first. 

1. Diffusion zones limited to individual nuclei. 

The growth of a single two-dimensional nucleus, expanding at a rate det-
27 

ermined by the flux, was originally considered by Frank. The hemi-cylin-

drical diffusion zone is concentric to the nucleus and the radius at time 

t, R , is given by, 

= 8(Dt): (1.11) 

where 6 is a constant which depends on, 

* o 
(c ~ c )M 

where, 
^ » 

c = concentration in bulk of solution. 

c° = concentration at surface 
D = diffusion coefficient. 
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For the potentiostatic growth of a two-dimensional layer from N nuclei 

formed instantaneously, the i~t relationship is given by, 

i = q exp (-•itĜ DN t) 
^mon o 

(1.12) 

where. 
q = monolayer charge, 
mon 

This function is plotted out in Fig. 1.1. 

For progressive nucleatlon, 

i = q mG^DAt 
^ o n 

.exp^-ireZDAtZ (1.13) 

This function is plotted in Fig. 1.2 

2. Overlap of the individual diffusion zones. 

This situation is likely to arise when a large number of nuclei are 

formed initially and the individual diffusion zones soon overlap, the 

rate of growth being controlled by planar diffusion perpendicular to the 

surface. The mathematical treatment was formulated by Astley, Harrison and 
28 

Thirsk. 

Assuming a linear Langmuir Isotherm and Nernst equilibrium at the 

growing patches, the expression relating current and time is given by. 

* i 
i = zFA'C D* \( zFA' C d\/exp-zFn\ 

\ m /\ RT / 

X exp 
*2 2 

C DA' t(exp-2zFn 
RT m^ 

X erfc 

(exp-2zFn I 
RT / 

(exp-zFn) 
RT / 

C D^A't^f exp-zFn 
m \ RT 

(1.14) 

where, 
area of electrode (cm^) 

diffusion coefficient (cm^ s ) 
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t/ms 

Fig. 1.1 Plot of equation 1.12 for 

the growth of a two-dimensional layer 

controlled by diffusion, with 

22 
instantaneous nucleation. 

Fig. 1.2 Plot of equation 1.13 for 

the growth of a two-dimensional layer 

controlled by diffusion, with 

22 
progressive nucleation. 

i/mA # ^ = 3 2 m V 

i=zFA'C*D& _ n=22mV 

n=l 2mV 

-n=2mV 

0 20 
t Z/ S : 

Fig. 1.3 Plot of equation 1.14 at different 

overpotentials for the growth of a two-dimensional 

28 
layer, controlled by planar diffusion. 
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* , . ^ 3 
C = concentration in the bulk of the solution (mol cm ) 

m = number of moles in a monolayer of area A' 

The other symbols have their usual significance. Plots of i versus t ^ 

for this expression are shown in Fig. 1.3 as a function of overpotential. 

At short time these plots are linear and of constant slope equal to, 

* I 
zFA' C D* 

This equation was applied to the experimental results for the underpotential 

deposition of lead and thallium on polycrystalline silver In an attempt 

to show that nucleation processes were occurring in this situation. 

Although a certain amount of agreement with the above equation was found^ 

the result could not be regarded as conclusive as similar i-t transients 

could arise from the deposition of a simple adsorbed layer with no nucle-

ation, ( see Chapter 4 ). 

3. Fixed diffusion zone. 

Two-dimensional nucleation and growth with a fixed diffusion zone has also 

been considered theoretically and compared with the experimental results 
29 

for nickel monolayer deposition, from a thlocyanate complex, onto mercury. 

Examples of current-time transients for this system are shown in Fig. 1.4. 

At low overpotentials an unsymmetrical peak is seen in the transient. In 

this case, the diffusion zones surrounding the nuclei are narrow and lattice 

building Is to smne extent rate determining. At higher overpotentials, only 

a falling transient is observed and corresponds to the case of wide diffusion 

zones and rate control predominantly by surface diffusion. A graphical 

simulation of the growth of two-dimensional surface diffusion zones 

indicated that there was a change from progressive to Instantaneous 

nucleation with increasing potential of growth. This affect was ascribed 

to the rapid decrease at higher potentials of the adatom concentration due 
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i/mA 

0.8 t/s 

- 2 -

20 40 60 t/ms 

(c) 

10 20 JW 
t/ms 

Fig. 1.4 Typical cathodic i-t transients for the 

solution, O.IM NlfNOgyg/ O.IM KSCN/ 2.2M KNOg. 

- 2 

Area of mercury surface was 0.055cm . Potentials 

(a) -600mV (b) -640mV (c) -670mV vs. S.C.E. 

The transients show the effect of comparable 

rates of lattice growth and surface diffusion. 
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to rapid extension of the diffusion zones. 

The initial stages of three-dimensional growth, from hemi-

spherical nuclei, has also been treated taking into account the outward 

30 
movement of the metal surface. 

The relationships obtained before overlap has occurred are, 

3 3/ 1 / 
i = zFpN D % t % (1.15) 

I T ° 

for instantaneous nucleation, and 

3 3/n 3/^ 

i = zFp(%8' DA )2t 2 (1.16) 
M 3 

for progressive nucleation. (6' is a constant) 

This brief review has shown that systems with totally different 

nucleation and growth laws can result in identical i-t relationships; this 

ambiguity makes an unequivocal determination of the particular growth law 

followed in a given situation,difficult, unless further tests are carried out, 



CHAPTER TWO: UNDERPOTENTIAL METAl DEPOSITION. 



2 0 . 

2.0 INTRODUCTION. 

In this chapter, studies of U.P.D. will be divided into two 

groups; the historical aspects are illustrated with studies up to 'v 1960 

and following a description of available experimental methods, the 

extent to which several problems concerning the nature of U.P.D.,.have 

been solved, will be illustrated with studies from 1960 up to the present 

time. Following a survey of reflectance spectroscopic studies of metal 

deposition, sections on other aspects of U.P.D., the relevance of U.P.D. 

to overpotential growth and a discussion of the scope of this project 

conclude the chapter, 

2.1 HISTORICAL ASPECTS. 

34-37 

The first studies of the deposition and dissolution of very small 

amounts of metals on inert substrates were made with radioactive tracers. 

In general, the deposition of fractions of monolayers was observed to 

occur at a certain undervoltage with respect to the equilibrium potential 

for the deposition of the bulk phase. To explain this behaviour, 
38 

Haissinsky suggested that a small number of lattice sites on the electrode 

would have such high adsorption energies for metal atom deposition as to 

be equal to the substrate work function, while the rest would be 

associated with adsorption energies smaller than this. He showed that 

the width of a typical deposition curve,in volts, corresponded to a reas-

onable value for the range of adsorption energies on a heterogeneous 

surface. According to this explanation, irrespective of the electrode 

material, deposition of a given element would always begin at the same 

potential. However it was shown later that the initial deposition 

behaviour of fractional monolayers was very sensitive to the electrode 

material. 

Rogers and co-workers studied the deposition of traces of radio-

active silver onto platinum. 'The observed underpotential deposition was 

interpreted on a thermodynamic basis by developing the concept of 
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H e r z f e l i ^ w h i c h s t a t e d t h a t t h e a c t i v i t y o f a m o n o l a y e r d e p o s i t s h o u l d 

v a r y w i t h t h e f r a c t i o n o f s u r f a c e c o v e r e d e . g . 

a , , = f . . x Z / Z 
m ( s ) m ( s ) o 

w h e r e , ^ m ( s ) = a c t i v i t y o f m e t a l i n a f r a c t i o n a l m o n o l a y e r 

f , . = a c t i v i t y c o e f f i c i e n t o f m e t a l d e p o s i t 
m ( s ) 

Z = n o , o f m o l e s a m o u n t i n g t o o n e m o n o l a y e r d e p o s i t 

o n t h e e l e c t r o d e 

Z = n o . o f m o l e s o f m e t a l d e p o s i t e d . 

M i l l s a n d W i l l i s ^ i n a s t u d y o f t h e U.P.D. o f l e a d a n d t h a l l i u m o n g o l d 

a n d l e a d o n g o l d , u s i n g a g a l v a n o s t a t i c t e c h n i q u e s h o w e d t h a t t h e m a g n i t -

u d e o f t h e u n d e r p o t e n t i a l e f f e c t ( u n d e r p o t e n t i a l s h i f t ) w a s l a r g e r o n 

g o l d t h a n o n s i l v e r a n d t h a t t h e r e s u l t s w e r e h i g h l y d e p e n d e n t o n t h e n a t u r e 

o f t h e m e t a l b e i n g d e p o s i t e d a n d t h e s t a t e o f t h e e l e c t r o d e s u r f a c e . T h e s e 

w o r k e r s c o n c l u d e d t h a t t h e n a t u r e o f t h e u n d e r p o t e n t i a l d e p o s i t c o u l d 

n o t b e a 2 - d i m e n s i o n a l c r y s t a l p l a n e , as a n o v e r p o t e n t i a l f o r t h e f o r m -

a t i o n o f t h e b u l k p h a s e w a s o b s e r v e d . 

D u r i n g t h e l a s t d e c a d e o r s o , m a n y a t t e m p t s h a v e b e e n m a d e t o 

r e s o l v e t h e p h y s i c o - c h e m i c a l n a t u r e o f u n d e r p o t e n t i a l m o n o l a y e r s 

e m p l o y i n g e l e c t r o c h e m i c a l , r a d i o a c t i v e t r a c e r a n d o p t i c a l t e c h n i q u e s . T h e 

n e x t s e c t i o n g i v e s d e t a i l s o f t h e m a i n e x p e r i m e n t a l m e t h o d s w h i c h h a v e b e e n 

u s e d i n t h e s t u d y o f U . P . D . t o g e t h e r w i t h a c o m p r e h e n s i v e l i s t of a l l t h e 

s y s t e m s s t u d i e d b y t h e v a r i o u s t e c h n i q u e s . 

2.2 EXPERIMENTAL METHODS. 

( a ) T H I N L A Y E R C E L L S . 

S c h m i d t a n d c o - w o r k e r s h a v e b e e n t h e m o s t p r o l i f i c o f t h e r e s e a r c h 

g r o u p s s t u d y i n g U.P.D. a n d w e r e t h e f i r s t t o u s e p o t e n t i o s t a t i c t e c h n i q u e s 

i n l i n e a r s w e e p v o l t a m m e t r y e x p e r i m e n t s . T h e m a j o r i t y o f t h e w o r k w a s 
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a c c o m p l i s h e d u s i n g t h i n l a y e r c e l l s o f t w o d e s i g n s . 

T h e f i r s t t y p e o f c e l l , w h i c h w a s i n u s e b y t h e s e w o r k e r s u p 
t J 4 3 - 4 5 

u n t i l 1 9 6 9 , w a s o f t h e s o c a l l e d c h a m b e r t y p e . T h e p o t e n t i a l o f t h e 

w o r k i n g e l e c t r o d e w a s s l o w l y v a r i e d i n a l i n e a r m a n n e r a n d t h e c u r r e n t -

p o t e n t i a l b e h a v i o u r r e c o r d e d . T h e s e t - u p w a s s u c h t h a t o n l y a l i m i t e d 

a m o u n t o f r e d u c i b l e c a t i o n ( t h e d e p o l a r i s e r ) w a s a v a i l a b l e f o r a t h e 

e l e c t r o d e r e a c t i o n . T h i s w a s e n c l o s e d i n t h e e l e c t r o d e c h a m b e r w h i c h w a s 

i s o l a t e d a g a i n s t d i f f u s i o n f r o m t h e o t h e r s o l u t i o n . 

M o r e r e c e n t l y a d i f f e r e n t t y p e o f t h i n l a y e r c e l l h a s b e e n e m p l o y -

e d ^ ^ w h i c h c o n t a i n s 4 e l e c t r o d e s , a ) w o r k i n g b ) g e n e r a t o r c ) r e f e r e n c e 

d ) c o u n t e r . T h e e l e c t r o l y t e v o l u m e b e t w e e n a ) a n d b ) ( s e p a r a t e d b y a b o u t 

5 0 y m ) c o n s t i t u t e s t h e t h i n l a y e r . B o t h w o r k i n g a n d g e n e r a t o r e l e c t r o d e s 

a r e p o l a r i s e d p o t e n t i o s t a t i c a l l y a t d i f f e r e n t p o t e n t i a l s a n d t h a t o f t h e 

f o r m e r i s v a r i e d i n a l i n e a r m a n n e r b e t w e e n d e f i n e d s t a r t a n d e n d p o t e n -

t i a l s , T h e g e n e r a t o r i s a r e v e r s i b l e e l e c t r o d e f o r t h e i o n s p e c i e s b e i n g 

r e d u c e d a t t h e w o r k i n g e l e c t r o d e i . e . f o r a m e t a l i o n r e d u c t i o n , a r e v e r s i b l e 

m e t a l / m e t a l i o n e l e c t r o d e . 

I n t e g r a t i o n o f t h e c u r r e n t f l o w i n g i n t h e w o r k i n g e l e c t r o d e 

c i r c u i t g i v e s t h e c h a r g e f l o w i n g . T h i s m a y b e a f u n c t i o n o f , 

a ) c a p a c i t i v e e f f e c t s d u e t o m e t a l i o n a d s o r p t i o n , 

b ) f a r a d a i c p r o c e s s e s o c c u r r i n g a t t h e e l e c t r o d e e . g . m e t a l i o n 

r e d u c t i o n . 

T h e g e n e r a t o r e l e c t r o d e , w h i c h i s k e p t a t a f i x e d p o t e n t i a l m a i n -

t a i n s a c o n s t a n t c o n c e n t r a t i o n o f t h e m e t a l i o n b e i n g r e d u c e d i n t h e t h i n 

l a y e r ( a c c o r d i n g t o t h e N e r n s t e q u a t i o n ) s u c h t h a t a n y c o n c e n t r a t i o n 

c h a n g e s d u e t o m e t a l i o n a d — o r d e s o r p t i o n o n t h e w o r k i n g e l e c t r o d e a r e 

c o m p e n s a t e d f o r . I n t e g r a t i o n o f t h e c u r r e n t s f l o w i n g i n t h e g e n e r a t o r 

c i r c u i t c o r r e s p o n d s d i r e c t l y t o m e a s u r e m e n t © f t h e f r a c t i o n o f s u r f a c e 

c o v e r e d b y t h e d e p o s i t e d m e t a l s p e c i e s . 
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The advantage of this technique, is that the surface coverage-

potential isotherm is measured independently of the charge-potential 

isotherm , so that any process apart from metal ion adsorption contributing 

to the current flowing in the working electrode circuit, can be detected by 

comparison of the two isotherms. Some examples of this technique will be 

given below. In addition, it ie possible to place grid electrodes between 

the working and generator to measure potentiostatically the fluxes of 

different ionic species. 

However, the fact that reversible generator electrodes exist 

for only a few systems and that the high impedance of the cell prohibits 

its use for pulse measurements, limits the versatatility of this method. 

Two examples of the use of this technique will now be given. 

LEAD ON POLYCRYSTALLINE GOLD. 

47. 

For this system it is found that the currents flowing in the 

working and generator circuits, as a function of potential, are equal in 

magnitude indicating the occurrence of no other process apart from metal 

ion adsorption/reduction taking place at the working electrode. The linear 

sweep voltammetry exhibits several peaks below the reversible potential. 

Schmidt attributed these to different adsorbed states, in particular the 

species responsible for the comparatively sharp peak observed, was 

thought to be adsorbed further away from the electrode than the metal 
48 

deposited at more positive potentials. This system will be referred to 

again in section 2.4 (a). 

LEAD ON POLYCRYSTALLINE SILVER. 

49 

This system has been investigated in chloride media and in this 

case the current-potential curves for the generator and working electrodes 

show significant differences. In the lower underpotential range, the 

charge flowing in the working electrode circuit was equivalent to greater 
2+ 

than two electrons flowing per Pb deposited. These results were inter-
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p r e t e d b y c o - d e s o r p t i o n a n d c o - a d s o r p t i o n o f c h l o r i d e i o n r e s p e c t i v e l y . 

2 . 2 ( b ) L I N E A R S W E E P V O L T A M M E T R Y . 

T h i s t e c h n i q u e h a s b e e n u s e d in t h e p r e s e n t s t u d y a n d n e e d s n o 

f u r t h e r e x p l a n a t i o n . I t is c a p a b l e o f g i v i n g u s e f u l t h e r m o d y n a m i c a n d 

k i n e t i c r e s u l t s r a p i d l y , h o w e v e r it d o e s n o t p o s s e s s t h e a d v a n t a g e o f t h e 

t h i n l a y e r c e l l m e n t i o n e d p r e v i o u s l y a n d t h e e l l u c i d a t i o n o f t h e p r o c e s s e s 

o c c u r r i n g i n u n d e r p o t e n t i a l s y s t e m s w h i c h s h o w s e v e r a l p e a k s in t h e v o l t -

a m m e t r y , c a n n o t b e m a d e w i t h a n y c e r t a i n t y u n l e s s c o m b i n e d w i t h a d d i t i o n a l 

t e c h n i q u e s e . g . p o t e n t i a l s t e p m e a s u r e m e n t s . 

2 . 2 ( c ) R O T A T I N G RING D I S C . 
50 

T h i s m e t h o d h a s b e e n e m p l o y e d b y B r u c k e n s t e i n a n d c o - w o r k e r s 

i n t h e s t u d y o f s e v e r a l u n d e r p o t e n t i a l s y s t e m s . T h e r i n g e l e c t r o d e c a n 

d e t e c t e l e c t r o a c t i v e s p e c i e s b e i n g g e n e r a t e d a t t h e d i s c a n d t h o s e r e t a i n e d . 

B y t h i s m e a n s , s u r f a c e c o v e r a g e i s o t h e r m s c a n b e c o n s t u c t e d a s f o r t h e 

t h i n l a y e r c e l l , b u t t h e m e t h o d is n o t s o s t r a i g h t f o r w a r d . 

2 . 2 ( d ) P U L S E M E A S U R E M E N T S . 

C o n v e n t i o n a l p o t e n t i a l s t e p m e t h o d s , t o d a t e h a v e o n l y b e e n u s e d 

28 

b y A s t l e y e t a l . in a s t u d y o f t h e d e p o s i t i o n o f l e a d a n d t h a l l i u m o n t o 

s i l v e r . T h e y a r e h o w e v e r , v e r y p o w e r f u l t o o l s f o r t h e i n v e s t i g a t i o n o f 

t h e p o s s i b l e p a r t i c i p a t i o n o f t w o - d i m e n s i o n a l g r o w t h s t e p s , a s o p p o s e d t o 

a d s o r p t i o n , in t h e u n d e r p o t e n t i a l r e g i o n , a n d f o r t h a t r e a s o n h a v e b e e n 

e x t e n s i v e l y u s e d in t h e w o r k d e s c r i b e d in t h i s T h e s i s . 
5 1 

G a l v a n o s t a t i c p u l s e m e a s u r e m e n t s h a v e b e e n e m p l o y e d b y S c h u l t z e 

to e l l u c i d a t e t h e k i n e t i c s a n d t h e r m o d y n a m i c s o f Cu^"*" ' a d s o r p t i o n ' o n 

p o l y c r y s t a l l i n e p l a t i n u m . H o w e v e r t h e r e s u l t s w e r e c o m p l i c a t e d b y t h e 

d i s t u r b i n g p r o c e s s e s o f h y d r o g e n a n d o x y g e n a d / d e s o r p t i o n . 
5 2 

L o r e n z a n d c o - w o r k e r s h a v e a p p l i e d m u l t i - c h a n n e l p u l s e g a l v a n o -
2*4* "f" 2"j* "f" 

s t a t s in a s t u d y o f t h e k i n e t i c s o f C u , A g , P b a n d T 1 d e p o s i t i o n 
o n p o l y c r y s t a l l i n e a n d s i n g l e c r y s t a l g o l d s u b s t a t e s . A n i n i t i a l e q u i l i b r i u m 
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s t a t e i n t h e u n d e r p o t e n t i a l r e g i o n i s f i x e d p o t e n t i o s t a t i e a l l y , a g a l v a n o -

s t a t i c p u l s e i s t h e n a p p l i e d s u c h t h a t t h e c h a r g e f l o w i n g d o e s n o t e x c e e d 

l y C c m ^ a n d t h e p o t e n t i a l d e v i a t i o n s f r o m t h e i n i t i a l v a l u e a r e a f e w 

m V . . A t t e m p t s w e r e m a d e t o s i m u l a t e t h e e x p e r i m e n t a l p o t e n t i a l - t i m e 

t r a n s i e n t s u s i n g a m o d e l w h i c h c o n s i d e r e d c h a r g e t r a n s f e r a n d s u r f a c e d i f -

f u s i o n a s p o s s i b l e r a t e d e t e r m i n i n g s t e p s i n t h e d e p o s i t i o n p r o c e s s . 

2 . 2 (e) R A D I O A C T I V E T R A C E R M E T H O D S . 
53 

T h i s t e c h n i q u e h a s b e e n m a i n l y a p p l i e d b y B o w l e s i n a s t u d y o f 

t h a l l i u m a n d c o p p e r d e p o s i t i o n o n p l a t i n u m . T h e e l e c t r o l y t e c o n t a i n s a 

r a d i o a c t i v e i s ® t o p e o f t h e m e t a l b e i n g d e p o s i t e d ( ^ l y M ) a n d i t s a c t i v i t y 

c a n b e m o n i t o r e d b y a G e i g e r c o u n t e r t u b e i m m e r s e d i n t h e s o l u t i o n . M e t a l 

d e p o s i t i o n r e s u l t s i n t h e l e v e l o f a c t i v i t y c h a n g i n g d e p e n d i n g o n t h e 

c h a n g e i n c o n c e n t r a t i o n o f r a d i o a c t i v e m a t e r i a l i n s o l u t i o n . I n t h i s w a y 

c o v e r a g e i s o t h e r m s c a n b e c o n s t r u c t e d a s a f u n c t i o n o f p o t e n t i a l . 

2.2 (f) OPTICAL METHODS. 

F o r t h e i n s i t u c h a r a c t e r i s a t i o n o f a n e l e c t r o d e s u r f a c e , 

o p t i c a l s p e c t r o s c o p y i s o n e o f t h e m o s t v e r s a t i l e o f a v a i l a b l e p h y s i c o -

c h e m i c a l m e t h o d s . T w o o p t i c a l t e c h n i q u e s h a v e b e e n e m p l o y e d i n t h e s t u d y 

of U.P.D., 

54 
a ) s p e c u l a r r e f l e c t a n c e s p e c t r o c o p y , 

5 5 
b ) e l l i p s o m e t r y . 

S P E C U L A R R E F L E C T A N C E S P E C T R O S C O P Y . 

T h i s t e c h n i q u e h a s b e e n e m p l o y e d i n t h e p r e s e n t w o r k a n d is d i s -

c u s s e d m o r e f u l l y i n s e c t i o n 2 . 4 a n d 3 ; 6 (b) b u t f o r t h e s a k e o f c o m p l e t e -

n e s s a b r i e f d e s c r i p t i o n i s g i v e n h e r e . 

I n t h i s m e t h o d l i g h t , s p e c u l a r l y r e f l e c t e d f r o m a n e l e c t r o d e 

s u r f a c e i s m o n i t o r e d i n o r d e r t o d e t e c t c h a n g e s i n i n t e n s i t y d u e t o t h e 

e l e c t r o c h e m i c a l p r o c e s s t a k i n g p l a c e o n t h e e l e c t r o d e s u r f a c e . A s a b s o l u t e 

r e f l e c t i v i t i e s a r e d i f f i c u l t t o d e t e r m i n e , i t i s u s u a l t o m e a s u r e t h e 

c h a n g e i n r e f l e c t i v i t y , AR, b e t w e e n d e f i n e d s t a t e s o f t h e e l e c t r o d e . F o r 
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e x a m p l e , i f t h e e l e c t r o d e p o t e n t i a l w d s m o d u l a t e d w i t h a s q u a r e w a v e -

f o r m , t h e r e f l e c t i v i t y c h a n g e m e a s u r e d w o u l d c o r r e s p o n d t o t h e d i f f e r e n c e 

i n r e f l e c t i v i t y o f t h e e l e c t r o d e a t t h e t w o p o t e n t i a l s of t h e m o d u l a t i o n . 

I t i s a d v a n t a g e o u s t o e m p l o y s o m e f o r m o f m o d u l a t i o n t o t h e e l e c t r o d e 

p o t e n t i a l a s t h i s e n a b l e s o n e t o u s e a c o r r e l a t i o n t e c h n i q u e t o g r e a t l y 

i n c r e a s e t h e s e n s i t i v i t y . I n t h e p r e s e n t w o r k s i g n a l averaging h a s b e e n 

u s e d w h i c h e n a b l e s c h a n g e s i n s u r f a c e c o v e r a g e a t t h e s u b - m o n o l a y e r l e v e l 

t o b e r e a d i l y d e t e c t e d . 

A c o m p r e h e n s i v e s u r v e y o f t h e s t u d i e s o f U . P . D . e m p l o y i n g r e f l e c 

t a n c e s p e c t r o s c o p y i s g i v e n i n s e c t i o n 2 . 4 t o g e t h e r w i t h s o m e s t u d i e s o f 

m e t a l d e p o s i t i o n o n s e m i - c o n d u c t o r s u b s t r a t e s . 

ELLIPSOMETRY. 

T h i s i s a r e f l e c t a n c e m e t h o d i n w h i c h p o l a r i s e d m o n o c h r o m a t i c 

l i g h t i s r e f l e c t e d o b l i q u e l y f r o m t h e e l e c t r o d e s u r f a c e a n d t h e p o l a r -

i s a t i o n s t a t e o f t h e r e f l e c t e d b e a m i s m e a s u r e d a s t h e r e l a t i v e p h a s e 

r e t a r d a t i o n , A a n d a m p l i t u d e a t t e n u a t i o n , t a n ^ . F r o m t h e s e m e a s u r e m e n t s t h e 

c o m p l e x r e f r a c t i v e i n d e x o f t h e i n t e r f a c i a l r e g i o n c a n b e c a l c u l a t e d . T o 

d a t e t h i s t e c h n i q u e h a s o n l y b e e n u s e d t o s t u d y o n e u n d e r p o t e n t i a l 

s y s t e m , l e a d o n g o l d t s e c . 2 . 4 (a) ). 

2 . 3 T H E N A T U R E O F U H D E B P O T E N T I A L M O N O L A Y E R S A N D T H E M E C H A N I S M O F 

T H E D E B O S I T I O N P R O C E S S . 

T h e e a r l i e s t s t u d i e s o f U . P . D . , i n v o l v i n g r a d i o t r a c e r m e a s u r e m e n t s 

h a v e a l r e a d y b e e n d e s c r i b e d . S u b s e q u e n t w o r k u s i n g t h e t e c h n i q u e s 

d e s c r i b e d i n s e c t i o n 2 . 2 c a n b e b e s t d e s c r i b e d b y c o n s i d e r i n g t h e f o l l o w i n g 

q u e s t i o n s . 

1. W h y d o e s U . P . D . o c c u r ? 

2. W h a t i s t h e s t a t e o f c h a r g e o f t h e s p e c i e s w i t h i n t h e m o n o l a y e r ? 

3. D o e s t h e l a y e r c o n s i s t o f a d s o r b e d s p e c i e s o r i s i t a c r y s t a l p l a n e ? 

4. W h a t i s t h e o r i g i n o f t h e m u l t i - p e a k s o b s e r v e d i n t h e i l i n e a r s w e e p 
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v o l t a m m e t r y o f m a n y U . P . D . s y s t e m s ? 

T h e c o n c l u s i o n s d e r i v e d f r o m o p t i c a l s t u d i e s o f U . P . D . w i l l b e c o n s i d e r e d 

s e p a r a t e l y i n s e c t i o n 2.4. 

2 . 3 (a) T H E R A I S O N D ' E T R E OF U . P . D . 

A p a r t f r o m t h e c o n c l u s i o n s r e a c h e d b y t h e e a r l y w o r k e r s i n t h i s 

a r e a m e n t i o n e d i n s e c t i o n 2 . 1 , t h r e e t h e o r i e s h a v e b e e n p u t f o r w a r d t o 

a c c o u n t f o r t h e o c c u r r e n c e o f U . P . D . T h e f i r s t w a s d u e t o S c h m i d t a n d 

G y g a x ^ t f h o a s s u m e d t h e d e p o s i t i o n p r o c e s s p r o d u c e d a d s o r b e d n e u t r a l 

a t o m s o n t h e e l e c t r o d e . T h e e x p e r i m e n t a l c u r r e n t - v o l t a g e c u r v e s o b t a i n e d 

i n a t h i n l a y e r c e l l c o u l d b e r e p r o d u c e d t h e o r e t i c a l l y b y c o u p l i n g a n 

a p p r o p r i a t e a d s o r p t i o n i s o t h e r m t o t h e b u l k d i f f u s i o n c o n d i t i o n s . I f a 

L a n g m u i r i s o t h e r m w a s c h o s e n t h e c a l c u l a t e d c u r v e s s h o w e d a p r e - p e a k 

b e f o r e t h e b u l k d e p o s i t i o n p r o c e s s w h e r e a s a l i n e a r i s o t h e r m p r e d i c t e d 

o n l y a s i n g l e p e a k d u e t o b u l k d e p o s i t i o n . 

T h e s e c o n d t h e o r y ( A s t l e y , H a r r i s o n a n d T h i r s k ) a s s u m e d t h a t 

t h e u n d e r p o t e n t i a l m o n o l a y e r c o n s i s t e d o f a t w o - d i m e n s i o n a l c r y s t a l p l a n e 

e p i t a x i a l l y f i t t e d t o t h e s u b s t r a t e . L a r g e d i f f e r e n c e s i n t h e l a t t i c e 

p a r a m e t e r s o f s u b s t r a t e a n d d e p o s i t e d m e t a l w e r e t h o u g h t t o p r e c l u d e U . P . D . 

i n c e r t a i n s y s t e m s e . g . c a d m i u m o n l e a d , w h e r e a s a s i m i l a r i t y o f c r y s t a l 

s t r u c t u r e a n d l a t t i c e p a r a m e t e r s w o u l d l e a d t o u n d e r p o t e n t i a l d e p o s i t i o n . 

T h e s e i d e a s d i d n o t g a i n w i d e s p r e a d a c c e p t a n c e a s t h e o p i n i o n w a s w i d e l y 

h e l d t h a t U . P . D . w a s a n a d s o r p t i o n r a t h e r t h a n a c r y s t a l g r o w t h p r o c e s s . 

T h i s w i l l b e d i s c u s s e d i n d e t a i l i n s e c t i o n 2 , 3 (c). 

T h e m o s t r e c e n t t h e o r y t o e x p l a i n t h e o r i g i n o f U . P . D . w a s p u t 

f o r w a r d b y G e r i s c h e r , K o l b a n d P r z a s n y s k i a n d t h e i r m o d e l h a s g a i n e d 

s u p p o r t f r o m m o s t w o r k e r s i n t h e f i e l d . T h e y i n v e s t i g a t e d 2 2 s y s t e m s i n 

w h i c h U . P . D . o c c u r r e d a n d i t w a s f o u n d t h a t t h e p o t e n t i a l d i f f e r e n c e 

b e t w e e n m o n o l a y e r a n d b u l k d e p o s i t i o n p e a k s w a s c l o s e l y r e l a t e d t o t h e 

d i f f e r e n c e i n w o r k f u n c t i o n of s u b s t r a t e a n d d e p o s i t . T h e y a s s u m e d t h i s 
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w o r k f u n c t i o n d i f f e r e n c e t o b e a m e a s u r e o f t h e d i f f e r e n c e i n e l e c t r o -

n e g a t i v i t i e s b e t w e e n a s u b s t r a t e a t o m a n d a d e p o s i t e d a t o m t o w h i c h i t is 

b o n d e d . P a r t i a l e l e c t r o n t r a n s f e r a r i s i n g f r o m t h i s e l e c t r o n e g a t i v i t y 

d i f f e r e n c e w o u l d g i v e a n i o n i c c o n t r i b u t i o n t o t h e b o n d e n e r g y e n a b l i n g 

t h e f i r s t l a y e r t o b e d e p o s i t e d at a n u n d e r p o t e n t i a l . T h e c o r r e l a t i o n 

b e t w e e n u n d e r p o t e n t i a l s h i f t a n d w o r k f u n c t i o n d i f f e r e n c e s i s q u i t e g o o d 

s u g g e s t i n g t h a t t h e e l e c t r o n e g a t i v i t y d i f f e r e n c e i s a m a j o r f a c t o r i n 

d e t e r m i n i n g t h e o n s e t o f U . P . D . T h e t h e o r y g i v e s n o e x p l a n a t i o n f o r t h e 

m u l t i - p e a k n a t u r e o f c e r t a i n s y s t e m s e . g . P b o n A u a n d i n s u c h c a s e s t h e 

m o s t a n o d i c p e a k s h i f t w a s u s e d i n t h e c o r r e l a t i o n ; noi? d o e s i t c o n s i d e r 

t h e p o s s i b l e i m p o r t a n c e o f s t r u c t u r a l e f f e c t s . I t w o u l d b e e x p e c t e d t h a t 

t h e d e t a i l e d s t r u c t u r e s o f s u b s t r a t e a n d d e p o s i t a n d t h e i r e p i t a x i a l r e l a t -

i o n s h i p w o u l d b e c o m e as i m p o r t a n t a s t h e e l e c t r o n e g a t i v i t y d i f f e r e n c e i n 

d e t e r m i n i n g t h e c o u r s e o f t h e d e p o s i t i o n p r o c e s s . T h e s e m a t t e r s w i l l b e 

r e f e r r e d t o a g a i n i n t h e r e s u l t s s e c t i o n . 

A s l i g h t m o d i f i c a t i o n t o t h i s t h e o r y h a s b e e n s u g g e s t e d b y V i j h ^ * 

i n v i e w o f t h e f a c t t h a t s e v e r a l c o u p l e s , n o t a b l y a s s o c i a t e d w i t h B i s m u t h , 

t i n a n d l e a d e l e c t r o d e s d o n o t g i v e U . P . D . d e s p i t e t h e e x i s t e n c e o f w o r k 

f u n c t i o n s e q u a l t o t h o s e i n s y s t e m s w h i c h d o . H e a r g u e s t h a t f o r U . P . D . 
f 1 

t o o c c u r , t h e e l e c t r o d e s u r f a c e a t o m s m u s t p o s e s s s i g n i f i c a n t d 

c h a r a c t e r a n d t h a t t h e h e a t o f a d s o r p t i o n o f t h e m e t a l a t o m o n a g i v e n 

s u b s t r a t e a s c a l c u l a t e d f r o m t h e P a u l i n g - E l e y e q u a t i o n s , m u s t b e e x o -
i i 

t h e r m i c . T h e e l e c t r o d e m e t a l s P t , A u , A g a n d C u h a v e p e r c e n t a g e d c h a r -

a c t e r s o f 4 4 , 3 6 , 3 6 a n d 3 6 % r e s p e c t i v e l y a n d a l l o f t h e s e s u b s t r a t e s s u s t -
.1, t 

a i n U . P . D . w h e r e a s t h e m e t a l s B i , S n a n d P b , w h i c h h a v e a c l e a r c u t s p 

n a t u r e , d o n o t . V i j h c o r r e l a t e d u n d e r p o t e n t i a l s h i f t s w i t h h e a t s o f a d -

s o r p t i o n a n d t h e r e s u l t i n g p l o t w a s s i m i l a r t o t h e A U ^ / A ^ p l o t o f G e r i s c h e r 

e t a l . M e t a l c o u p l e s i n v o l v i n g B i , S n a n d P b w e r e n o t c o n s i d e r e d o n t h e 
t t 

p l o t b e c a u s e o f t h e a b s e n c e o f d c h a r a c t e r i n t h e s e e l e m e n t s . 
G e r i s c h e r ' s w o r k f u n c t i o n t h e o r y p r e d i c t s t h e e x i s t e n c e o f a 
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s m a l l p a r t i a l c h a r g e ( 1 0 - 2 0 % ) o n t h e u n d e r p o t e n t i a l a d a t o m s . T h i s t o p i c 

i s c o n s i d e r e d i n t h e n e x t s e c t i o n . 

2.3 (b) THE STATE OF CHARGE OF THE MONOLAYER. 

T h i s q u e s t i o n h a s b e e n c o n s i d e r e d i n d e t a i l b y V e t t e r a n d 
59 

S c h u l t z e . T h e s e a u t h o r s d e f i n e a q u a n t i t y , y , t h e e l e c t r o s o r p t i o n v a l e n c y , 

w h i c h d e p e n d s o n g e o m e t r i c a l f a c t o r s , a p a r t i a l c h a r g e t r a n s f e r c o e f f i c i e n t , 

X, d i p o l e f a c t o r s a n d a c a p a c i t i v e t e r m . 

Y i s d e f i n e d b y . 

a d aijj 

w h e r e , q = e l e c t r o d e c h a r g e . 
m 

r , = s u r f a c e c o n c e n t r a t i o n o f s p e c i f i c a l l y a d s o r b e d 
a d 

s u b s t a n c e . 

Alp = p o t e n t i a l d i f f e r e n c e o f t h e c o m p a c t d o u b l e l a y e r . 

W h i l s t t h e q u a n t i t y y , i s m e a s u r e a b l e e x p e r i m e n t a l l y , e x a m p l e s a r e g i v e n 

b e l o w , t h e p a r t i a l c h a r g e t r a n s f e r c o e f f i c i e n t , X , h a s n e v e r b e e n d e t -

e r m i n e d a l t h o u g h s e v e r a l a u t h o r s , w h i l s t c l a i m i n g t o m e a s u r e X , h a v e i n 

f a c t m e a s u r e d y 

A d e t e r m i n a t i o n o f y can b e m a d e b y t h e i n d e p e n d e n t m e a s u r e m e n t o f 

q _ ( b y c o u l o m e t r y ) a n d t h e c o v e r a g e i s o t h e r m r T h i s i s r e a d i l y a c h i e v e d m 

w i t h t h e t h i n l a y e r t e c h n i q u e , r i n g d i s c e l e c t r o d e s a n d r a d i o t r a c e r 

m e t h o d s . 

E l e c t r o s o r p t i o n v a l e n c i e s h a v e f r e q u e n t l y b e e n o b t a i n e d f o r 
5 3 

u n d e r p o t e n t i a l d e p o s i t s o n p l a t i n u m . F o r t h e s y s t e m , T 1 o n Ft, B o w l e s 

f o u n d Y v a l u e s r a n g i n g f r o m 0 . 2 2 t o 0 . 6 d e p e n d i n g o n 9 ^ ^ . S i m i l a r v a l u e s 

59 
w e r e o b t a i n e d b y S c h m i d t . 

5 1 

T h e U . P . D . o f C u o n P t w a s i n v e s t i g a t e d b y S c h u l t z e u s i n g s e v e r a l 

t e c h n i q u e s . A t l o w c o v e r a g e s Y ~ 2 w a s o b t a i n e d b u t a s 0-^1, y d e c r e a s e d t o 
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1 . 4 . L o w v a l u e s o f y w e r e t h o u g h t t o a r i s e f r o m t h e m a i n l y e l e c t r o - s t a t i c 

a d s o r p t i o n o f i o n s w i t h a s m a l l p a r t i a l c h a r g e t r a n s f e r . 

S c h m i d t e t a l . h a v e i n v e s t i g a t e d s e v e r a l s y s t e m s o n g o l d a n d 

6 0 6 0 4 4 
s i l v e r e l e c t r o d e s e . g . C u o n A u , P b o n A u , T 1 o n A g . I n a l l c a s e s y w a s 

f o u n d t o b e e q u a l t o z, t h e c h a r g e o n t h e c a t i o n b e i n g r e d u c e d . B i s m u t h 

59 

d e p o s i t i o n o n g o l d h o w e v e r w a s f o u n d t o g i v e a c o v e r a g e d e p e n d e n t y v a l u e . 

T h e d e p o s i t i o n o f l e a d o n g o l d h a s a l r e a d y b e e n r e f e r r e d to. 

I n c a s e s w h e r e y v a l u e s a p p r o x i m a t e l y e q u a l t o z a r e o b t a i n e d , i t 

s e e m s p l a u s i b l e t h a t t h e a d s o r b e d m e t a l a t o m w o u l d b e o n l y s l i g h t l y 

c h a r g e d a n d b o n d e d t o t h e s u r f a c e b y a c o v a l e n t b o n d w i t h a s m a l l p a r t i a l 

i o n i c c h a r a c t e r . I t s h o u l d b e s t r e s s e d h o w e v e r , t h a t t o d a t e n o a c t u a l 

e x p e r i m e n t a l d e t e r m i n a t i o n o f t h e p a r t i a l c h a r g e o n a n a d s o r b e d s p e c i e s , 

h a s b e e n a c h i e v e d . 

2 . 3 (c) T H E S T R U C T U R E O F T H E M O N O L A Y E R ; A D S O R B E D A T O M S O R A C R Y S T A L P L A N E ? 

B e f o r e t h e c o m p l e t i o n o f t h e w o r k d e s c r i b e d i n t h i s T h e s i s , t h e 

i d e n t i f i c a t i o n o f u n d e r p o t e n t i a l m e t a l m o n o l a y e r s a s e i t h e r a n a d s o r b e d 

l a y e r o f n e u t r a l o r p a r t i a l l y c h a r g e d a t o m s , o r a 2 - d i m e n s i o n a l c r y s t a l 

p l a n e , h a d n o t b e e n p r o v e d f o r e i t h e r c a s e . T h e m a j o r i t y o p i n i o n h o w e v e r , 

w a s t h a t t h e m e t a l l a y e r s c o n s i s t e d o f a d s o r b e d a t o m s r a t h e r t h a n 2 -

d i m e n s i o n a l i s l a n d s f o r m e d b y n u c l e a t i o n a n d g r o w t h b u t t h i s w a s b a s e d 

o n t h e l a c k o f a n y f i r m e v i d e n c e f o r t h e e x i s t e n c e o f t h e l a t t e r r a t h e r 

t h a n c o n c l u s i v e p r o o f f o r t h e p r e s e n c e o f t h e f o r m e r . T h i s s e c t i o n p r e s e n t s 

a c r o s s s e g m e n t o f v i e w s r e l e v a n t t o t h i s t o p i c . 
4 4 

S c h m i d t a n d c o - w o r k e r s o r i g i n a l l y d e f i n e d t h e m o n o l a y e r a s 

c o n s i s t i n g o f n e u t r a l a t o m s , t h e d e p o s i t i o n o f w h i c h a t a n u n d e r p o t e n t i a l 
w a s g o v e r n e d b y a L a n g m u i r i s o t h e r m . M o r e r e c e n t l y , t h e y h a v e u s e d t h e 

' ' . 

t e r m c a t i o n a d s o r p t i o n t o d e s c r i b e U . P . D . , a n d h a v e t r e a t e d i t i n a n 
4 9 , 6 1 

a n a l o g o u s m a n n e r t o t h e s p e c i f i c a d s o r p t i o n o f a n i o n s . A l t h o u g h t h i s 

a p p e a r s t o b e a c h a n g e o f t h e o r i g i n a l d e f i n i t i o n i t i s c l e a r t h a t S c h m i d t 

e t a l . d o n o t i m p l y t h a t t h e c h a r g e f l o w i n g w h e n U . P . D . t a k e s p l a c e , i s 



31, 

p u r e l y c a p a c i t i v e w h i c h w o u l d b e t h e c a s e i f o n l y s p e c i f i c a d s o r p t i o n o f 
52 

c a t i o n s w a s i n v o l v e d . I n d e e d i n a r e c e n t p a p e r , S c h m i d t a n d L o r e n z c o n s i -

d e r e d c h a r g e t r a n s f e r b e i n g r a t e d e t e r m i n i n g i n '.metal i o n a d s o r p t i o n ' 

w h i c h c l e a r l y i m p l i e s t h e p a r t i c i p a t i o n o f a F a r a d a i c p r o c e s s . I t w o u l d 

s e e m t h e r e f o r e , t h a t t h i s t e r m , w h e n u s e d b y S c h m i d t , L o r e n z a n d c o -

w o r k e r s a p p l i e s o n l y t o t h e i n i t i a l s t a g e o f t h e d e p o s i t i o n p r o c e s s 

b e f o r e a n y F a r a d a i c c h a r g e t r a n s f e r h a s t a k e n p l a c e , ( t h e d i s t i n c t i o n 

b e t w e e n c a p a c i t i v e a n d F a r a d a i c c h a r g e c a n n o t b e a c h i e v e d e x p e r i m e n t a l l y 

a t p r e s e n t m a k i n g i t i m p o s s i b l e t o d e t e r m i n e t h e p a r t i a l c h a r g e o f t h e 

a d s o r b a t e ). N e v e r t h e l e s s t h i s m e t h o d o f n o m e n c l a t u r e h a s c a u s e d c o n f u s -
57 

i o n a n d i n s o m e c a s e s h a s b e e n i n t e r p r e t e d l i t e r a l l y a s i m p l y i n g t h e 

p r e s e n c e i n t h e i n n e r H e l m h o l t z p l a n e o f c a t i o n s b e a r i n g t h e f u l l i o n i c 

c h a r g e . 

T o s u p p o r t t h e i d e a o f u n d e r p o t e n t i a l d e p o s i t s e x i s t i n g as a d -

s o r b e d l a y e r s , S c h m i d t h a s p r o v i d e d n o c o n c l u s i v e e v i d e n c e . I n s t e a d , t h e 

f a c t t h a t d e p o s i t i o n ( i n m o s t s y s t e m s ) o c c u r s o v e r a w i d e r a n g e o f 

p o t e n t i a l , w h i c h i s c o n s i s t e n t w i t h a n a d s o r p t i o n i s o t h e r m , t h e a c t i v i t y 

o f t h e d e p o s i t v a r y i n g w i t h c o v e r a g e , w a s c o n s i d e r e d s u f f i c i e n t e v i d e n c e 

f o r t h e l a c k o f a n y p h a s e f o r m a t i o n p r o c e s s e s o c c u r r i n g . I t i s q u e s t i o n -

a b l e w h e t h e r d e p o s i t i o n o f a m o n o l a y e r a s a c r y s t a l l i n e p h a s e w o u l d o c c u r 

a t a s i n g l e p o t e n t i a l a n d c o n s e q u e n t l y w h e t h e r d e p o s i t i o n o v e r a r a n g e o f 

p o t e n t i a l s e x c l u d e s t h i s p o s s i b i l i t y . C h a n g e s o f s t a t e c a n b e o f s e v e r a l 

t y p e s a n d i t i s q u i t e c o m m o n e . g . i n s e c o n d o r d e r t r a n s f o r m a t i o n s s u c h a s 

s p i n o d a l d e c o m p o s i t i o n s , f o r t h e p h a s e t r a n s i t i o n t o o c c u r o v e r a r a n g e 

o£ w h a t e v e r v a r i a b l e i s c a u s i n g t h e t r a n s f o r m a t i o n . 

L o r e n z a n d c o - w o r k e r s h a v e a r g u e d t h a t t h e f a c t t h a t t h e m e a s u r e -

ed c h a r g e s i n m a n y u n d e r p o t e n t i a l s y s t e m s c o r r e s p o n d j u s t t o a m o n o l a y e r 

i s s t r o n g e v i d e n c e f o r t h e l a c k o f c r y s t a l l i z a t i o n p r o c e s s e s t a k i n g p l a c e 

w h i c h w o u l d b e m o r e d e p e n d e n t o n p r e t r e a t m e n t o f e l e c t r o d e s a n d t h e p u r i t y 

o f s o l u t i o n s . I t i s d i f f i c u l t h o w e v e r , t o r e c o n c i l e t h i s w i t h f a c t as a n y 
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c o i n c i d e n c e b e t w e e n e x p e r i m e n t a l c h a r g e s a n d t h o s e c a l c u l a t e d f r o m a d -

s o r p t i o n m o d e l s m u s t b e d e p e n d e n t o n t h e r o u g h n e s s f a c t o r c h o s e n t o r e p -

r e s e n t t h e e l e c t r o d e s u r f a c e a n d a l s o , i n t h e c a s e o f p o l y c r y s t a l l i n e 

e l e c t r o d e s , t h e n u m b e r a n d t y p e o f d i f f e r e n t s i n g l e c r y s t a l g r a i n s p r e s e -

n t i n t h e s u r f a c e , a s t h e n u m b e r o f a d s o r p t i o n s i t e s d e p e n d s o n c r y s t a l 

o r i e n t a t i o n . R o u g h n e s s f a c t o r s h a v e r a r e l y b e e n d e t e r m i n e d i n U . P . D . s t u d i e s 

a n d n o a t t e m p t h a s e v e r b e e n m a d e t o q u a n t i f y t h e c r y s t a l s t r u c t u r e s 

p r e s e n t i n t h e s u r f a c e o f p o l y c r y s t a l l i n e e l e c t r o d e s . C o n s e q u e n t l y , i n 

v i e w o f t h e s e u n c e r t a i n t i e s ' c a l c u l a t e d ' m o n o l a y e r c h a r g e s , f o r a p a r t -

i c u l a r e l e c t r o d e , w i l l a l w a y s b e a s s o c i a t e d w i t h a c e r t a i n a m o u n t o f 

e r r o r a n d L o r e n z ' s p o i n t c a n n o t b e s u b s t a n t i a t e d . I n a d d i t i o n , t h e s u r f a c e 

c o v e r a g e s c o r r e s p o n d i n g t o a c o m p l e t e a d s o r b e d l a y e r a r e d e p e n d e n t o n 

w h e t h e r t h e a d s o r b e d a t o m s a r e r e s t r i c t e d t o i n t e r s t i t i a l s i t e s b e t w e e n 

t h e s u r f a c e a t o m s i n t h e e l e c t r o d e o r w h e t h e r a c l o s e p a c k e d s t r u c t u r e i s 

a d o p t e d i n d e p e n d e n t o f t h e s u b s t r a t e s t r u c t u r e . 
59 

V e t t e r a n d S c h u l t z e h a v e d i s c u s s e d t h e e l e c t r o s o r p t i o n v a l e n c i e s 

o f t h e ' a d s o r b e d s t a t e ' i n U . P . D . a n d c o n s i d e r t h e s e s y s t e m s a n a l o g o u s t o 

t h o s e i n w h i c h s p e c i f i c a n i o n a d s o r p t i o n o r a d s o r p t i o n o f n e u t r a l o r g a n i c s 
6 4 

t a k e s p l a c e . M o s t r e c e n t l y , S c h u l t z e h a s a t t e m p t e d t o e x p l a i n t h e l i n e a r 

s w e e p v o l t a n m e t r y f o r t h e d e p o s i t i o n o f v a r i o u s m e t a l s o n g o l d s i n g l e c r y s -

t a l s i n t e r m s o f o r d e r e d s t r u c t u r e s i n a n a l o g y t o t h o s e o b s e r v e d i n t h e 

v a p o u r p h a s e d e p o s i t i o n o f m e t a l s . I n t h i s s t u d y c e r t a i n s y s t e m s g a v e 

v e r y s h a r p v o l t a m m e t r y p e a k s e . g . P b o n A u { l l l } a n d C u o n A u { 1 0 0 } a n d t o 

e x p l a i n t h e s e i n t e r m s o f ( F r u m k i n ) a d s o r p t i o n i s o t h e r m s , i t i s n e c e s s -

a r y t o u s e p o s i t i v e i n t e r a c t i o n p a r a m e t e r s . T h e v a l i d i t y o f t h i s p r o c e d u r e 

w i l l b e c o n s i d e r e d i n t h e r e s u l t s s e c t i o n . 

T h e m o s t p o s i t i v e s u g g e s t i o n t h a t n u c l e a t i o n a n d g r o w t h w a s i n -

v o l v e d i n t h e f o r m a t i o n o f u n d e r p o t e n t i a l m e t a l m o n o l a y e r s w a s m a d e b y 
28 

A s t l e y , H a r r i s o n a n d T h i r s k . T h e s e w o r k e r s c o n s i d e r e d s u c h s y s t e m s t o b e 

a n a l o g o u s t o t h o s e i n w h i c h m o n o l a y e r s o f m e r c u r y s a l t s c a n b e f o r m e d a t 
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p o t e n t i a l s n e g a t i v e t o t h e r e v e r s i b l e p o t e n t i a l f o r t h e b u l k s a l t , e.g. 

i n t h e f o r m a t i o n o f H g ^ H P O ^ t h e f i r s t m o n o l a y e r o c c u r s a p p r o x i m a t e l y 4 0 

m V n e g a t i v e t o t h e t h e r m o d y n a m i c r e v e r s i b l e p o t e n t i a l a n d i s f o r m e d b y 

2 - d i m e n s i o n a l n u c l e a t i o n a n d g r o w t h p r o c e s s e s . A s t l e y e t a l . i n v e s t i g a t e d 

l e a d a n d t h a l l i u m U.P.D. o n p o l y c r y s t a l l i n e a n d a s i n g l e c r y s t a l { 1 1 1 } 

s i l v e r s u b s t r a t e w i t h p o t e n t i a l s t e p t e c h n i q u e s . T o c h a r a c t e r i s e t h e 

m o n o l a y e r a s a 2 - d i m e n s i o n a l c r y s t a l p h a s e , a r i s i n g c u r r e n t - t i m e t r a n s -

i e n t w i t h a p e a k c o n t a i n i n g a m o n o l a y e r c h a r g e , s h o u l d b e o b s e r v e d ( s e e 

c h a p t e r 1 ) , H o w e v e r t h i s w i l l o n l y r e s u l t i f t h e i n c o r p o r a t i o n o f m a t -

e r i a l i n t o t h e g r o w i n g c e n t r e s i s r a t e d e t e r m i n i n g . I n t h e s y s t e m s i n v e s t -
. -i 

i g a t e d a f a l l i n g t r a n s i e n t w a s o b s e r v e d w h i c h p l o t t e d o u t t o g i v e i=t 

w i t h a p o s i t i v e i n t e r c e p t o n t h e t ^ a x i s . T h i s w a s i n t e r p r e t e d a s 

r e s u l t i n g f r o m t h e i n s t a n t a n e o u s f o r m a t i o n o f a v e r y l a r g e n u m b e r o f 

n u c l e i , d u e t o s u r f a c e r o u g h n e s s , r e s t r i c t i n g t h e r i s i n g p o r t i o n t o v e r y 

s h o r t t i m e s p r e v e n t i n g t h e o b s e r v a t i o n o f a p e a k . T h e s e r e s u l t s w e r e s h o w n 

t o b e c o n s i s t e n t w i t h a m o d e l i n v o l v i n g d i r e c t d e p o s i t i o n f r o m s o l u t i o n , 

t h e c o n c e n t r a t i o n o f i o n s a t t h e i n t e r f a c e b e i n g c o n t r o l l e d b y t h e N e r n s t 

e q u a t i o n a n d a l i n e a r i s e d L a n g m u i r i s o t h e r m . H o w e v e r t h e t r a n s i e n t s o b t a i -

n e d c o u l d e q u a l l y w e l l r e s u l t f r o m t h e f o r m a t i o n o f a d s o r b e d m e t a l l a y e r s 

a n d c a n n o t b e r e g a r d e d a s d e f i n i t i v e p r o o f f o r t h e e x i s t e n c e o f t h e m o n o -

l a y e r a s a c r y s t a l l i n e p h a s e , p e r h a p s , r a t h e r p r o o f o f t h e f o r m e r , 

Bowles and Cranshaw investigated the U.P.D. of tin on platinum 

with in sitUoMossbauer spectroscopy. The results showed that the deposit 

was remarkably similar to metallic tin and could not have been obtained 

from a layer of discrete adatoms. This conclusion is not necessarily 

a p p l i c a b l e t o a l l U . P . D . s y s t e m s h o w e v e r . 
66 

A d z i c e t a l . i n a r e f l e c t a n c e s p e c t r o s c o p i c i n v e s t i g a t i o n o f t h e 

U.P.D. o f l e a d o n g o l d c o n c l u d e d t h a t t h e f i n a l s t a t e o f t h e m o n o l a y e r w a s 

a c r y s t a l l i n e d e p o s i t ; a n e l l i p s o m e t r i c i n v e s t i g a t i o n o f t h e s a m e s y s t e m 

p r o d u c e d s i m i l a r c o n c l u s i o n s . T h e s e r e s u l t s w i l l b e d i s c u s s e d m o r e f u l l y 
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i n s e c t i o n 2 . 4 ( a ) . 

I n c o n c l u s i o n , i t s e e m s t h a t t h e p r e s e n t u n c e r t a i n t y w i t h r e g a r d 

t o t h e n a t u r e o f u n d e r p o t e n t i a l m o n o l a y e r s i s i n p a r t d u e t o t h e l a c k 

o f p o t e n t i a l p u l s e s t u d i e s . T h e s e a r e c a p a b l e o f y i e l d i n g t h e m o s t k i n e t i c 

i n f o r m a t i o n a b o u t t h e d e p o s i t i o n p r o c e s s a n d u n d e r f a v o u r a b l e c i r c u m s t a n c e s 

p e r m i t a c l e a r d i s t i n c t i o n b e t w e e n a d s o r p t i o n a n d c r y s t a l p h a s e f o r m a t i o n , 

t o b e m a d e . 

2.3 (d) THE ORIGIN OF MULTI PEAK LINEAR SWEEP VOLTAMMETRY. 

I n t h e l i n e a r s w e e p v o l t a m m e t r y o f m a n y U . P . D . s y s t e m s , n o t a b l y 

o n g o l d s u b s t r a t e s , t h e d e p o s i t i o n a n d s t r i p p i n g t a k e s p l a c e o v e r t w o 

o r t h r e e d i s t i n c t p o t e n t i a l r e g i o n s , g i v i n g t h e v o l t a m m o g r a m a m u l t i p e a k 

66 67 68 69 
s t r u c t u r e , e . g . P b o n A u , T 1 o n A u . I n s o m e c a s e s , e . g . P b o n P t , S n o n A g , 

t h e v a r i o u s p e a k s h a v e b e e n s h o w n t o r e s u l t f r o m t h e f o r m a t i o n o f v a r i o u s 

a l l o y s b e t w e e n s u b s t r a t e a n d d e p o s i t e d m e t a l . H o w e v e r , w h e n t h i s d o e s n o t 

o c c u r , t h e i n t e r p r e t a t i o n h a s t a k e n v a r i o u s f o r m s . 

S c h m i d t a n d c o - w o r k e r s c o n s i d e r t h e v a r i o u s p e a k s t o a r i s e f r o m 

d i f f e r e n t a d s o r b e d s t a t e s ^ W h e r e a s B r e i t e r ^ i n a v o l t a m m e t r i c s t u d y o f U . P . D . 

o f c o p p e r o n p o l y e r y s t a l l i n e p l a t i n u m a s s o c i a t e d t h e m u l t i p l e s t r i p p i n g 
53 

p e a k s w i t h b u l k c o p p e r , t h i n c o p p e r p a t c h e s a n d a d s o r b e d a t o m s , B o w l e s , 

i n a r a d i o t r a c e r s t u d y o f t h e s a m e s y s t e m , a t t r i b u t e d t h e p e a k s t o d i s s o l -

u t i o n f r o m d i f f e r e n t c r y s t a l f a c e s . 
63,64,66,71 

R e c e n t l y , t h e r e h a v e b e e n s e v e r a l s t u d i e s o f U . P . D . o n s i n g l e 
71 _ . 

c r y s t a l s u b s t r a t e s . L o r e n z f o u n d f o r t h e d e p o s i t i o n o f t h a l l i u m o n s i n g l e 

c r y s t a l s o f s i l v e r , n o d e p e n d e n c e o f t h e d e p o s i t i o n p e a k p o t e n t i a l o n 

o r i e n t a t i o n ( o n l y a s i n g l e d e p o s i t i o n p e a k w a s o b s e r v e d ) b u t t h e c h a r g e 

a s s o c i a t e d w i t h t h e d e p o s i t i o n w a s f o u n d t o i n c r e a s e i n t h e o r d e r , 

q{100} > q{110} > 

w h i c h w a s e x p l a i n e d b y a s u p e r l a t t i c e m o d e l o f a d s o r p t i o n . T h i s s y s t e m h a s 
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b e e n r e i n v e s t i g a t e d i n t h e p r e s e n t w o r k a n d t h e r e s u l t s a r e r e p o r t e d i n 

c h a p t e r 4. I n c o n t r a s t , A d z i c e t a l f ^ f o u n d t h e L . S . V . ' s f o r t h e d e p o s i t -

i o n o f l e a d o n s i n g l e c r y s t a l s o f g o l d w e r e m a r k e d l y d e p e n d e n t o n o r i e n t -

a t i o n b u t t h e t o t a l c h a r g e f o r e a c h c r y s t a l f a c e w a s i d e n t i c a l . N o a t t e m p t 

t o c o r r e l a t e t h e s i n g l e c r y s t a l v o l t a m m e t r y w i t h t h a t o f t h e p o l y c r y s t a l l -

i n e s a m p l e w a s m a d e . S c h u l t z e a n d D i c k e r t m a n n , i n a c o m p r e h e n s i v e v o l t a — 

m m e t r y s t u d y o f C u , B i , P b , T 1 a n d Sb d e p o s i t i o n o n g o l d s i n g l e c r y s t a l s 

a l s o f o u n d a p r o n o u n c e d e f f e c t o f s u b s t r a t e o r i e n t a t i o n o n t h e p e a k s t r u c 

t u r e , w i t h e a c h c r y s t a l f a c e g i v i n g m o r e t h a n o n e d e p o s i t i o n p e a k . T h e v a r -

i o u s p e a k s w e r e t h o u g h t t o a r i s e f r o m d i f f e r e n t a d s o r b e d s t a t e s , 

2 . 4 R E F L E C T A N C E S P E C T R O S C O P I C S T U D I E S O F M E T A L D E P O S I T I O N . 

(fi) UNDERPOTENTIAL DEPOSITION. 

The first reported application of specular reflectance spectros 
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copy ( S.R.S. ) to study U.P.D., was that by Takamura et al. in 1969. 

These workers recorded the reflectance change, using a multiple reflection 

technique, corresponding to the formation of monolayers of lead and cadmi 

um on gold electrodes. Monolayer deposition caused comparatively large 

changes in reflectivity ( several % ), moreover the sign of the change was 

wavelength dependent. 
7 3 

Shortly afterwards, Mclntyre and Kolb reported results for the 

U.P.D. of silver on platinum. These workers were able to obtain adequate 

sensitivity using only a single reflection by employing more sophisticated 

electronic techniques than used by Takamura et al. This work showed that 

the reflectance change caused by the deposition of a silver monolayer was 

opposite in sign to that predicted by computer calculations, made using 

the optical constants for bulk silver but any thicker films produced 

reflectance changes in agreement with theory. These results were inter-

preted as being due to the anomalous optical properties of thin metal 

films. 
Takamura et al. studied the U.P.D. of lead, cadmium and copper on 
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g o l d . T h e w a v e l e n g t h d e p e n d e n c e o f t h e m a g n i t u d e a n d s i g n o f A R / R 

w a s e x p l a i n e d o n t h e b a s i s o f t h e d i f f e r e n c e i n w a v e l e n g t h d e p e n d e n c e o f 

t h e r e f l e c t i v i t y o f t h e b u l k m e t a l s , 
7 5 

D e p o s i t i o n o f s i l v e r o n g o l d w a s a l s o s t u d i e d b y T a k a m u r a e t al. 

F i l m s o f u p t o 5 0 n m w e r e i n v e s t i g a t e d a n d i t w a s s h o w n t h a t t h e a g r e e m e n t 

b e t w e e n e x p e r i m e n t a l a n d c a l c u l a t e d w a v e l e n g t h d e p e n d e n c i e s o f A R / R 

i m p r o v e d w i t h i n c r e a s i n g t h i c k n e s s o f t h e d e p o s i t . a l i n e a r d e p e n d e n c e o f 

t h e r e f l e c t a n c e c h a n g e o n t h e a m o u n t o f c h a r g e p a s s e d u p t o t h e f o r m a t i o n 

o f t w o a t o m i c l a y e r s , w a s d e m o n s t r a t e d a n d s u c h a n o m a l o u s o p t i c a l b e h a v i o -

u r f o r m o n o l a y e r f i l m s a s r e p o r t e d b y M c l n t y r e a n d K o l b , w a s n o t o b s e r v e d . 
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K o l b e t al. h a v e o b t a i n e d r e f l e c t a n c e - w a v e l e n g t h p l o t s f o r t h e 

d e p o s i t i o n o f t h a l l i u m , l e a d atid c o p p e r o n p o l y c r y s t a l l i n e g o l d e l e c t r o d e s 

a n d , f f o m t h e s e , o p t i c a l c o n s t a n t s o f t h e m o n o l a y e r s w e r e c a l c u l a t e d . T h e 

s u p p o s e d s i m i l a r i t y b e t w e e n t h e s e c o n s t a n t s a n d t h o s e o f g o l d w a s i n t e r -

p r e t e d a s b e i n g d u e t o t h e m e a s u r e d r e f l e c t a n c e c h a n g e s b e i n g p r i n c i p a l l y 

d e t e r m i n e d b y c h a n g e s i n t h e g o l d s u r f a c e o p t i c a l p r o p e r t i e s r a t h e r t h a n 

a b s o r p t i o n p r o c e s s e s i n t h e m e t a l m o n o l a y e r . T h e y a s s u m e d t h e p a r t i a l 

i o n i c c h a r a c t e r o f t h e a d a t o m - s u b s t r a t e b o n d w o u l d p r o d u c e a n e n h a n c e d 

e l e c t r o - r e f l e c t a n c e e f f e c t i n t h e g o l d a n d t h i s w o u l d b e t h e m a j o r f a c t o r 

d e t e r m i n i n g t h e o b s e r v e d r e f l e c t a n c e c h a n g e s , w i t h a s m a l l e r e f f e c t f r o m 

a b s o r p t i o n p r o c e s s e s i n t h e m o n o l a y e r s u p e r i m p o s e d o n t h e E . R . s p e c t r u m , 

( t h e e l e c t r o - r e f l e c t a n c e { E , R . } e f f e c t i s t h e c h a n g e i n r e f l e c t i v i t y o f a 

s u r f a c e p r o d u c e d b y c h a n g e s i n t h e e l e c t r o n c o n c e n t r a t i o n ). T h i s i n t e r -

p r e t a t i o n c a n b e d i s p u t e d h o w e v e r , a s t h e o p t i c a l c o n s t a n t s o b t a i n e d b y 

K o l b a r e a p p r o x i m a t e l y a s c l o s e t o t h o s e o f t h e b u l k m e t a l a s t h e y a r e t o 

g o l d a n d i n t h e c a s e o f l e a d , m u c h c l o s e r . I n a d d i t i o n , t h e e x p e r i m e n t a l 

r e f l e c t a n c e c h a n g e s a r e l a r g e r t ^ a n t h o s e c a l c u l a t e d f r o m t h e b u l k o p t i c a l 

c o n s t a n t s a n d i t i s d i f f i c u l t t o r e c o n c i l e t h i s f a c t w i t h K o l b ' s i n t e r -

p r e t a t i o n . I t i s p o s s i b l e t h a t h i s m o d e l i s m e a n t t o a p p l y o n l y t o 

w a v e l e n g t h s n e a r t h e i n t e r b a n d t r a n s i t i o n o f g o l d w h e r e E . R . e f f e c t s a r e 
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l a r g e a l t h o u g h t h i s is n o t m a d e c l e a r 
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R e c e n t l y , b o t h T a k a m u r a e t a l . a n d A d z i c e t a l . h a v e a g a i n s t u d i e d 

t h e U . P . D . p f l e a d o n g o l d w i t h a v i e w t o e x p l a i n i n g t h e s e v e r a l w e l l 

d e f i n e d p e a k s o b s e r v e d i n t h e l i n e a r s w e e p v o l t a m m e t r y o f t h i s s y s t e m , 

T a k a m u r a s i m u l t a n e o u s l y r e c o r d e d r e f l e c t a n c e - p o t e n t i a l a n d c u r r e n t - p o t e n t i a l 

p l o t s o v e r a w i d e v a r i e t y o f w a v e l e n g t h s ; t h e l a t t e r w e r e e l e c t r o n i c a l l y 

i n t e r g r a t e d t o g i v e c h a r g e - p o t e n t i a l i n f o r m a t i o n a n d t h i s w a s c o r r e l a t e d 

w i t h t h e r e f l e c t a n c e d a t a t o g i v e r e f l e c t a n c e - c h a r g e p l o t s c o r r e s p o n d i n g 

t o t h e m o n o l a y e r d e p o s i t i o n p r o c e s s . A t w a v e l e n g t h s r e m o t e f r o m t h e i n t e r -

b a n d t r a n s i t i o n o f g o l d , t h e r e l a t i o n s h i p b e t w e e n t h e s e t w o q u a n t i t i e s w a s 

a p p r o x i m a t e l y l i n e a r f o r a l l t h e d e p o s i t i o n p e a k s b u t t h e s l o p e o f t h e p l o t 

w a s s l i g h t l y d i f f e r e n t f o r e a c h p e a k . T h e w a v e l e n g t h d e p e n d e n c e o f t h e 

r e f l e c t a n c e c h a n g e f o r e a c h o f t h e 4 d e p o s i t i o n p e a k s o b s e r v e d i n t h e 

v o l t a m m e t r y w a s d e t e r m i n e d a n d c o m p a r e d w i t h t h a t e x p e c t e d f o r a l e a d m o n o -

l a y e r h a v i n g b u l k o p t i c a l p r o p e r t i e s . A g r e e m e n t w a s b e s t f o r t h e m o s t c a t h -

o d i c o f t h e u n d e r p o t e n t i a l d e p o s i t i o n p e a k s , b u t t h e m o s t a n o d i c p e a k g a v e 

p o o r a g r e e m e n t . T h i s w a s a s s u m e d t o b e d u e t o t h e v e r y s t r o n g i n t e r a c t i o n 

o f t h e m e t a l a d s o r b e d a t t h e m o s t a n o d i c p o t e n t i a l s , w i t h t h e s u b s t r a t e . 

T h e y c o n c l u d e d t h a t t h e U . P . D , o f l e a d o n g o l d w a s a m u l t i - s t a g e p r o c e s s , 

e a c h s t e p c o r r e s p o n d i n g t o a m o r e d e n s e m o n o l a y e r p a c k i n g s t r u c t u r e o n t o p 

o f t h e s u b s t r a t e a n d t h a t t h e o p t i c a l p r o p e r t i e s o f e a c h s u c c e s s i v e s t r u c -

t u r e g r a d u a l l y a p p r o a c h e d t h o s e o f b u l k l e a d , 

A d z i c , C a h a n a n d Y e a g e r ^ i n a s i m i l a r s t u d y o f t h e s y s t e m , u s e d 

e v a p o r a t e d , p o l y c r y s t a l l i n e a n d s i n g l e c r y s t a l g o l d s u b s t r a t e s , a l t h o u g h 

t h e l a t t e r w e r e n o t e m p l o y e d i n o p t i c a l e x p e r i m e n t s . T h e n a t u r e o f t h e 

v o l t a m m e t r y o n t h e s i n g l e c r y s t a l e l e c t r o d e s w a s s h o w n t o b e m a r k e d l y 

d e p e n d e n t o n o r i e n t a t i o n b u t n o e x p l a n a t i o n w a s g i v e n f o r t h i s n o r w e r e 

t h e s e r e s u l t s i n c o r p o r a t e d i n t h e c o n c l u s i o n s r e a c h e d f o r t h e p o l y c r y s -

t a l l i n e b e h a v i o u r . T h e i r v o l t a m m e t r y o n e v a p o r a t e d g o l d w a s s i m i l a r t o t h a t 

o f p r e v i o u s w o r k e r s o n t h i s s y s t e m , , , y e t t h e m o s t c a t h o d i c d e p o s i t i o n p e a k 
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a p p e a r e d t o b e m u c h s h a r p e r t h a n w a s n o r m a l l y f o u n d ( i n a l a t e r p a p e r 

Y e a g e r a t t r i b u t e s t h i s t o t h e e v a p o r a t e d g o l d s u r f a c e h a v i n g m a i n l y a 

{ 1 1 1 } o r i e n t a t i o n ; t h i s s i n g l e c r y s t a l a l s o g a v e a v e r y s h a r p p e a k a t t h e 

s a m e p o t e n t i a l ). T h i s p e a k w a s a l s o f o u n d t o g i v e a d i f f e r e n t r e f l e c t a n c e -

c h a r g e b e h a v i o u r t h a n t h o s e a t m o r e a n o d i c p o t e n t i a l s . T h i s o p t i c a l 

e f f e c t a n d t h e r e m a r k a b l e s h a r p n e s s o f t h e v o l t a m m e t r y p e a k p r o m p t e d A d z i c 

e t a l . t o s u g g e s t t h a t i t c o r r e s p o n d e d t o a p h a s e t r a n s i t i o n f r o m a 

p a r t i a l l y i o n i c t o a c r y s t a l l i n e l a y e r o f l e a d . T h e c h a r g e a s s o c i a t e d w i t h 

t h e s h a r p p e a k w a s t h o u g h t t o r e s u l t f r o m t h e c o m p l e t e n e u t r a l i s a t i o n o f 

t h e i o n i c s p e c i e s a d s o r b e d a t m o r e a n o d i c p o t e n t i a l s a n d t h e t w o s e p a r a t e 

p r o c e s s e s o c c u r r i n g w e r e e x p r e s s e d a s f o l l o w s , 

nwre anodic Pt^*(soln)* (2-y)e C O 

p r o c e s s 

nwre cathodic 2 (%) 

p r o c e s s 

T h i s e x p l a n a t i o n w a s c h a l l e n g e d b y S c h m i d t a n d W t i t h r i c h o n t h e b a s i s t h a t 

t h e i r d a t a f o r l e a d ' a d s o r p t i o n ' o n g o l d , o b t a i n e d w i t h t h e t w i n e l e c t r o d e 

t h i n l a y e r t e c h n i q u e , d i d n o t r e v e a l a n y d e v i a t i o n f r o m a l i n e a r r e l a t i o n 

b e t w e e n t h e a m o u n t o f l e a d a d s o r b e d a n d t h e c h a r g e p a s s e d t h r o u g h t h e 

e l e c t r o d e , a t t h e p o t e n t i a l c o r r e s p o n d i n g t o t h e s h a r p p e a k . T h i s d i f f e r e n c e 

i n i n t e r p r e t a t i o n w i l l b e c o n s i d e r e d i n a l a t e r s e c t i o n , i n t h e l i g h t o f 

r e s u l t s r e p o r t e d f r o m t h e p r e s e n t w o r k . 

M o r e r e c e n t l y , a n e l l i p s o m e t r i c i n v e s t i g a t i o n o f t h e s a m e s y s t e m 
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w a s u n d e r t a k e n b y H o r k a n s , C a h a n a n d Y e a g e r . T h e p o t e n t i a l a n d w a v e l e n g t h 

d e p e n d e n c e o f t h e c o m p l e x r e f r a c t i v e i n d e x o f t h e ( p a r t i a l ) m o n o l a y e r w a s 

d e t e r m i n e d . T h e r e s u l t s i n d i c a t e d t h a t t h e 2 m a i n c u r r e n t p e a k s i n t h e 

v o l t a m m e t r y c u r v e s w e r e a s s o c i a t e d w i t h s u r f a c e s t a t e s n e i t h e r o f w h i c h 

h a d o p t i c a l p r o p e r t i e s r e s e m b l i n g t h o s e o f b u l k l e a d . H o w e v e r t h e o p t i c a l 

p r o p e r t i e s o f t h e l e a d f i l m d e p o s i t e d a t t h e p o t e n t i a l o f t h e m o r e c a t h o d i c 
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c u r r e n t p e a k { (2) in t h e a b o v e e q u a t i o n s } w e r e m o r e t y p i c a l l y m e t a l l i c . 

( h i g h e r v a l u e s o f e" t h a n t h o s e o f l e a d d e p o s i t e d a t m o r e a n o d i c p o t e n -

t i a l s ). T h i s e v i d e n c e w a s t h o u g h t t o s u b s t a n t i a t e t h a t f r o m t h e p r e v i o u s 

r e f l e c t a n c e a n d v o l t a m m e t r i c s t u d y , i n d i c a t i n g t h a t i n i t i a l l y t h e l e a d 

i o n s a r e a d s o r b e d w i t h a p a r t i a l c h a r g e t r a n s f e r , w h i c h , a t m o r e c a t h o d i c 

p o t e n t i a l s , u n d e r g o a t r a n s i t i o n i n t o l e a d p a t c h e s o f p r e d o m i n a n t l y 

m e t a l l i c c h a r a c t e r . 

I n v i e w o f t h e v a r i o u s i n t e r p r e t a t i o n s o f t h e n a t u r e o f t h e r e f -

l e c t a n c e c h a n g e a s s o c i a t e d w i t h U . P . D . , i t i s w o r t h w h i l e s u m m a r i s i n g t h e 

p o s i t i o n . 

A l t h o u g h t h e r e i s g e n e r a l a g r e e m e n t t h a t t h e i n t e r a c t i o n b e t w e e n 

t h e s u b s t r a t e a n d t h e u n d e r p o t e n t i a l d e p o s i t w i l l r e s u l t i n a m o d i f i c a t i o n 

o f t h e f o r m e r ' s o p t i c a l p r o p e r t i e s , o p i n i o n s d i f f e r as t o t h e m e c h a n i s m o f 

t h i s m o d i f i c a t i o n . T h e v i e w p o i n t o f K o l b a n d c o - w o r k e r s h a s a l r e a d y b e e n 

m e n t i o n e d . T h e m o d i f i c a t i o n o f t h e s u b s t r a t e o p t i c a l p r o p e r t i e s i s t h o u g h t 

t o a r i s e f r o m t h e p a r t i a l l y i o n i c c h a r a c t e r o f t h e m e t a l a d a t o m s i n c r e a s i n g 

t h e f r e e e l e c t r o n c o n c e n t r a t i o n i n t h e s u b s t r a t e s u r f a c e l a y e r , t h e r e b y 

p r o d u c i n g a n e n h a n c e d e l e c t r o - r e f l e c t a n c e e f f e c t . H o w e v e r , a t w a v e l e n g t h s 

w h e r e t h e e l e c t r o - r e f l e c t a n c e o f g o l d t e n d s t o z e r o , K o l b a r g u e s t h a t 

a b s o r p t i o n e f f e c t s i n t h e m o n o l a y e r w o u l d c o n t r i b u t e a m u c h g r e a t e r 

f r a c t i o n t o t h e o b s e r v e d r e f l e c t a n c e c h a n g e . 
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Y e a g e r a n d c o - w o r k e r s a l s o a s s u m e t h e s t r o n g i n t e r a c t i o n s b e t w e e n 

m o n o l a y e r a n d s u b s t r a t e w o u l d r e s u l t i n s u b s t a n t i a l c h a n g e s i n t h e c o m p l e x 

r e f r a c t i v e i n d e x o f t h e g o l d s u r f a c e b u t t h e y d o n o t p o s t u l a t e a n y e n h a n -

c e d e l e c t r o - r e f l e c t a n c e e f f e c t s : a d s o r p t i o n p r o c e s s e s i n t h e m o n o l a y e r 

i t s e l f a r e a l s o t h o u g h t t o b e i m p o r t a n t b u t t h e s e w i l l b e a f f e c t e d b y t h e 

i n t e r a c t i o n w i t h t h e s u b s t r a t e . 

T a k a m u r a a n d c o - w o r k e r s e x p l a i n t h e i r r e s u l t s s i m p l y o n t h e b a s i s 

o f a b s o r p t i o n p r o c e s s e s i n t h e m o n o l a y e r w h i c h , a t l o w c o v e r a g e s , w i l l b e 

a f f e c t e d b y t h e i n t e r a c t i o n w i t h t h e s u b s t r a t e . 
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2.4 (b) METAL DEPOSITION ON SEMI-CONDUCTOR SUBSTRATES. 

I n a d d i t i o n t o w o r k o n m e t a l s u b s t r a t e s , K o l b a n d c o - w o r k e r s ^h'ave 

s t u d i e d d e p o s i t i o n o n t o c o m p o u n d s e m i - c o n d u c t o r e l e c t r o d e s . T h e s e h a v e 

r e c e i v e d i n c r e a s i n g a t t e n t i o n i n r e c e n t y e a r s o n a c c o u n t of t h e i r u t i l i t y 
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i n e l e c t r o d e k i n e t i c s . 

R e d u c t i o n o f a c o m p o u n d s e m i - c o n d u c t o r r e s u l t s i n t h e d e p o s i t i o n 

o f m e t a l a t o m s f r o m t h e l a t t i c e o n t o t h e s u r f a c e o f t h e s e m i - c o n d u c t o r . 

H o w e v e r , i n a c a t h o d i c s c a n , h y d r o g e n e v o l u t i o n n o r m a l l y b e g i n s a n o d i c t o 

t h e p o t e n t i a l w h e r e r e d u c t i v e d e p o s i t i o n c o m m e n c e s . C o n s e q u e n t l y c o n v e n t i o n -

a l e l e c t r o c h e m i c a l t e c h n i q u e s i n v o l v i n g m e a s u r e m e n t o f c u r r e n t a n d / o r 

v o l t a g e y i e l d l i t t l e i n f o r m a t i o n a b o u t t h e l a t t i c e r e d u c t i o n p r o c e s s as 

t h i s i s m a s k e d b y t h e h y d r o g e n e v o l u t i o n c u r r e n t . I n s u c h c a s e s h o w e v e r , 

S . R . S . c o n s t i t u t e s a n e x t r e m e l y s e n s i t i v e a n d s e l e c t i v e t o o l a s t h e r e f l e c -

t a n c e c h a n g e s a s s o c i a t e d w i t h g a s e v o l u t i o n p r o c e s s e s a r e v e r y m u c h 

s m a l l e r t h a n t h o s e r e s u l t i n g f r o m m e t a l d e p o s i t i o n w h i c h c a n t h e r e f o r e b e 

s t u d i e d i n i s o l a t i o n f r o m i n t e r f e r i n g ( g a s p r o d u c i n g ) r e a c t i o n s . M o r e o v e r 

t h e l a r g e d i f f e r e n c e s i n t h e o p t i c a l p r o p e r t i e s o f t h e s e m i - c o n d u c t o r s u b s -

t r a t e a n d t h e m e t a l f i l m d e p o s i t r e s u l t s i n s u c h l a r g e r e f l e c t i v i t y c h a n g e s 

o n d e p o s i t i o n t h a t f r a c t i o n s o f a m o n o l a y e r m a y e a s i l y b e d e t e c t e d ( t h i s 

a l s o a p p l i e s t o m a n y m e t a l d e p o s i t i o n p r o c e s s e s o n m e t a l s u b s t r a t e s . ) 

T o d a t e , m e t a l d e p o s i t i o n o n t o z i n c o x i d e h a s b e e n s t u d i e d i n s o m e 

d e p t h a n d t h i s w i l l b e i l l u s t r a t e d h e r e w i t h t h e e x a m p l e o f z i n c d e p o s i t i o n . 

ZINC DEPOSITION ON ZINC OXIDE. 

Z i n c d e p o s i t i o n m a y b e a f f e c t e d b y e i t h e r c a t h o d i c d e c o m p o s i t i o n 

o f t h e s e m i - c o n d u c t o r l a t t i c e o r b y r e d u c t i o n o f z i n c i o n s i n s o l u t i o n . I t 

w a s f o u n d t h a t , w h e r e a s t h e r e f l e c t i v i t y c h a n g e a s s o c i a t e d w i t h t h e f o r m e r 

p r o c e s s w a s a l w a y s p o s i t i v e , t h a t r e s u l t i n g f r o m t h e l a t t e r m o d e o f 
2+ 

d e p o s i t i o n d e p e n d e d o n t h e z i n c i o n c o n c e n t r a t i o n . F o r e x a m p l e , a t Z n 
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l e v e l s o f 5 X 1 0 t h e s i g n o f A R / R w a s a l w a y s p o s i t i v e f o r t h e d e p o s i t -

i o n p r o c e s s * ( i . e . m e t a l d e p o s i t i o n c a u s e d a n i n c r e a s e i n r e f l e c t a n c e ). 

N o n m e t a l l i c o p t i c a l p r o p e r t i e s w e r e s u s t a i n e d f o r t w o t o t h r e e m o n o l a y e r s 

w h e r e a s t h i c k e r f i l m s h a d o p t i c a l c h a r a c t e r i s t i c s t y p i c a l o f a b u l k m e t a l 

( e < 0 ). S i m i l a r r e s u l t s w e r e f o u n d f o r m e t a l d e p o s i t e d d i r e c t l y f r o m 

2+ 
t h e s e m i - c o n d u c t o r l a t t i c e . H o w e v e r , t h e d e p o s i t i o n a s s o c i a t e d w i t h Z n 

- 4 

c o n c e n t r a t i o n s o f 5 x 1 0 M r e s u l t e d i n i t i a l l y i n a d e c r e a s e i n r e f l e c t -

i v i t y , w h i c h a t m o r e c a t h o d i c p o t e n t i a l s ( i n a s w e e p e x p e r i m e n t ) o r 

l o n g e r t i m e s ( i n a p u l s e e x p e r i m e n t ) b e c a m e a n i n c r e a s e . T h i s l a t t e r t y p e 

o f b e h a v i o u r i n d i c a t e d t h a t m e t a l l i c o p t i c a l p r o p e r t i e s w e r e n o t a c h i e v e d 

u n t i l f i l m s o f s e v e r a l m o n o l a y e r s t h i c k n e s s h a d b e e n d e p o s i t e d . 

T h e s e i n t e r e s t i n g r e s u l t s w e r e i n t e r p r e t e d a s b e i n g d u e t o t h e 

h i g h e r t h r e e - d i m e n s i o n a l n u c l e a t i o n r a t e s i n t h e s o l u t i o n o f h i g h e r z i n c 

c o n c e n t r a t i o n r e s u l t i n g i n r o u g h f i l m s w i t h a n i s l a n d s t r u c t u r e , w h e r e a s 

t h e l o w e r d e p o s i t i o n r a t e s o b t a i n e d w i t h t h e m o r e d i l u t e m e t a l i o n s o l u t i o n 

w e r e t h o u g h t l i k e l y t o p r o d u c e m u c h s m o o t h e r , i s l a n d f r e e f i l m s w i t h 

m o r e t y p i c a l l y m e t a l l i c o p t i c a l p r o p e r t i e s . 

2.5 OTHER STUDIES INVOLVING U.P.D. 

R e c e n t l y s e v e r a l s t u d i e s h a v e b e e n d e v o t e d t o t h e c a t a l y t i c e f f e c t 

o f u n d e r p o t e n t i a l m e t a l m o n o l a y e r s , A d z i c a n d D e s p i c f o u n d t h a t t h e p r e s e n c e 

o f f o r e i g n m e t a l m o n o l a y e r s o n g o l d c o u l d s u b s t a n t i a l l y i n c r e a s e t h e r a t e 

2+ 3+ 80 

o f t h e F e / F e r e d o x c o u p l e . T h i s w a s i n t e r p r e t e d a s b e i n g d u e t o t h e c h a -

n g e i n t h e w o r k f u n c t i o n o f t h e s u b s t r a t e b y t h e f o r e i g n a d a t o m s ; s u c h 

e f f e c t s h a v e b e e n w e l l e s t a b l i s h e d i n g a s p h a s e s t u d i e s , 
81 

Watanabe and Motoo found that the presence of gold atoms could 

enhance the rate of oxidation of formic acid on platinum. In a more detailed 

82 

s t u d y o f t h e s a m e r e a c t i o n , A d z i c e t a l . c o n s i d e r e d t h e e f f e c t o n t h e 

o x i d a t i o n r a t e o f c a d m i u m , t h a l l i u m , b i s m u t h a n d l e a d m o n o l a y e r s o n g o l d . 
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A s e v e n t y f o l d i n c r e a s e i n t h e r a t e w a s o b s e r v e d o n l e a d m o n o l a y e r s , w i t h 

t h e o t h e r m e t a l s g i v i n g s o m e w h a t l o w e r e n h a n c e m e n t f a c t o r s . T h i s e f f e c t 

w a s t h o u g h t t o b e m a i n l y a t t r i b u t a b l e t o t h e d e c r e a s e d r a t e of h y d r o g e n 

a d s o r p t i o n a s c o m p a r e d t o t h a t o n p l a t i n u m s u r f a c e s . T h i s w o u l d p r e v e n t 

t h e f o r m a t i o n o f t h e m a i n p o i s o n i n g s p e c i e s ( " C O H ) b y a r e a c t i o n w h i c h 

i n v o l v e s a d s o r b e d h y d r o g e n . 

2.6 THE RELEVANCE OF U.P.D. TO THE BULK DEPOSITION PROCESS. 

R e c e n t l y t h e r e h a v e b e e n a t t e m p t s t o c o r r e l a t e t h e u n d e r p o t e n t i a l 

m o n o l a y e r f o r m a t i o n w i t h t h e s u b s e q u e n t e l e c t r o c r y s t a l l i s a t i o n of t h e b u l k 
83 

d e p o s i t . ..Klapka s u g g e s t e d t h a t t h e p r e s e n c e o f a n a d s o r b e d m e t a l m o n o l a y e r 

m i g h t p r o m o t e t h e f o r m a t i o n o f n u c l e i i n t h e o v e r p o t e n t i a l r e g i o n . A s t l e y 
28 

e t a l . f o u n d n o d i f f e r e n c e i n t h e g r o w t h k i n e t i c s o f b u l k l e a d o n s i l v e r 

if t h e m o n o l a y e r w a s p r e f o r m e d o r n o t . T h e f a c t t h a t U . P . D , o c c u r s i n s o 

m a n y o f t h e s y s t e m s i n v o l v i n g m e t a l d e p o s i t i o n o n t o a f o r e i g n s u b s t r a t e 
63,84 

p r o m p t e d L o r e n z t o s u g g e s t t h a t i t c o u l d b e c o n s i d e r e d a s t h e r e g u l a r i n i t -

i a l s t a g e i n s u c h e l e c t r o d e p o s i t i o n p r o c e s s e s . I n a d d i t i o n , L o r e n z a r g u e d 

t h a t t h e l o w ( < l O m V ) o v e r v o l t a g e s r e q u i r e d f o r t h e i n i t i a t i o n o f b u l k 

g r o w t h s u g g e s t e d t h e f o r m a t i o n o f t w o r a t h e r t h a n t h r e e - d i m e n s i o n a l 
57 

n u c l e i i n t h i s p o t e n t i a l r e g i o n , K o l b e t a l . h a v e a t t r i b u t e d t h e f a c t t h a t 

t h e o p t i c a l p r o p e r t i e s o f t h i n m e t a l d e p o s i t s f o r m e d o n t o p o f u n d e r p o t e n t i a l 

m o n o l a y e r s r e a c h t h o s e o f t h e b u l k m e t a l a t m u c h l o w e r t h i c k n e s s e s t h a n 

e v a p o r a t e d f i l m s , t o t h e m o n o l a y e r p r o m o t i n g t h e g r o w t h o f s u b s e q u e n t 

d e p o s i t s i n r e g u l a r l a y e r s r a t h e r t h a n t h r e e - d i m e n s i o n a l i s l a n d s 

T o d a t e h o w e v e r i t h a s n o t b e e n c o n c l u s i v e l y e s t a b l i s h e d i f t h e 

f o r m a t i o n o f t h e m e t a l m o n o l a y e r i s a n e s s e n t i a l p r e c u r s o r t o t h e g r o w t h 

of t h i c k e r d e p o s i t s . I n d e e d , m a n y s t u d i e s i n v o l v i n g b u l k e l e c t r o c r y s t a l l -

i s a t i o n o n p l a t i n u m s u b s t r a t e s h a v e i g n o r e d c o m p l e t e l y t h e p o s s i b i l i t y o f 
19 

a n i n i t i a l m o n o l a y e r f o r m a t i o n . C l e a r l y i t is c r u c i a l t o e s t a b l i s h t h e r o l e , 

i f a n y , p l a y e d b y t h e m e t a l m o n o l a y e r i n s u b s e q u e n t g r o w t h s t e p s as t h i s 

w o u l d g i v e g r e a t e r i n s i g h t i n t o t h e n u c l e a t i o n p r o c e s s o c c u r r i n g i n s u c h 



4 3 . 

s y s t e m s . 
20 

I n t h i s c o n t e x t i t s e e m s r e l e v a n t t h a t V e r m i l y e a i n a 1 9 6 3 r e v i e w 

* 

o n a n o d i c f i l m f o r m a t i o n d i s c u s s e d t h e i m p l i c a t i o n s o f t h e e x p r e s s i o n 

r e l a t i n g t h e r a d i u s o f t h e c r i t i c a l n u c l e u s , r , ( t h a t w h i c h h a s m a x i m u m 

e n e r g y ) t o t h e r e l e v a n t s u r f a c e e n e r g y p a r a m e t e r s , w h i c h i s 

-aagy - ( og + ) 

w h e r e , 

a = h e i g h t o f p a t c h , 

A G i s t h e f r e e e n e r g y c h a n g e p e r u n i t v o l u m e 

a c c o m p a n y i n g t h e f o r m a t i o n o f t h e f i l m , 

0 ^ , a 2 a n d a r e t h e f r e e s u r f a c e e n e r g i e s o f t h e 

e l e c t r o d e - s o l u t i o n , e l e c t r o d e - f i l m a n d f i l m - s o l u t i o n 

i n t e r f a c e s r e s p e c t i v e l y . 

I f O g + O g - = A c , is n e g a t i v e , r ^ b e c o m e s p o s i t i v e e v e n f o r s o m e w h a t 

p o s i t i v e v a l u e s o f A G , i . e . w h e n t h e b u l k p h a s e i s u n s t a b l e . H e a r g u e d t h a t 

t h i s w o u l d i m p l y t h e e l e c t r o d e s h o u l d b e c o v e r e d w i t h a m o n o l a y e r o f 

r e a c t i o n p r o d u c t a t a p o t e n t i a l m o r e n e g a t i v e t h a n t h e e q u i l i b r i u m p o t e n t i a l 

f o r t h e r e a c t i o n a n d t h a t t h i s w o u l d p r o v i d e a s u r f a c e w h e r e s u b s e q u e n t 

d e p o s i t i o n c o u l d o c c u r w i t h l i t t l e o v e r p o t e n t i a l . C a l c u l a t i o n s u s i n g t y p i c a l 

v a l u e s o f a n d s u g g e s t e d t h a t m o s t m e t a l s s h o u l d b e c o v e r e d w i t h 

m o n o l a y e r ( a n o d i c ) f i l m s b e l o w t h e e q u i l i b r i u m p o t e n t i a l . T h e s c a r c i t y 

o f r e l i a b l e e x p e r i m e n t a l d a t a a t t h e t i m e h o w e v e r , p r e v e n t e d V e r m i l y e a f r o m 

s u p p o r t i n g t h e s e c a l c u l a t i o n s w i t h e x p e r i m e n t a l e v i d e n c e . S u b s e q u e n t w o r k 
22 

o n a n o d i c f i l m f o r m a t i o n , r e v i e w e d b y H a r r i s o n a n d T h i r s k , r e v e a l e d m a n y 

e x a m p l e s o f t h i s t y p e o f b e h a v i o u r h o w e v e r . 

* . 
B e w i c k e t a l . h a d a l s o r e a c h e d t h e s a m e c o n c l u s i o n s o m e w h a t e a r l i e r , 
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? 

F l e i s c h m a n n a n d T h i r s k ' s r e v i e w M e t a l D e p o s i t i o n a n d E l e c t r o -
, 25 

c r y s t a l l i s a t i o n d a t i n g f r o m t h e s a m e p e r i o d a s V e r m i l y e a ' s a r t i c l e 

o m i t t e d a n y m e n t i o n o f U . P . D . o f m e t a l s a n d t h e r e l e v a n c e o f m e t a l m o n o l a y e r 

f o r m a t i o n i n t h e e l e c t r o d e p o s i t i o n p r o c e s s . 

2.7 THE SCOPE OF THE WORK DESCRIBED IN THIS THESIS. 

T h i s c h a p t e r h a s s h o w n , d e s p i t e t h e e x t e n s i v e s t u d i e s o f U . P . D . 

b y s e v e r a l g r o u p s , t h e r e a r e s e v e r a l c e n t r a l p r o b l e m s w h i c h a r e s t i l l 

u n r e s o l v e d . T h e s e r e l a t e p r i n c i p a l l y t o t h e n a t u r e o f t h e l a y e r ( a d s o r b e d 

o r c r y s t a l l i n e ) , t h e i n t e r p r e t a t i o n o f m u l t i - p e a k l i n e a r s w e e p v o l t a m m o g -

r a m s , t h e o r i g i n o f r e f l e c t a n c e c h a n g e s a s s o c i a t e d w i t h U P . D . a n d t h e 

r e l e v a n c e o f m o n o l a y e r g r o w t h t o t h e o v e r p o t e n t i a l d e p o s i t i o n p r o c e s s . 

T h e a i m o f t h i s p r o j e c t w a s t o a t t e m p t t o p r o v i d e s a t i s f a c t o r y 

s o l u t i o n s t o t h e s e o u t s t a n d i n g p r o b l e m s . T h e d e g r e e t o w h i c h t h i s h a s b e e n 

a c h i e v e d i s c o n s i d e r e d a t t h e e n d o f t h i s T h e s i s . 

T w o u n d e r p o t e n t i a l s y s t e m s h a v e b e e n s e l e c t e d f o r s t u d y ; t h a l l i u m 

o n p o l y c r y s t a l l i n e a n d s i n g l e c r y s t a l s i l v e r a n d l e a d o n t h e s a m e s u b s t r a t e s , 

I n a d d i t i o n , t h e k i n e t i c s o f t h e o v e r p o t e n t i a l d e p o s i t i o n o f l e a d o n s i l v e r 

s i n g l e c r y s t a l s h a v e a l s o b e e n i n v e s t i g a t e d . S i l v e r p o s e s s e s a d v a n t a g e s 

o v e r p l a t i n u m a n d g o l d f o r e l e c t r o c h e m i c a l a n d o p t i c a l w o r k i n t h a t , u n l i k e 

g o l d , n o i n t e r b a n d t r a n s i t i o n s o c c u r i n t h e v i s i b l e p a r t o f t h e s p e c t r u m 

w h i c h c o m p l i c a t e t h e i n t e r p r e t a t i o n o f o p t i c a l r e s u l t s . U . P . D . o n p l a t i n u m 

i s i n v a r i a b l y c o m p l i c a t e d b y h y d r o g e n a n d o x y g e n c o - a d s o r p t i o n p r o c e s s e s , 

m o r e o v e r t h e e a s e o f o x i d e f o r m a t i o n l i m i t s t h e s t a b i l i t y o f s i n g l e c r y s t a l 

s u r f a c e s . 

T h e t e c h n i q u e s e m p l o y e d a r e l i n e a r s w e e p v o l t a m m e t r y , p o t e n t i a l 

s t e p , c o n s t a n t c u r r e n t p o t e n t i a l d e c a y a n d m o d u l a t e d r e f l e c t a n c e s p e c t r o s -

c o p y . 



C H A P T E R T H R E E ; E X P E R I M E N T A L T E C H N I Q U E . 
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3.0 INTRODUCTION 

T h e e x p e r i m e n t a l w o r k d e s c r i b e d i n t h i s T h e s i s c a n b e d i v i d e d 

i n t o t w o c a t e g o r i e s ; 

a) C o n v e n t i o n a l e l e c t r o c h e m i c a l e x p e r i m e n t s e . g . l i n e a r s w e e p 

v o l t a m m e t r y a n d p o t e n t i a l s t e p m e a s u r e m e n t s . 

b ) O p t i c a l e x p e r i m e n t s e m p l o y i n g m o d u l a t e d r e f l e c t a n c e s p e c t r o s c o p y . 

A d e s c r i p t i o n o f t h e a p p a r a t u s a n d t e c h n i q u e s i n v o l v e d i n b o t h 

c a t e g o r i e s o f e x p e r i m e n t s w i l l b e g i v e n i n t h i s c h a p t e r t o g e t h e r w i t h t h e 

m e t h o d o l o g y a s s o c i a t e d w i t h t h e p r e p a r a t i o n o f e l e c t r o d e s , s o l u t i o n s a n d 

g l a s s w a r e etc.. F i n a l l y a d e s c r i p t i o n o f t h e e x p e r i m e n t a l p r o c e d u r e a d o p t e d 

i n e a c h t y p e o f m e a s u r e m e n t w i l l b e g i v e n . 

3.1 THE ELECTROCHEMICAL CONTROL EQUIPMENT 

T h r e e e l e c t r o d e o p t i c a l c e l l s w e r e u s e d t h r o u g h o u t t h e w o r k a n d w i l l 

b e d e s c r i b e d l a t e r . A l l p o t e n t i a l p r o g r a m m i n g o f t h e w o r k i n g e l e c t r o d e w a s 

s u p p l i e d f r o m a p o t e n t i o s t a t ( t y p e s u s e d w e r e C h e m i c a l E l e c t r o n i c s m o d e l s 

V 1 5 0 / 1 . 5 A , T R 7 0 / 2 A o r a H i - T e k I n s t r u m e n t s m o d e l D T 2 1 0 1 ) i n c o n j u n c t i o n 

w i t h a C h e m i c a l E l e c t r o n i c s w a v e f o r m g e n e r a t o r ( t y p e R B I ). T h i s l a t t e r 

i n s t r u m e n t p r o v i d e d e i t h e r , 

a ) a r a m p t y p e v o l t a g e o u t p u t f o r l i n e a r s w e e p v o l t a m m e t r y , 

o r b ) s i n g l e o r d o u b l e p o t e n t i a l s t e p s . 

I n v o l t a m m e t r y , c e l l c u r r e n t s w e r e r e c o r d e d a s v o l t a g e s o n a n X Y r e c o r d e r 

( t y p e s B r y a n s 2 6 0 0 0 o r H e w l e t t P a c k a r d 7 0 1 5 A ). 

T h e o s c i l l o s c o p e s e m p l o y e d f o r t h e o b s e r v a t i o n o f c u r r e n t - t i m e t r a n s i e n t s 

o r o t h e r f u n c t i o n s t o r a p i d t o b e r e c o r d e d d i r e c t l y o m t o a n X Y r e c o r d e r 

w e r e T e k t r o n i x 5 4 7 o r 5 0 3 0 . P e r m a n e n t r e c o r d s o f s u c h t r a n s i e n t s w e r e 

o b t a i n e d u s i n g a H i - T e k I n s t r u m e n t s s i g n a l a v e r a g e r ( t y p e A A l ) i n 

c o n j u n c t i o n w i t h a n X Y r e c o r d e r . T h e m o d e o f o p e r a t i o n o f t h e a v e r a g e r w i l l 

b e d e s c r i b e d i n t h e o p t i c a l s e c t i o n o f t h i s c h a p t e r . 

I n t e g r a t i o n o f c u r r e n t - t i m e i n f o r m a t i o n w a s a c h i e v e d u s i n g a n i n t -

e g r a t o r ( c o n s t r u c t e d i n t h e s e l a b o r a t o r i e s ) w i t h a n a n a l o g u e o u t p u t . 
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3.2 THE OPTICAl EQUIPMENT. 

The basic optical experiment consisted of measuring the reflec-

tance changes which occurred at the working electrode as its potential was 

scanned in a linear manner in the deposition potential region. The 

experimental principles have already been mentioned but the particular 

method adopted in this work will now be described. 

Although the reflectance changes associated with the formation 

of lead or thallium monolayers on silver are typically of the order of a few 

percent, this value is not sufficiently high to permit the direct recording 

of the reflectance-potential/time profile resulting from linear potential 

scans in the U.P.D. region, as noise, both random and periodic, will distort 

the true optical response. The periodic noise is almost entirely 50 Hz 

resulting from residual mains ripple on the direct voltage applied to the 

lamp. Provided the optical cell is enclosed in a darkbox, 50 Hz noise 

pick-up from other sources of light e.g. indicator lamps on equipment, is 

negligible. Random noise results from the photodetector, changing levels 

of background light intensity in the immediate environment of the optical 

detector ( these are also negligibly small inside a dark-box ) or possibly, 

fluctuations caused by the electrochemical process itself. To record a 

signal of high signal/noise ratio, it is necessary to eliminate these two 

sources of noise. The well known method of signal averaging has been 

employed here. This technique relies on the fact that the time average 

resulting from the superposition of a number of ( in this case ) reflectance 

-potential sweeps each of which has random and periodic noise associated 

with it, will be the true optical response devoid of any noise. This 

statement is valid provided that any periodic noise on the reflectance 

signal is not time locked to the repitition rate of the linear sweeps 

( e.g. as would be the case if the beginning of each sweep coincided with 

the same point on the 50 Hz mains sine wave ). On each cycle of the signal, 

the averager samples the signal input at fixed time intervals, converts the 
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s a m p l e d v o l t a g e s i n t o d i g i t a l f o r m a n d s t o r e s t h e i n f o r m a t i o n in a m e m -

o r y h a v i n g o n e l o c a t i o n f o r e a c h s a m p l e ( 2 5 6 l o c a t i o n s in a l l ). T h i s 

s a m p l i n g p r o c e s s is r e p e a t e d a p r e s e t n u m b e r o f t i m e s , 'n'; a t r i g g e r 

s i g n a l f r o m t h e w a v e f o r m g e n e r a t o r e n s u r e s t h a t t h e s a m p l e s a r e t a k e n a t 

e q u i v a l e n t p o i n t s o n e a c h c y c l e . E a c h n e w s a m p l e is a d d e d a l g e b r a i c a l l y to 

t h e value a l r e a d y a c c u m u l a t e d in t h e m e m o r y l o c a t i o n , s o t h a t t h e f i n a l 

v a l u e s t o r e d is e q u a l to 'n' m u l t i p l i e d b y t h e a v e r a g e v a l u e o f t h e s a m p l e 

t a k e n a t t h a t p o i n t . If o n e a s s u m e s t h e e l e c t r o c h e m i c a l p r o c e s s i t s e l f 

p r o d u c e s n o r a n d o m f l u c t u a t i o n s in t h e s i g n a l l e v e l , t h e s i g n a l c o n t e n t 

o f e a c h s a m p l e p o i n t is c o n s t a n t , a n d t h e r e f o r e i t s c o n t r i b u t i o n to t h e 

v a l u e s t o r e d w i l l i n c r e a s e l i n e a r l y w i t h 'n'. H o w e v e r , a s 'n' i n c r e a s e s , 

t h e a v e r a g e v a l u e o f t h e n o i s e w i l l a p p r o a c h z e r o . 

T h e o v e r a l l s i g n a l to m o i s e i m p r o v m e n t , ( S N ) , is g i v e n b y 

(sn)^^ = 

T y p i c a l l y in t h e o p t i c a l e x p e r i m e n t s d e s c r i b e d h e r e , t h e v a l u e o f 'n' 

u s e d w a s 3 2 o r 6 4 . A s i m i l a r n u m b e r o f r e p e t i t i o n s w a s e m p l o y e d f o r r e c -

o r d i n g c u r r e n t - t i m e t r a n s i e n t s in t h e U . P . D , r e g i o n . 

A b l o c k d i a g r a m o f t h e o p t i c a l a p p a r a t u s is s h o w n in F i g . 3 . 1 . 

T h e l i g h t s o u r c e e m p l o y e d w a s a 2 0 0 W H g - X e a r c ( E n g e l h a r d - H a n o v i a 9 0 1 - B l ) 

m o u n t e d i n a s t e e l h o u s i n g ( O r i e l O p t i c a l C o r p . 6 1 6 5 ) f i t t e d w i t h a 

v i r t u a l l y v i b r a t i o n f r e e f a n . T h e h o u s i n g w a s a l s o f i t t e d w i t h a U . V . 

g r a d e 3 5 m m a p e r t u r e f l . O f u s e d s i l i c a c o n d e n s i n g l e n s a s s e m b l y . T h e l a m p 

p o w e r s u p p l y c o n s i s t e d o f a h i g h s t a b i l i t y D . C . u n i t c o n s t r u c t e d in t h e s e 

l a b o r a t o r i e s w h i c h s u p p l i e d 9 a m p s a t 2 2 v o l t s , w i t h a c u r r e n t r i p p l e in 

o p e r a t i o n o f l e s s t h a n 0 . 1 % . 

T h e l i g h t f r o m t h e l a m p w a s f o c u s e d o n t h e e n t r a n c e s l i t s o f t h e 

m o n o c h r o m a t o r ( B a u c h a n d L o m b H i g h I n t e n s i t y M o d e l ) f i t t e d w i t h a U . V . -

v i s i b l e d i f f r a c t i o n g r a t i n g ( r a n g e 2 0 0 t o 7 0 0 n m ). In p r a c t i s e a w a v e -

l e n g t h r a n g e o f 3 0 0 to 6 0 0 n m w a s u s e d . A t w a v e l e n g t h s l o n g e r t h a n 5 0 0 n m 

a n o p t i c a l f i l t e r w a s e m p l o y e d to r e m o v e u n w a n t e d 2 n d . o r d e r d i f f r a c t e d 
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ARC 

PD 

IWE C E 

POT 

XY 

WFG 

F i g . 3 . 1 . A b l o c k d i a g r a m o f t h e o p t i c a l a p p a r a t u s . 

A R C = A r c l a m p . 

M = M o n o c h r o m a t o r , P = P o l a r i z e r . 

PD = P h o t o - d e t e c t o r , C E = C o u n t e r e l e c t r o d e . 

R E = R e f e r e n c e e l e c t r o d e , W E = W o r k i n g e l e c t r o d e . 

W F G = W a v e f o r m g e n e r a t o r , P O T = P o t e n t i o s t a t 

A = A m p l i f i e r , 0 = O s c i l l o s c o p e , 

S = S i g n a l a v e r a g e r , X Y = X Y r e c o r d e r . 
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b e a m s . 

T h e m o n o c h r o m a t i c b e a m w a s t h e n p o l a r i s e d p a r a l l e l o r p e r p e n d i c u l a r 

t o t h e p l a n e o f i n c i d e n c e a t t h e e l e c t r o d e s u r f a c e u s i n g a U . V . - v i s i b l e 
i 

p l a s t i c p o l a r i s e r ( P o l a r i s e r s L t d . t y p e H N P B ) a n d t h e n f o c u s e d o n t o t h e 

w o r k i n g e l e c t r o d e w i t h a 2 5 m m , d i a m e t e r f . 1 , 0 S p e c t r o s i l l e n s ( T h e r m a l 

S y n d i c a t e L t d , ) . A s i m i l a r l e n s f o c u s e d t h e r e f l e c t e d l i g h t o n t o t h e p h o t o -

- d e t e c t o r w h i c h w a s a v a c u u m p h o t o d i o d e ( E M I 9 7 1 5 Q B ) . T h i s w a s c o n n e c t e d 

d i r e c t l y t o a c u r r e n t f o l l o w e r c o n s t r u c t e d u s i n g P h i l b r i c k - N e x u s 1 0 0 5 

o p e r a t i o n a l a m p l i f i e r s . F e e d b a c k r e s i s t o r s c o u l d b e s e l e c t e d i n t h e r a n g e 

l O K o h m t o IN o h m d e p e n d i n g o n t h e i n t e n s i t y o f l i g h t r e a c h i n g t h e d e t e c t o r . 

T y p i c a l l y a v a l u e o f O . l M o h m w a s u s e d . 

T h e o u t p u t f r o m t h e p h o t o d i o d e w a s a m p l i f i e d w i t h a l o w n o i s e 

d i f f e r e n t i a l a m p l i f i e r a n d t h e n f e d i n t o t h e i n p u t o f t h e s i g n a l a v e r a g e r 

( H i - T e k I n s t r u m e n t s A A l ). T h e v o l t a g e o u t p u t of t h e p h o t o d i o d e c o u l d b e 

r e a d s i m u l t a n e o u s l y o n a D . V . M . . 

A l l t h e o p t i c a l c o m p o n e n t s w e r e m o u n t e d o n a s i n g l e o p t i c a l b e n c h , 

a p a r t f r o m t h e p h o t o d i o d e a n d i t s c o l l i m a t i n g l e n s , w h i c h w e r e m o u n t e d o n a 

s e c o n d o p t i c a l b e n c h p e r p e n d i c u l a r t o t h e f i r s t o n e . T h i s a r r a n g e m e n t w a s 

p o s s i b l e b e c a u s e a n a n g l e o f i n c i d e n c e o f 4 5 ° w a s u s e d t h r o u g h o u t t h e w o r k . 

T h e o p t i c a l b e n c h e s w e r e b o l t e d o n t o a h e a v y w o o d e n t a b l e w h i c h r e s t e d o n 

i n f l a t e d r u b b e r i n n e r t u b e s t o c u r t a i l v i b r a t i o n a l e f f e c t s . 

T h e p o s i t i o n o f t h e o p t i c a l c e l l c o u l d b e a d j u s t e d i n t h e t h r e e 

t r a n s l a t i o n a l m o d e s b y m e a n s o f k n u r l e d t h u m b s c r e w s s u c h t h a t a p r e c i s e 

a l ^ i g n m e n t o f t h e w o r k i n g e l e c t r o d e w i t h t h e i n c i d e n t l i g h t b e a m w a s p o s s i b l e . 

A l a r g e l i g h t - p r o o f b o x e n c l o s e d a l l t h e o p t i c a l c o m p o n e n t s , e x c e p t 

f o r t h e l a m p a n d m o n o c h r o m a t o r , i n o r d e r t o e x c l u d e a m b i e n t l i g h t , 

3.3 THE ELECTROCHEMICAL CELL 

T h e o p t i a l c e l l w a s u s e d f o r a l l m e a s u r e m e n t s , w h e t h e r o p t i c a l o r n o t . 

This is shown in Fig. 3.2. An angle of incidence of 45° was used throughout 

t h e o p t i c a l w o r k a s t h i s m i n i m i s e d o p t i c a l e f f e c t s d u e t o s t r u c t u r a l c h a n g e s 



50, 

LUGGIN ENTRY. 

COUNTER ELECTRODE 

SILVER ROD. 

BRASS ROD.. 

KEL-F. 

-OPTICAL PORT. 

QUARTZ WINDOW. 

GAS ENTRANCE. 

Fig. 3,2. The optical cell. The gas exit and Luggin capillary are not shown. 
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i n t h e d o u b l e l a y e r ( e . g . c h a n g e s i n w a t e r c o n c e n t r a t i o n o r s p e c i f i c 

i o n a d s o r p t i o n ) . 

T h e c e l l w a s c o m p o s e d e n t i r e l y o f g l a s s e x c e p t f o r t h e o p t i c a l 

w i n d o w s w h i c h w e r e 1 c m d i a m e t e r S p e c t r o s i l d i s c s ; t h e s e w e r e i n s e t i n t o 

t h e c e l l t o m i n i m i z e t h e o p t i c a l p a t h l e n g t h . T h e w o r k i n g e l e c t r o d e a n d 

L u g g i n c a p i l l a r y w e r e p o s i t i o n e d i n s y r i n g e b a r r e l s s u c h t h a t o p t i m u m 

p l a c e m e n t f o r t h e i n c i d e n t l i g h t b e a m c o u l d b e a c c o m p l i s h e d . T h e c o u n t e r 

2 

e l e c t r o d e w a s a p l a t i n u m d i s c o f a r e a % l c m p o s i t i o n e d p a r a l l e l t o t h e 

w o r k i n g e l e c t r o d e . 

T h e w o r k i n g e l e c t r o d e s w e r e s m a l l c y l i n d e r s o f p o l y c r y s t a l l i n e 

( J o h n s o n - M a t h e y 9 9 . 9 9 9 9 % ) o r s i n g l e c r y s t a l s i l v e r ( M e t a l s R e s e a r c h 

L t d . 9 9 . 9 9 9 9 % ) , 5 - 6 m m d i a m e t e r . T h e s e w e r e s e a l e d i n t o K e l - F r o d s u c h 

t h a t o n l y t h e t o p s u r f a c e o f t h e m e t a l c y l i n d e r w a s e x p o s e d t o t h e 

s o l u t i o n . G r e a t c a r e w a s t a k e n t o e n s u r e t h a t n o l e a k a g e o c c u r r e d a r o u n d 

t h e s i d e o f t h e m e t a l c r y s t a l . T h i s w a s a c h i e v e d b y c o o l i n g t h e c y l i n d e r 

o f s i l v e r i n l i q u i d n i t r o g e n b e f o r e m o u n t i n g i n t h e h o l l o w K e l - F r o d 

( d r i l l e d f o r a t i g h t f i t a t r o o m t e m p e r a t u r e ) w h i c h h a d b e e n p l a c e d i n 

b o i l i n g w a t e r so t h a t i n s e r t i o n o f t h e m e t a l c y l i n d e r w a s f a c i l i t a t e d . 

T h e s u b s e q u e n t e x p a n s i o n o f t h e m e t a l a n d c o n t r a c t i o n o f t h e p l a s t i c 

h o u s i n g e n s u r e d a v e r y t i g h t f i t . E l e c t r i c a l c o n t a c t w a s m a d e v i a b r a s s 

s o l d e r e d t o t h e s i l v e r c y l i n d e r . O c c a s i o n a l l y a v i t r e o u s c a r b o n w o r k i n g 

e l e c t r o d e w a s u s e d w h i c h w a s c o n s t r u c t e d i n a s i m i l a r w a y . T h e r e f e r e n c e 

e l e c t r o d e w h i c h w a s h o u s e d a t t h e e n d o f a L u g g i n c a p i l l a r y w a s e i t h e r a 

s a t u r a t e d c a l o m e l ( S . C . E . R a d i o m e t e r K 4 0 1 ) o r l e a d o r t h a l l i u m w i r e s 

s e a l e d i n t o g l a s s h o l d e r s . 

3.4 PREPABATION OF SOLUTIONS AND GLASSWARE. 

P r i o r t o u s e a l l g l a s s w a r e w a s s o a k e d i n a m i x t u r e c o n t a i n i n g 

e q u a l v o l u m e s o f c o n c e n t r a t e d n i t r i c a n d s u l p h u r i c a c i d s t o r e m o v e a n y 

t r a c e s o f g r e a s e , t h e n i t w a s r i n s e d t h o r o u g h l y i n t a p w a t e r , s i n g l y 

distilled and finally triply distilled water. The latter was prepared by 

s l o w d i s t i l l a t i o n f r o m a w e a k l y a l k a l i n e s o l u t i o n o f K M n O ^ a n d t h e n 
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f r o m a s o l u t i o n c o n t a i n i n g a t r a c e a m o u n t o f o r t h o - H ^ P O ^ . A l l s o l u t i o n s 

w e r e m a d e u p f r o m A n a l a r g r a d e c h e m i c a l s ( w i t h o u t f u r t h e r p u r i f i c a t i o n ) 

in t r i p l y d i s t i l l e d w a t e r . P r i o r t o e a c h e x p e r i m e n t t h e s o l u t i o n s w e r e 

d e a e r a t e d i n s i d e t h e c e l l b y p u r g i n g w i t h a s t r e a m o f o x y g e n - f r e e 

n i t r o g e n , f o r a b o u t 2 5 m i n u t e s . 

3 . 5 E L E C T R O D E P R E P A R A T I O N . 

T h e i m p o r t a n c e o f e l e c t r o d e s u r f a c e p r e p a r a t i o n c a n n o t b e o v e r -

s t r e s s e d i n c o n n e c t i o n w i t h m e t a l d e p o s i t i o n w o r k a n d t h i s p o i n t w i l l 

b e i l l u s t r a t e d i n t h e n e x t c h a p t e r . T h e s u r f a c e p r e p a r a t i o n p r o c e d u r e 

f i n a l l y a d o p t e d f o r t h e s i l v e r e l e c t r o d e s ( b o t h p o l y c r y s t a l l i n e a n d 

s i n g l e c r y s t a l ) w a s t h e r e s u l t o f i n v e s t i g a t i n g a n u m b e r o f o t h e r 

m e t h o d s . T h e c r i t e r i a u s e d t o j u d g e t h e s u c c e s s o f e a c h m e t h o d w a s b a s e d 

o n t h e b e s t r e p r o d u c i b i l i t y o f t h e e x p e r i m e n t a l d a t a a n d t h e c l e a r e s t 

d e l i n e a t i o n o f t h e v a r i o u s f e a t u r e s o n t h e v o l t a m m e t r i c a n d o p t i c a l 

c h a r a c t e r i s t i c s . T h e p o l i s h i n g p r o c e s s c o n s i s t e d o f t w o s t a g e s , t h e f i r s t 

m e c h a n i c a l a n d t h e s e c o n d c h e m i c a l . 

F i r s t l y , t h e s i l v e r e l e c t r o d e s w e r e p o l i s h e d o n s e l v y t c l o t h s 

i m p r e g n a t e d w i t h a l u m i n a . I n i t i a l l y a Sy g r a d e i s u s e d a n d t h e n p r o g r e s s -

i v e l y s m a l l e r p a r t i c l e s i z e s d o w n t o O . S y , u n t i l t h e e l e c t r o d e h a d a 

m i r r o r - l i k e a p p e a r a n c e f r e e f r o m s c r a t c h e s o r o t h e r b l e m i s h e s . T h e s e 

m e c h a n i c a l p o l i s h i n g s t e p s w e r e a l w a y s p e r f o r m e d m a n u a l l y r a t h e r t h a n o n 

a p o l i s h i n g m a c h i n e , w h i c h w a s l e s s c o n v e n i e n t t o u s e . B e f o r e e a c h e x p e r -

i m e n t , t h e e l e c t r o d e s w e r e c h e m i c a l l y p o l i s h e d u s i h g a m o d i f i e d v e r s i o n 
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o f a p r o c e s s d e s c r i b e d b y S o d e r b e r g . 

F i r s t , t h e e l e c t r o d e w a s i m m e r s e d i n a m i x t u r e c o n t a i n i n g e q u a l 

v o l u m e s o f N a C N s o l u t i o n ( 2 1 g d m ^ ) a n d 2 0 v o l u m e 11^02 > f o r a b o u t 3s 

( o r l e s s i f g a s e v o l u t i o n o c c u r r e d ) , f o l l o w e d b y e x p o s u r e t o t h e a i r 

u n t i l g a s e v o l u t i o n o c c u r r e d o n t h e s u r f a c e . T h e e l e c t r o d e w a s t h e n 

r e - i m m e r s e d i n t h e N a C N / H 2 0 2 m i x t u r e f o r a b o u t t w o s e c o n d s a n d t h e n 
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i m m e r s e d i n a n o t h e r ( p u r e l y ) N a C N s o l u t i o n ( 3 7 . 5 g d m ) u n t i l g a s 

e v o l u t i o n c e a s e d . T h i s c y c l e w a s r e p e a t e d a b o u t 1 0 t i m e s o r u n t i l a h i g h l y 

r e f l e c t i n g h o m o g e n e o u s s u r f a c e w a s o b t a i n e d . T h e a p p e a r a n c e o f t h e p o i y -

c r y s t a l l i n e s i l v e r w a s t h a t of a m o s a i c w i t h g r a i n b o u n d a r i e s p l a i n l y 

v i s i b l e w h e r e a s t h e s i n g l e c r y s t a l s u r f a c e s w e r e f e a t u r e l e s s . T h i s p o l -

i s h i n g p r o c e s s , l i k e m o s t o f i t s t y p e , r e q u i r e d a c o n s i d e r a b l e a m o u n t 

o f p r a c t i s e b e f o r e c o n s i s t e n t r e s u l t s w e r e o b t a i n e d . 

E x a m i n a t i o n o f t h e e l e c t r o d e s u r f a c e w i t h X - r a y e m i s s i o n s p e c -

t r o s c o p y r e v e a l e d n o c o n t a m i n a t i n g elemen-fs e x c e p t v e r y m i n u t e p a r t i c l e s 

o f a l u m i n a , b u t t h e s e w e r e v e r y f e w i n n u m b e r ( o n t h e s a m p l e i n v e s t i g a t e d 
- 2 

o n l y o n e p a r t i c l e o f a l u m i n a w a s f o u n d i n a n a r e a o f ^ 0.25cm ). 

T h e a m o u n t o f s i l v e r d i s s o l v e d i n t h e c h e m i c a l p o l i s h i n g p r o c e s s 

w a s v e r y s m a l l . I n d e e d , , o v e r a p e r i o d o f u s e o f t w o y e a r s , d u r i n g w h i c h 

t i m e t h e c r y s t a l s w o u l d h a v e b e e n c h e m i c a l l y p o l i s h e d s e v e r a l h u n d r e d 

t i m e s e a c h , t h e l e n g t h o f t h e c r y s t a l s h a d d e c r e a s e d b y o n l y 2 0 % ( 1 m m ) 

a n d m u c h o f t h i s w o u l d h a v e b e e n r e m o v e d i n t h e m e c h a n i c a l s t a g e o f t h e 

p o l i s h i n g p r o c e s s . S u c h s m a l l d i s s o l u t i o n r a t e s a r e a p r i m e r e q u i s i t e o f 

c h e m i c a l p o l i s h i n g p r o c e s s e s u s e d i n t h e p r e p a r a t i o n o f e x p e n s i v e s i n g l e 

c r y s t a l s . 

T h e v i t r e o u s c a r b o n e l e c t r o d e w a s m e c h a n i c a l l y p o l i s h e d i n a n 

i d e n t i c a l m a n n e r t o t h e s i l v e r e l e c t r o d e s . 

A f t e r p o l i s h i n g t h e w o r k i n g e l e c t r o d e s w e r e t h o r o u g h l y w a s h e d , 

f i r s t i n f l o w i n g t a p w a t e r , t h e n s i n g l y a n d f i n a l l y t r i p l y d i s t i l l e d 

w a t e r b e f o r e b e i n g p l a c e d incfche c e l l . 

3.6 EXPERIMENTAL PROCEDURES. 

a) NON OPTICAL EXPERIMENTS. 
T h e t y p e s o f n o n o p t i c a l e x p e r i m e n t u s e d w e r e , 

1. L i n e a r S w e e p V o l t a m m e t r y ( L . S . V . ) . 
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2. S i n g l e , d o u b l e a n d t r i p l e P o t e n t i a l S t e p m e a s u r e m e n t s . 

3. C o n s t a n t c u r r e n t , P o t e n t i a l d e c a y e x p e r i m e n t s . 

1. LINEAR SWEEP VOLTAl^IRY. 

A n i n v e s t i g a t i o n o f t h e l i n e a r s w e e p v o l t a m m e t r y b e h a v i o u r 

e x h i b i t e d b y a p a r t i c u l a r e l e c t r o d e / s o l u t i o n c o m b i n a t i o n w a s t h e p r e l u d e 

t o a l l e x p e r i m e n t s , b o t h o p t i c a l a n d n o n — o p t i c a l . I n m a n y c a s e s it c o n s -

t i t u t e d t h e w h o l e e x p e r i m e n t . T h e a p p e a r a n c e o f t h e v o l t a m m o g r a m w a s a 

d i r e c t i n d i c a t i o n o f t h e n a t u r e o f t h e e l e c t r o d e s u r f a c e a n d c o n s e q u e n t l y 

c o u l d b e u s e d t o a s s e s s t h e d e g r e e t o w h i c h t h e c h e m i c a l p o l i s h i n g s t e p 

h a d b e e n s u c c e s s f u l i n p r o d u c i n g a w e l l d e f i n e d c r y s t a l p l a n e ( i n t h e 

c a s e o f s i n g l e c r y s t a l s ). F o r a n y p a r t i c u l a r s y s t e m , r e p e a t e d l i n e a r 

s w e e p e x p e r i m e n t s w e r e p e r f o r m e d b e f o r e a n y a d d i t i o n a l m e a s u r e m e n t s w e r e 

m a d e i n o r d e r t o e s t a b l i s h a n a r b i t e r t o w h i c h a l l f u t u r e v o l t a m m b t r y 

c o u l d b e r e f e r r e d . O p t i c a l o r p o t e n t i a l s t e p m e a s u r e m e n t s w e r e o n l y m a d e 

i f t h e l i n e a r s w e e p v o l t a m m e t r y w a s i d e n t i c a l o r v e r y c l o s e t o t h e 

a c c e p t e d a r b i t r a r y s t a n d a r d , w h i c h w a s t h e c l e a r e s t d e l i n e a t i o n o f t h e 

v o l t a m m e t r i c f e a t u r e s . T h e p r o c e d u r e d e s c r i b e d h e r e f o r L . S . V . i s t h a t 

which was finally adopted after trying a number of slightly different 

a p p r o a c h e s . I t e n a b l e d a g i v e n s o l u t i o n / e l e c t r o d e c o m b i n a t i o n t o b e u s e d 

f o r a w h o l e d a y s e x p e r i m e n t s w i t h o u t a n y d e t e r i o r a t i o n i n t h e r e s u l t s 

o v e r t h i s p e r i o d . 

F i r s t l y , t h e c e l l c o m p l e t e w i t h w o r k i n g e l e c t r o d e ( n o t y e t 

freshly chemically polished ) was rinsed thoroughly in tap, singly 

d i s t i l l e d a n d t r i p l y d i s t i l l e d w a t e r . T h e n t h e c e l l w a s r i n s e d w i t h t h e 

solution being used and finally filled with If. This was followed by 

deaeratlon with a rapid stream of nitroged ( scrubbed by a vanadous ion 

mixture ), for about 25 minutes. During this process the working electrode 

w a s p o l a r i s e d a t a p o t e n t i a l s l i g h t l y p o s i t i v e t o t h a t w h e r e U . P . D . b e g a n . 

A t t h e e n d o f t h e d e a e r a t i o n p e r i o d , t h e w o r k i n g e l e c t r o d e w a s r e m o v e d 

f r o m t h e c e l l a n d c h e m i c a l l y p o l i s h e d as d e s c r i b e d e a r l i e r a n d a f t e r t h o r o u g h 
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r i n s i n g w a s p l a c e d b a c k i n t h e c e l l . T h e p r o c e s s o f p o l a r i s i n g t h e 

e l e c t r o d e d u r i n g t h e g a s p u r g i n g a c t e d as a m i l d p r e - e l e c t o l y s i s m e t h o d 

a n d i m p u r i t i e s w e r e r e m o v e d f r o m t h e s o l u t i o n . T h a t t h i s w a s t h e c a s e 

c o u l d b e s e e n b y c a r r y i n g o u t v o l t a m m e t r y w i t h t h e e l e c t r o d e a t t h e e n d 

o f t h e d e g a s s i n g p e r i o d , w i t h o u t c h e m i c a l p o l i s h i n g , w h e n m a r k e d l y 

i n f e r i o r r e s u l t s w e r e o b t a i n e d . 

V o l t a m m e t r y e x p e r i m e n t s woiild t h e n b e c a r r i e d o u t i n t h e n o r m a l 

w a y ; t h e p o t e n t i a l b e i n g c y c l e d c o n t i n u a l l y a n d s w e e p s r e c o r d e d w h e n 

n e c e s s a r y a t a v a r i e t y o f s w e e p s p e e d s . 

2. POTENTIAL STEP MEASUREMENTS. 

S i n g l e a n d d o u b l e p o t e n t i a l s t e p s c o u l d b e a p p l i e d t o t h e w o r k i n g 

e l e c t r o d e w i t h t h e R B I w a v e f o r m g e n e r a t o r . A p u l s e t r a i n w a s u s u a l l y 

e m p l o y e d w i t h t h e m e t a l d i s s o l u t i o n p u l s e a b o u t t e n t i m e s t h e l e n g t h 

o f t h e d e p o s i t i o n o n e s , t o e n s u r e s t e a d y s t a t e c o n d i t i o n s . 

A l l e x p e r i m e n t s i n t h e o v e r p o t e n t i a l r e g i o n w e r e d o n e w i t h a 

H i - T e k I n s t r u m e n t s p o t e n t i o s t a t a s i t p o s e s s e d e x t r e m e l y g o o d p o t e n t i a l 

s t a b i l i t y w h i c h w a s n e c a s s a r y f o r t h i s p a r t o f t h e w o r k . T h i s p o t e n t i o s t a t 

w a s a t w o c h a n n e l i n s t r u m e n t a n d t h e p o t e n t i a l a p p l i e d t o t h e w o r k i n g 

e l e c t r o d e c o u l d b e s w i t c h e d f r o m c h a n n e l A t o c h a n n e l B b y e l e c t r o n i c o r 

m a n u a l t r i g g e r i n g . T h i s f a c i l i t y , i n c o n j u n c t i o n w i t h t h e d o u b l e p o t e n t i a l 

s t e p a v a i l a b l e f r o m t h e w a v e f o r m g e n e r a t o r e n a b l e d t r i p l e p o t e n t i a l s t e p 

e x p e r i m e n t s t o b e p e r f o r m e d . 

If t h e p o t e n t i a l s t e p s w e r e o f s u f f i c i e n t d u r a t i o n a n d t h e 

c u r r e n t d i d n o t v a r y r a p i d l y w i t h t i m e , t h e t r a n s i e n t w a s r e c o r d e d d i r e c t -

o n t o a n X Y r e c o r d e r w i t h a t i m e b a s e s u p p l i e d f r o m a s i g n a l a v e r a g e r . W h e n 

t h i s w a s n o t p o s s i b l e , t h e a v e r a g e r w a s u s e d t o s t o r e a n d a v e r a g e t h e 

c u r r e n t t r a n s i e n t w h i c h c o u l d t h e n b e p l a y e d b a c k o n t o a r e c o r d e r , 

3. CONSTANT CURRENT. POTENTIAL DECAY EXPERIMENTS. 

P o t e n t i a l / t i m e d e c a y c u r v e s w e r e o b t a i n e d i n t h e f o l l o w i n g 

m a n n e r , 
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a ) t h e w o r k i n g e l e c t r o d e w a s p o t e n t i o s t a t e d at a b o u t 2 0 m V a n o d i c t o 

t h e b u l k r e v e r s i b l e p o t e n t i a l o f t h a l l i u m o r l e a d f o r s e v e r a l s e c o n d s ; 

b ) t h e p o t e n t i o s t a t w a s s w i t c h e d o u t o f c u r c u i t to o p e n c u r c u i t t h e 

e l e c t r o d e ; 

c ) t h e e l e c t r o d e w a s c o n n e c t e d t o a k n o w n a n o d i c l e a k a n d i t s p o t e n t i a l 

p l o t t e d o n t o a n X Y r e c o r d e r a s a f u n c t i o n o f t i m e . 

I n e a c h c a s e t h e d e c a y r a t e w a s s u f f i c i e n t l y s l o w f o r t h e p o t e n t i a l s t o 

a p p r o x i m a t e c l o s e l y t o e q u i l i b r i u m v a l u e s . 

3.6 (b) OPTICAL EXPERIMENTS. 

T h e e x p e r i m e n t s p e r f o r m e d w e r e : 

1 , R e f l e c t a n c e ~ p o t e n t i a l s w e e p s a s a f u n c t i o n o f w a v e l e n g t h . 

2 . R e f l e c t a n c e - t i m e t r a n s i e n t s a s a f u n c t i o n o f w a v e l e n g t h . 

3 . S i m u l t a n e a o u s r e c o r d i n g o f r e f l e c t a n c e - p o t e n t i a l a n d c h a r g e - p o t e n t i a l 

s w e e p s a s a f u n c t i o n o f w a v e l e n g t h f o r c o n s t r u c t i o n o f r e f l e c t a n c e - c h a r g e 

p l o t s . 

1. REFLECTANCE-POTENTIAL SWEEPS. 

F i r s t l y , t h e v o l t a m m e t r y w a s c h e c k e d a s a l r e a d y d e s c r i b e d a n d 

i f s a t i s f a c t o r y t h e c e l l w a s a l i g n e d w i t h t h e o p t i c a l b e a m . T h e s w e e p s p e e d 

was adjusted until the time interval of a single return linear sweep was 

e q u a l t o , 

2 5 6 x t i m e p e r s a m p l e . 

T h e r e f l e c t a n c e - p o t e n t i a l c h a r a c t e r i s t i c w a s t h e n averagrel u n t i l a n o i s e 

free signal was obtained ( the output of the signal averager being monitored 

c o n t i n u o u s l y o n a n o s c i l l o s c o p e ). T h e r e f l e c t e d l i g h t i n t e n s i t y a s s o c i a t e d 

w i t h t h e m e t a l ( f i l m f r e e ) e l e c t r o d e w o u l d b e m e a s u r e d o n a D . V . M . , t h i s 

g a v e R . T h i s p r o c e d u r e w o u l d b e r e p e a t e d at o t h e r w a v e l e n g t h s a n d t h e 

d a t a u s e d t o c o n s t r u c t a r e f l e c t a n c e s p e c t r u m a s s o c i a t e d w i t h m o n o l a y e r 

d e p o s i t i o n a s d e s c r i b e d i n t h e r e s u l t s s e c t i o n . 
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T h e q u a n t i t y AR/R is h e r e d e f i n e d a s , 

A | - - Rj, 

•<0 

w h e r e , Rg is t h e r e f l e c t i v i t y o f t h e f i l m c o v e r e d e l e c t r o d e . 

Rq is t h e r e f l e c t i v i t y o f t h e b a r e e l e c t r o d e . 

2 , R E F L E C T A N C E - T I M E T R A N S I E N T S . 

T h e r e f l e c t a n c e - t i m e t r a n s i e n t a s s o c i a t e d w i t h a p o t e n t i a l s t e p 

w o u l d b e m e a s u r e d ; t h e t i m e p e r s a m p l e o n t h e a v e r a g e r b e i n g d e t e r m i n e d 

b y t h e l e n g t h o f t h e d e p o s i t i o n t r a n s i e n t . 

3. C O R R E L A T I O N P L O T S . 

T h e s e i n v o l v e d c o r r e l a t i n g t h e m e a s u r e d r e f l e c t a n c e c h a n g e 

a s s o c i a t e d w i t h m e t a l d e p o s i t i o n , w i t h t h e c o r r e s p o n d i n g c h a r g e p a s s e d . 

N o r m a l l y t h i s w a s d o n e f o r r e f l e c t a n c e - p o t e n t i a l s w e e p s o n l y . A t a g i v e n 

w a v e l e n g t h , a r e f l e c t a n c e - p o t e n t i a l s w e e p w o u l d b e o b t a i n e d a s d e s c r i b e d 

a b o v e . T h e n a n e q u i v a l e n t c h a r g e - p o t e n t i a l s w e e p w o u l d b e r e c o r d e d 

d i r e c t l y b y e l e c t r o n i c a l l y i n t e g r a t i n g t h e c u r r e n t f l o w i n g w i t h a n i n t e g -

r a t o r w i t h a n a l o g u e o u t p u t . A r e f l e c t a n c e - c h a r g e p l o t c o u l d t h e n b e 

c o n s t u c t e d b y t a k i n g r e f l e c t a n c e a n d c h a r g e v a l u e s a t e q u a l p o t e n t i a l 

i n t e r v a l s . A l t h o u g h t h e r e f l e c t a n c e a n d c h a r g e v a l u e s w e r e r e c o r d e d a t 

s l i g h t l y d i f f e r e n t t i m e s , t h i s w a s n o t a s o u r c e o f e r r o r a s t h e r e s u l t s 

s h o w e d n o v a r i a t i o n w i t h t i m e p r o v i d e d t h e p o t e n t i o s t a t s h o w e d n o s i g -

n i f i c a n t d r i f t ( l e s s t h a n I m V ) d u r i n g t h e i n t e r v a l . G r e a t c a r e w a s 

t a k e n t o e n s u r e t h a t t h i s w a s t h e c a s e . I n s o m e c a s e s , w h e r e t h e r e f -

l e c t a n c e c h a n g e d v e r y r a p i d l y in a n a r r o w r a n g e o f p o t e n t i a l , i t w a s 

e s s e n t i a l to u s e a t r a n s i s t o r i s e d p o t e n t i o s t a t f o r p o t e n t i a l c o n t r o l 

a s t h e s e h a d l o w e r d r i f t c h a r a c t e r i s t i c s t h a n t h e v a l v e m o d e l s . 



C H A P T E R F O U R ; U N D E R P O T E N T I A L D E P O S I T I O N O F T H A L L I U M O N S I L V E R . 
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4.0 INTRODUCTION. 

T h i s c h a p t e r b e g i n s w i t h a d e s c r i p t i o n o f h o w a c o n v e n t i o n a l 

s u r f a c e p r e p a r a t i o n t e c h n i q u e f o r s i l v e r , w a s s h o w n t o b e u n s a t i s f a c t o r y , 

V o l t a m m e t r y r e s u l t s f o r c h e m i c a l l y p o l i s h e d p o l y c r y s t a l l i n e a n d s i n g l e c r y s -

t a l e l e c t r o d e s a r e p r e s e n t e d a n d b a s e d o n t h e s e , a t e n t a t i v e m e c h a n i s m 

w i l l b e p r o p o s e d f o r t h e u n d e r p o t e n t i a l d e p o s i t i o n p r o c e s s . O p t i c a l , 

p o t e n t i a l s t e p a n d p o t e n t i a l d e c a y r e s u l t s a r e d i s c u s s e d i n c o n n e c t i o n w i t h 

t h e p r o p o s e d s c h e m e . F i n a l l y t h e e f f e c t o f a n i o n s , p H a n d t h a l l i u m i o n 

c o n c e n t r a t i o n a r e c o n s i d e r e d , 

4.1 OPTICAL AND ELECTROCHEMICAL BEHAVIOUR OF MECHANICALLY POLISHED 

POLYCRYSTALLINE SILVER ELECTRODES. 

T h e s u r f a c e p r e p a r a t i o n m e t h o d s a v a i l a b l e f o r s i l v e r r a n g e f r o m 

p u r e l y m e c h a n i c a l m e t h o d s ( e.g. w i t h a l u m i n a o r d i a m o n d p a s t e ) t o 

m e c h a n i c a l m e t h o d s f o l l o w e d b y a c h e m i c a l o r e l e c t r o c h e m i c a l p o l i s h i n g s t e p . 

T h e e v i d e n c e a v a i l a b l e i n t h e l i t e r a t u r e s u g g e s t e d e l e c t r o c h e m i c a l 
86 

p o l i s h i n g m e t h o d s w e r e u n r e l i a b l e i n p r o d u c i n g a c o n t a m i n a t i o n f r e e s u r f a c e . 

C h e m i c a l p o l i s h i n g m e t h o d s w e r e r a r e a n d t h e m o s t g e n e r a l l y s a t i s f a c t o r y 

m e t h o d o f s u r f a c e p r e p a r a t i o n s e e m e d t o b e a l u m i n a p o l i s h i n g . I n v i e w o f t h e 

f a c t t h a t p r e v i o u s o p t i c a l s t u d i e s o f U.P.D. o n g o l d a n d p l a t i n u m s u b s t r a t e s 

h a d u s e d e l e c t r o d e s p o l i s h e d i n t h i s w a y , t h e i n i t i a l e x p e r i m e n t s w e r e 

p e r f o r m e d w i t h a l u m i n a p o l i s h e d e l e c t r o d e s . 

F i g . 4 . 1 s h o w s a l i n e a r s w e e p v o l t a m m o g r a m f o r t h a l l i u m d e p o s i t i o n 

o n t o a m e c h a n i c a l l y p o l i s h e d p o l y c r y s t a l l i n e s i l v e r e l e c t r o d e , f r o m a 

s u l p h a t e b a s e e l e c t r o l y t e . T h e f a m i l i a r p a i r o f p e a k s a r o u n d - 5 2 0 m V ( v s . 

S.C.E. ) a r e a s s o c i a t e d w i t h t h e f o r m a t i o n a n d d i s s o l u t i o n o f t h e t h a l l i u m 

m o n o l a y e r . A s m a l l p e a k o n t h e r i s e i n c u r r e n t d u e t o t h e o n s e t o f b u l k 

d e p o s i t i o n c a n a l s o b e s e e n a n d c o u l d p o s s i b l y r e p r e s e n t t h e f o r m a t i o n of 

a s e c o n d m o n o l a y e r . T h i s v o l t a m m o g r a m is v e r y s i m i l a r t o t h a t o b t a i n e d b y 
63,71,84 r ^ ^ , . 

L o r e n z o n p o l y c r y s t a l l i n e a n d s i n g l e c r y s t a l s a m p l e s o f s i l v e r , p o l i s h e d i n 
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a n i d e n t i c a l m a n n e r t o t h e m e t h o d u s e d h e r e . 

O n e o f t h e i n i t i a l a i m s o f t h i s p r o j e c t w a s a n i n v e s t i g a t i o n o f 

t h e o p t i c a l p r o p e r t i e s o f t h i n m e t a l f i l m s . T h e r e f l e c t a n c e v a r i a t i o n 

a s s o c i a t e d w i t h t h e m e t a l d e p o s i t e d i n a l i n e a r s w e e p e x p e r i m e n t i s s h o w n 

i n F i g . 4 . 2 (a) ( i n t h e u n f o l d e d f o r m a t ) t o g e t h e r w i t h t h e a s s o c i a t e d 

l i n e a r s w e e p v o l t a m m o g r a m . I t i s s e e n t h a t , a l t h o u g h m o n o l a y e r f o r m a t i o n 

p r o d u c e s t h e e x p e c t e d ( f r o m c a l c u l a t i o n s u s i n g t h e o p t i c a l c o n s t a n t s o f 

b u l k t h a l l i u m ) d e c r e a s e i n r e f l e c t a n c e , b u l k d e p o s i t i o n c a u s e s a n i m m e d -

i a t e i n c r e a s e i n r e f l e c t a n c e w h i c h c h a n g e s t o a d e c r e a s e a f t e r t h e d e p o s i t -

i o n o f a c e r t a i n a m o u n t o f m e t a l . O n t h e r e v e r s e s w e e p , t h i s d e c r e a s e 

c o n t i n u e s u n t i l t h e r e v e r s i b l e p o t e n t i a l i s r e a c h e d . A t t h i s p o i n t t h e 

o p t i c a l s w e e p s h o w s a r e m a r k a b l e p e a k s t r u c t u r e w h i c h f i t s e x a c t l y w i t h 

t h e b u l k s t r i p p i n g p e a k i n t h e v o l t a m m e t r y . T h i s t y p e o f b e h a v i o u r w o u l d 

n o t b e e x p e c t e d f r o m t h e o p t i c a l m o d e l n o r m a l l y u s e d t o r e p r e s e n t t h e 

8 7 

d e p o s i t i o n p r o c e s s . E x p e r i m e n t s s h o w e d t h a t t h e l e n g t h o f t i m e t h e e l e c -

t r o d e w a s p o l i s h e d a n d t h e g r a d e o f a l u m i n a u s e d i n t h e f i n a l s t e p w e r e 

i m p o r t a n t i n d e t e r m i n i n g t h e n a t u r e o f t h e o p t i c a l s w e e p . S i m i l a r r e s u l t s 

w e r e o b t a i n e d f r o m e l e c t r o d e s p o l i s h e d w i t h d i a m o n d p a s t e . 

I n v i e w o f t h e d e p e n d e n c e o f t h e o p t i c a l r e s u l t s o n t h e e x a c t d e t -

a i l s o f t h e p o l i s h i n g p r o c e s s , i t s e e m e d l i k e l y t h a t r e s i d u a l s u r f a c e 

r o u g h n e s s w a s t h e m a i n f a c t o r c a u s i n g t h e a n o m a l o u s o p t i c a l b e h a v i o u r . 

S i l v e r i s a r e l a t i v e l y s o f t m e t a l a n d i t i s p o s s i b l e t h a t a l u m i n a 

p o l i s h i n g w a s p r o d u c i n g a h i g h l y d i s t o r t e d s u r f a c e r e g i o n w i t h n o w e l l 

d e f i n e d c r y s t a l l o g r a p h i c f e a t u r e s . A n e l e c t r o n d i f f r a c t i o n s t u d y o f m e c h a n -

i c a l l y p o l i s h e d s i n g l e c r y s t a l s o f s i l v e r s h o w e d t h a t s u r f a c e s p o l i s h e d 
88 

w i t h O . l y a l u m i n a w e r e c o n s i d e r a b l y d i s t o r t e d ( 0 . 3 y w a s t h e f i n e s t g r a d e 

e m p l o y e d i n t h e p r e s e n t w o r k ). A p e r f e c t c r y s t a l s t r u c t u r e c o u l d o n l y b e 

o b t a i n e d b y l i g h t l y c h e m i c a l l y e t c h i n g t h e m e c h a n i c a l l y p o l i s h e d s u r f a c e . 

T h e o p t i c a l e f f e c t s o f a r o u g h s i l v e r s u r f a c e h a v e b e e n d i s c u s s e d 
8 9 

by Beaglehole et al..They found that when light is reflected from a rough 
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6 2 . 

s u r f a c e , t h e b e a m c o m p r i s e s b o t h s p e c u l a r a n d s c a t t e r e d c o m p o n e n t s a n d 

a l s o t h a t s u r f a c e c u r r e n t s m a y b e e x c i t e d a n d d i p o l e s i n t r o d u c e d a c r o s s 

p i t s a n d b u m p s o n t h e s u r f a c e . I t w a s s h o w n t h a t t h e d i f f e r e n c e i n r e f l e c -

t i v i t y b e t w e e n a r o u g h a n d a s m o o t h s i l v e r s u r f a c e , r e a c h e d a m a x i m u m a t 

3 8 0 n m , a w a v e l e n g t h v e r y c l o s e t o t h a t w h e r e t h e u n u s u a l b e h a v i o u r 

o b s e r v e d i n t h e r e f l e c t a n c e - p o t e n t i a l s w e e p s o f t h e p r e s e n t w o r k , i s m o s t 

p r e d o m i n a n t . T h i s s e e m e d t o c o n f i r m t h e i d e a t h a t s u r f a c e r o u g h n e s s p r o b l e m s 

w e r e g i v i n g r i s e t o t h e a n o m a l o u s o p t i c a l b e h a v i o u r . P r e v i o u s o p t i c a l 
7 2 - 7 6 

s t u d i e s o f U . P . D , o n g o l d a n d p l a t i n u m d i d n o t s h o w t h e s a m e e f f e c t s o f 

m e c h a n i c a l p o l i s h i n g a s s e e n h e r e p r e s u m a b l y b e c a u s e t h e g r e a t e r h a r d n e s s 

of t h e s e m e t a l s r e s u l t e d i n m u c h l e s s s u r f a c e d e f o r m a t i o n 

C h e m i c a l p o l i s h i n g o r e t c h i n g m e t h o d s a r e c a p a b l e o f r e m o v i n g t h e 

d i s t o r t e d s u r f a c e l a y e r s l e f t b y m e c h a n i c a l p o l i s h i n g . H o w e v e r d i f f i c u l t y 

w a s e n c o u n t e r e d i n f i n d i n g a m e t h o d w h i c h g a v e c o n s i s t e n t r e s u l t s . T h e 
9 0 

p r o c e s s u s e d b y S c h m i d t a n d c o - w o r k e r s i n t h e i r w o r k o n s i l v e r e l e c t r o d e s 

w a s f o u n d t o g i v e t h e o p t i c a l b e h a v i o u r e x p e c t e d o f a m e t a l d e p o s i t i o n 

s y s t e m b u t r e p r o d u c i b i l i t y w a s p o o r . T h e t e c h n i q u e e v e n t u a l l y a d o p t e d w a s 

t h a t d e s c r i b e d i n t h e e x p e r i m e n t a l s e c t i o n . W h e n a c e r t a i n a m o u n t of 

p r a c t i s e h a d b e e n a c q u i r e d i n i t s u s e , i t w a s f o u n d t o g i v e e x t r e m e l y 

r e p r o d u c i b l e o p t i c a l a n d v o l t a m m e t r y r e s u l t s . A r e f l e c t a n c e - p o t e n t i a l 

s w e e p o b t a i n e d o n a p o l y c r y s t a l l i n e e l e c t r o d e p o l i s h e d i n t h i s w a y , i s s h o w n 

i n F i g . 4 . 3 . I t i s f r e e f r o m t h e p e c u l i a r i t i e s r e s u l t i n g f r o m s u r f a c e 

r o u g h n e s s e v i d e n t i n F i g . 4 . 2 (a). I n f a c t t h e c h e m i c a l l y p o l i s h e d e l e c -

t r o d e s w e r e c o m p l e t e l y f r e e f r o m p r o b l e m s o f t h i s n a t u r e e x c e p t i n a s m a l l 
9 1 

w a v e l e n g t h r e g i o n a r o u n d 3 6 0 n m w h e r e s u r f a c e p l a s m o n e x c i t a t i o n c a n o c c u r , 

4 . 2 L I N E A R S W E E P V O L T A M M E T R Y B E H A V I O U R O F C H E M I C A L L Y P O L I S H E D 

POLYCRYSTALLINE SILVER. 

F i g . 4 . 4 s h o w s a L . S . V . o b t a i n e d u s i n g a p o l y c r y s t a l l i n e e l e c t r o d e 

p o l i s h e d a s d e s c r i b e d i n t h e e x p e r i m e n t a l s e c t i o n . I n c o n t r a s t t o t h e L . S . V . 
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64. 

BULK DEPOSITION. 

i / u A 

E / m V v s . S . C . E . 

Fig. 4.4. L.S.V. for thallium deposition on chemically polished polycrystalline 

™ 1 
silver. Solution, 0.75mM TlgSO^/O.SM NagSO^/lmM HClO^. Sweep speed, lOOmV s . 



6 5 . 

s h o w n i n F i g . 4 . 1 , f i n e s t r u c t u r e c a n b e s e e n i n t h e v i c i n i t y o f b o t h 

t h e m o n o l a y e r d e p o s i t i o n a n d s t r i p p i n g p e a k s . I n a d d i t i o n t h e r e s o l u t i o n 

o f t h e s e c o n d m o n o l a y e r p e a k a n d t h e b e g i n n i n g o f b u l k d e p o s i t i o n is m o r e 

w e l l d e f i n e d . T h e d e t a i l s o f t h e f i n e s t r u c t u r e w e r e v e r y r e p r o d u c i b l e a n d 

v o l t a m m e t r y c a r r i e d o u t i n t h e a b s e n c e o f a n y t h a l l i u m i o n s h o w e d c u r r e n t s 

f l o w i n g d u e t o d o u b l e - l a y e r c h a r g i n g o n l y u n t i l h y d r o g e n e v o l u t i o n o c c u r r e d . 

T h e f a c t t h a t t h e o p t i c a l b e h a v i o u r o f t h e c h e m i c a l l y p o l i s h e d w a s s i m i l a r to 

t h a t e x p e c t e d f r o m c a l c u l a t i o n s a l s o m a d e i t v e r y u n l i k e l y t h a t a c o n t a m i n a t -

i n g s u r f a c e f i l m w a s p r e s e n t o n t h e e l e c t r o d e s u r f a c e . 

T h e m o s t l i k e l y e x p l a n a t i o n f o r t h e f i n e s t r u c t u r e i l l u s t r a t e d i n 

F i g . 4 . 4 is t h a t t h e u n d e r p o t e n t i a l d e p o s i t i o n p r o c e s s i s i n f l u e n c e d b y t h e 

c r y s t a l l o g r a p h i c o r i e n t a t i o n o f t h e s u b s t r a t e . A p o l y c r y s t a l l i n e m e t a l i s 

a n - a g g r e g a t e r e s u l t i n g f r o m m a n y s i n g l e c r y s t a l s o r g r a i n s m e e t i n g a t g r a i n 

b o u n d a r i e s . T h e s e g r a i n s w o u l d b e l o n g t o a v a r i e t y o f d i f f e r e n t l a t t i c e 

p l a n e s w h i c h w o u l d d e t e r m i n e t h e a t o m i c a r r a n g e m e n t a t t h e s u r f a c e . T h e 

p o l y c r y s t a l l i n e e l e c t r o d e w o u l d t h e r e f o r e p o s s e s s a v a r i e t y o f s i t e s w i t h 

d i f f e r e n t a d s o r p t i o n e n e r g i e s f o r t h e a d a t o m s w h i c h a r e t h o u g h t t o b e i n -

v o l v e d i n t h e u n d e r p o t e n t i a l p r o c e s s . T h i s w o u l d b e r e f l e c t e d i n t h e 

v o l t a m m e t r y b y t h e p r e s e n c e o f m o r e t h a n o n e d e p o s i t i o n ( o r s t r i p p i n g ) 

p e a k f o r t h e f i r s t m o n o l a y e r , as s e e n i n F i g . 4 . 4 . If t h i s e x p l a n a t i o n f o r 

t h e o b s e r v e d f i n e s t r u c t u r e w a s c o r r e c t i t w o u l d b e e x p e c t e d t h a t v o l t a m m e t r y 

c a r r i e d o u t o n s i n g l e c r y s t a l s w o u l d b e d e p e n d e n t o n o r i e n t a t i o n . A s 
66 

m e n t i o n e d a l r e a d y t h e r e s u l t s o f A d z i c e t a l . f o r l e a d d e p o s i t i o n o n t o s i n g l e 
6 4 

c r y s t a l s o f g o l d s h o w e d s u c h e f f e c t s ( a s d o e s t h e w o r k o f S c h u l t z e e t a l . 

p u b l i s h e d a f t e r t h e c o m p l e t i o n o f t h e p r e s e n t w o r k ) , b u t t h e r e s u l t s w e r e 

n o t v e r y w e l l d e f i n e d a n d n o e x p l a n a t i o n w a s g i v e n . I t i s p o s s i b l e t h a t i n 

t h i s c a s e t h e e l e c t r o c h e m i c a l p o l i s h i n g p r o c e d u r e u s e d w a s n o t v e r y s u c c -

e s s f u l i n p r o v i d i n g a w e l l d e f i n e d s u r f a c e f r e e f r o m m e c h a n i c a l d a m a g e . 
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4.3 LINEAR SWEEP VOLTAMMETRY BEHAVIOUR OF CHEMICALLY POLISHED SINGLE 

CRYSTAL ELECTRODES. 

L . S . V . ' s f o r t h e t h r e e s i n g l e c r y s t a l s , { 1 1 0 } , { 1 0 0 } a n d { 1 1 1 } 

a r e s h o w n i n F i g . 4 . 5 . T h e e x a c t p o t e n t i a l s o f t h e p e a k s a n d t h e i r s h a p e 

a r e d e p e n d e n t o n s w e e p s p e e d , t h a l l i u m i o n c o n c e n t r a t i o n a n d w h e t h e r t h e 

a n i o n s i n t h e s y s t e m a r e s p e c i f i c a l l y a d s o r b e d t o a n y s i g n i f i c a n t e x t e n t 

b u t t h e e s s e n t i a l c h a r a c t e r i s t i c s r e m a i n t h e s a m e e x c e p t t h a t v o l t a m m -

o g r a m s o b t a i n e d f o r t h a l l i u m d e p o s i t i o n o n t h e { 1 0 0 } f a c e , s h o w a n 

a d d i t i o n a l p e a k a t s w e e p s p e e d s g r e a t e r t h a n ~ 4 0 m V s a s s h o w n i n F i g . 

4.6. T h e d e p o s i t i o n p e a k p o t e n t i a l s a r e t a b u l a t e d i n T a b l e 4.1..Each o f 

t h e s i n g l e c r y s t a l s s h o w s a c h a r a c t e r i s t i c , w e l l r e s o l v e d ( e x c e p t o n 

t h e { 1 1 0 } p l a n e ) p e a k s t r u c t u r e w h i c h i s v e r y r e p r o d u c i b l e . B e f o r e t h e 

i n t e r p r e t a t i o n o f t h e s e r e s u l t s i s c o n s i d e r e d i n d e t a i l , a d i s c u s s i o n o f 

t h e p o s s i b l e f a c t o r s w h i c h c o u l d g i v e r i s e t o m u l t i - p e a k U . P . D . v o l t a m m -

e t r y o n s i n g l e c r y s t a l s , w i l l b e g i v e n . 

(a) T h e v a r i o u s p e a k s i n t h e v o l t a m m e t r y c o u l d c o r r e s p o n d t o d i f f e r e n t 

a d s o r b e d s t a t e s . T w o f a c t o r s c o u l d g i v e r i s e t o s u c h b e h a v i o u r ; 

1. I f a l l t h e a d s o r p t i o n s i t e s o n t h e e l e c t r o d e a r e a s s u m e d t o b e 

e q u i v a l e n t , e a c h p e a k c o u l d c o r r e s p o n d t o a d i f f e r e n t o r d e r e d s t r u c -

t u r e o n t h e s u r f a c e . S u c h s t r u c t u r e s h a v e b e e n o b s e r v e d i n t h e g a s 

p h a s e a d s o r p t i o n o f f o r e i g n m e t a l a t o m s o n t o n o b l e m e t a l s , u s i n g 
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L . E . E . D . t e c h n i q u e s . 

2. If t h e p o l i s h i n g p r o c e s s w a s n o t e n t i r e l y s u c c e s s f u l i n p r o d u c i n g 

a s i n g l e c r y s t a l p l a n e , t h e s l i g h t p o l y c r y s t a l l i n e n a t u r e o f t h e 

s u r f a c e w o u l d r e s u l t i n m u l t i - p e a k v o l t a m m e t r y i f i t i s a s s u m e d t h a t 

t h e a d s o r p t i o n e n e r g i e s a s s o c i a t e d w i t h a p a r t i c u l a r c r y s t a l s t r u c t u r e 

a r e v e r y d i f f e r e n t . 

(b) If it is assumed Chat U.P.D. produces a crystalline rather than an 

a d s o r b e d l a y e r o n t h e e l e c t r o d e , t h e p e a k s c o u l d c o r r e s p o n d t o d i f f e r e n t 
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TABLE 4.1 

CRYSTAL FACE A^/mV Ag/mV Ag/mV B/mV STARTING POTENTIAL 

OF A^/mV 

{110} -532 -585 " -737 -444 

{110} -535 -644 -785 -452 

{111} -507 -536 -587 -755 -482 

Variation of first and second monolayer deposition peak and deposition 

starting potential with crystal face. Solution and sweep speed as in Fig.4.5 

TABLE 4.2 

CRYSTAL FACE CHARGE PASSED 

UP TO POINT X 

/pC cm"^ 

CHARGE PASSED 

UP TO POINT Y 

/uC cm ^ 

SURFACE ATOM 

CONCENTRATION 

/ATOMS cm'Z 

{110} 196±6 325±6 8.5 X 10^4 

{100} 198+5 320+10 12.1 X loJ4 

{111} 196+6 324+7 13.9 X 10^4 

Charge values for the first and second monolayers on the various crystal 

faces (double layer charge subtracted, no correction for surface roughness) 

The table also shows the surface atom concentrations of the Ag crystal planes, 



/yA cm 

E / m V v s . S . C . E . 

F i g . 4 . 5 ( a ) L . S . V . f o r t h a l l i u m d e p o s i t i o n o n t h e { 1 1 0 } p l a n e of s i l v e r . 

- 1 
S o l u t i o n , a s i n F i g . 4 . 4 . S w e e p s p e e d , 3 0 m V s 



6 8 . 

i/uA cm 

E/mV vs. S.C.E. 

F i g . 4 . 5 ( b ) . L . S . V . f o r t h a l l i u m d e p o s i t i o n o n t h e {LOO} p l a n e o f s i l v e r . 

, — X 
S o l u t i o n , a s i n F i g . 4 . 4 . S w e e p s p e e d , 3 0 m V s 



i i / p A c m 

/ 

-200 

E/ mV vs. S.C.E. 

F i g . 4 . 5 ( c ) . L . S . V . f o r t h a l l i u m d e p o s i t i o n o n t h e { 1 1 1 } p l a n e o f s i l v e r . 

- 1 
S o l u t i o n , a s i n F i g . 4 . 4 . S w e e p s p e e d , 3 0 m V s 



i/uA cm 

- 1 0 0 

J 

1 

jBOO 

E/mV vs. S.C.E. 

F i g . 4 . 6 L . S . V . f o r t h a l l i u m d e p o s i t i o n o n t h e { 1 0 0 } p l a n e o f s i l v e r . 

" 1 
S o l u t i o n , as i n F i g . 4 . 4 . S w e e p s p e e d , l O O m V s 
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p h a s e s t r u c t u r e s . A d i s c u s s i o n o f t h e d i s t i n c t i o n b e t w e e n a n a d s o r b e d 

l a y e r a n d a c r y s t a l l i n e l a y e r i s g i v e n l a t e r . 

(c) A n i n i t i a l a d s o r p t i o n s t a g e l a t e r t r a n s f o r m i n g t o a c r y s t a l g r o w t h 

p r o c e s s c o w l d a l s o e x p l a i n s u c h v o l t a n m e t r y . A g a i n , m e c h a n i s m s o f t h i s t y p e 

9 3 , 6 6 

h a v e b e e n o b s e r v e d i n g a s p h a s e d e p o s i t i o n o n t o m e t a l s . A d z i c e t a l . 

p o s t u l a t e d s u c h a t r a n s f o r m a t i o n p r o c e s s t o e x p l a i n t h e i r v o l t a m m e t r y 

r e s u l t s o n p o l y c r y s t a l l i n e g o l d b u t s u p p l e m e n t a r y e v i d e n c e w a s n o t p r o v i d e d . 

(d) D e p o s i t i o n o f p a r t i a l m o n o l a y e r s o n t o p o f e a c h o t h e r c o u l d p r o d u c e 

s u c h r e s u l t s . 

A l l o y f o r m a t i o n c a n b e d i s c o u n t e d i n t h i s s y s t e m a t r o o m t e m p e r a t u r e . 

P o s s i b i l i t y (d) c a n b e d i s c u s s e d i n c o n n e c t i o n w i t h t h e m e a s u r e d 

c h a r g e v a l u e s a t v a r i o u s p o t e n t i a l s i n t h e l i n e a r s w e e p . T h e s e a r e t a b u l -

a t e d i n T a b l e 4 . 2 f o r t h e p o i n t s m a r k e d X a n d Y o n t h e v o l t a m m o g r a m s . 

T h e f a c t t h a t u n d e r p o t e n t i a l d e p o s i t i o n c a n o n l y t a k e p l a c e b y v i r t u e o f 

t h e i n t e r a c t i o n b e t w e e n d e p o s i t a n d s u b s t r a t e m a k e s i t i m p r o b a b l e t h a t a n y 

t h r e e - d i m e n s i o n a l s t r u c t u r e w o u l d b e g i n t o f o r m b e f o r e t h e t w o - d i m e n s i o n a l 

l a y e r ( w h e t h e r a d s o r b e d o r c r y s t a l l i n e ) w a s c o m p l e t e . T h e p o i n t m a r k e d 

X i n F i g 4 . 5 ( a ) t o (c) w a s c h o s e n a s r e p r e s e n t i n g t h e c o m p l e t i o n o f t h e 

f i r s t t h a l l i u m m o n o l a y e r . T h e m e a s u r e d c h a r g e s u p t o t h i s p o i n t a r e i d e n t -

i c a l o n a l l c r y s t a l f a c e s a n d if i t i s a s s u m e d t h a t a c l o s e p a c k e d s t r u c -

t u r e i s f o r m e d , t h e e x p e r i m e n t a l a n d c a l c u l a t e d c h a r g e s f o r s u c h a m o d e l 

a g r e e w h e n a s u r f a c e r o u g h n e s s f a c t o r o f 1 . 2 2 is u s e d . S u c h a l o w v a l u e f o r 

t h e r o u g h n e s s p a r a m e t e r i s t y p i c a l o f c h e m i c a l l y p o l i s h e d s u r f a c e s . O n e 

c a n c o n c l u d e t h a t d e p o s i t i o n a t m o r e n e g a t i v e p o t e n t i a l s t h a n p o i n t X , 

u p t o t h e r e v e r s i b l e p o t e n t i a l i s a s s o c i a t e d w i t h a s e c o n d m o n o l a y e r f o r m -

a t i o n , A g a i n , t h e c h a r g e m e a s u r e d up t o p o i n t Y ( t h i s b e i n g t h e p o i n t j u s t 

b e f o r e t h e o n s e t o f b u l k d e p o s i t i o n ) i s a l m o s t i n d e p e n d e n t o f o r i e n t a t i o n 

b u t i s s l i g h t l y l o w e r t h a n e x p e c t e d f o r t w o c o m p l e t e c l o s e p a c k e d l a y e r s , 

h o w e v e r t h e v o l t a m m e t r y s u g g e s t s t h e s e c o n d l a y e r is n o t q u i t e c o m p l e t e . 
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P o s s i b i l i t y (a) is u n l i k e l y a s t h e o b s e r v e d v o l t a m m e t r y w a s v e r y r e p -

r o d u c i b l e w h i c h w o u l d p r o b a b l y n o t b e t h e c a s e if m o r e t h a n o n e l a t t i c e 

p l a n e w a s e x p o s e d b y t h e p o l i s h i n g p r o c e s s . I n a d d i t i o n , o t h e r c h e m i c a l 

p o l i s h i n g t e c h n i q u e s g a v e i d e n t i c a l r e s u l t s ; r e p r o d u c i b i l i t y w a s m u c h 

p o o r e r t h o u g h ; ( C o n f i r m a t i o n o f t h e e s s e n t i a l u n i q u e n a t u r e o f t h e s u r -

a c e s t r u c t u r e o f e a c h s i n g l e c r y s t a l h a s c o m e r e c e n t l y f r o m t h e r e s u l t s 
* 9 4 

o f o t h e r w o r k e r s ; L o r e n z , u s i n g a s e t o f c o m m e r c i a l s i n g l e c r y s t a l s p o l i s -

h e d i n a n i d e n t i c a l m a n n e r t o t h e m e t h o d u s e d h e r e , f o u n d i d e n t i c a l 

b e h a v i o u r t o t h a t s h o w n i n F i g . 4 . 5 (a) t o ( c ) . A l s o , d i s l o c a t i o n f r e e 

s i l v e r s i n g l e c r y s t a l s p r o d u c e d b y t h e m e t h o d o f B u d e v s k i e t a l . , w h i c h 
9 5 

n e e d n o s u r f a c e p r e p a r a t i o n , a l s o g a v e i d e n t i c a l r e s u l t s . K o l b h a s s h o w n 

t h a t a t h i n f i l m o f s i l v e r d e p o s i t e d e p i t a x i a l l y o n m i c a , w h i c h h a s a { 1 1 1 } 

s t r u c t u r e , g i v e s i d e n t i c a l v o l t a m m e t r y t o t h e { 1 1 1 } c r y s t a l u s e d i n t h e 

p r e s e n t w o r k . T h e s e r e s u l t s s h o w t h a t t h e o r i e n t a t i o n o f t h e s i n g l e c r y s t a l 

s u r f a c e s p r o d u c e d b y t h e c h e m i c a l p o l i s h i n g p r o c e s s w a s e s s e n t i a l l y p e r f e c t . ) 

T h e r e r e m a i n s t h e p o s s i b i l i t y t h a t t h e o b s e r v e d v o l t a m m e t r y i s 

c a u s e d b y d i f f e r e n t a d s o r b e d s t a t e s , d i f f e r e n t c r y s t a l l i n e s t a t e s o r a 

c o m b i n a t i o n o f b o t h a d s o r b e d a n d c r y s t a l l i n e s t a t e s . 

T h e r e a r e a n u m b e r o f s i m p l e d i a g n o s t i c c r i t e r i a w h i c h c a n b e 

a p p l i e d t o v o l t a m m e t r y i n o r d e r t o d i s t i n g u i s h b e t w e e n a p u r e l y a d s o r b e d 

l a y e r o f m e t a l a n d a c r y s t a l l i n e p h a s e l a y e r . P e r h a p s t h e s i m p l e s t i s t h e 

s e p a r a t i o n b e t w e e n o p p o s i t e p e a k s i n a l i n e a r s w e e p e x p e r i m e n t . F o r a 
p u r e l y a d s o r b e d l a y e r o f m e t a l a t o m s , a s s u m i n g t h e s c a n r a t e i s s u f f i c i e n t l y 

s l o w f o r t h e r e a c t i o n t o a c h i e v e e q u i l i b r i u m , t h e p e a k s w o u l d b e e x a c t l y 
9 6 

o p p o s i t e e a c h o t h e r , w h e r e a s f o r a c r y s t a l l i n e p h a s e l a y e r , t h e o n s e t o f 

t h e s t r i p p i n g p r o c e s s s h o u l d n o t o c c u r u n t i l t h e p o t e n t i a l i s e q u a l t o o r 

m o r e p o s i t i v e t h a n t h a t a t w h i c h d e p o s i t i o n c o m m e n c e s ( t h e e x a c t s e p a r -

a t i o n b e t w e e n t h e s t a r t i n g p o t e n t i a l s o f s t r i p p i n g a n d d e p o s i t i o n w o u l d 

d e p e n d o n t h e m a g n i t u d e o f a n y n u c l e a t i o n o v e r p o t e n t i a l s ). 

T h e r e s u l t s s h o w t h a t t h e p a i r o f p e a k s m a r k e d i n t h e f i g u r e s 

R e s u l t s o b t a i n e d s i n c e t h e p u b l i c a t i o n o f t h e w o r k in t h i s c h a p t e r . 
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- 1 

s h o w a s e p a r a t i o n o f < 5 m V a t a s w e e p s p e e d o f l O m V s a n d c a n b e r e g -

a r d e d a s b e i n g m u t u a l l y o p p o s i t e . T h e p e a k s m a r k e d h o w e v e r , a s w e l l a s 

b e i n g m u c h s h a r p e r t h a n t h e p e a k s , e x h i b i t t h e c h a r a c t e r i s t i c of c r y s -

t a l l i n e p h a s e p e a k s d e s c r i b e d a b o v e , i . e . e v e n a t v e r y l o w s w e e p s p e e d s 

t h e r e i s a c h a r a c t e r i s t i c a s y m m e t r y a b o u t t h e z e r o c u r r e n t a x i s . T h i s is 

e s p e c i a l l y w e l l d e f i n e d o n t h e { 1 1 1 } p l a n e a n d t o a s l i g h t l y l e s s e r e x t e n t 

o n t h e { 1 0 0 } b u t t h e { 1 1 0 } A ^ p e a k s e e m s t o b e h a v e m u c h m o r e l i k e a n a d s o r b e d 

l a y e r p e a k . T h e s a m e c r i t e r i a c a n b e a p p l i e d t o t h e s e c o n d m o n o l a y e r p e a k s , 

B . I n a l l c a s e s a c h a r a c t e r i s t i c s e p a r a t i o n b e t w e e n t h e a n o d i c a n d c a t h o d i c 

p e a k s i s s e e n w i t h t h e s a m e s e q u e n c e o f c l a r i t y a s f o u n d f o r t h e A ^ p e a k s . 

T h e v a r i a t i o n o f p e a k c u r r e n t s w i t h s w e e p s p e e d i s a n o t h e r u s e f u l 

d i a g n o s t i c t o o l w h i c h c a n b e a p p l i e d t o t h e v o l t a m m e t r y . F o r a n a d s o r p t i o n 

r e a c t i o n c o n t r o l l e d b y t h e n u m b e r o f a v a i l a b l e s i t e s o n t h e e l e c t r o d e , p e a k 
9 6 

c u r r e n t s s h o u l d v a r y l i n e a r l y w i t h s w e e p s p e e d . T h e r e s u l t s s h o w t h a t , i n a l l 

c a s e s , t h e p e a k c u r r e n t o f A ^ f o l l o w s t h i s r e l a t i o n s h i p ( s e e F i g . 4 . 7 ) 

w h e r e a s t h e s h a p e s o f p e a k s A^ a n d B a r e m u c h m o r e s e n s i t i v e t o s w e e p s p e e d 

a n d c u r r e n t i s p r o p o r t i o n a l t o ( g = s w e e p s p e e d ) , t h e p e a k s b e c -

o m i n g l e s s s h a r p a t t h e h i g h e r s w e e p s p e e d . H o w e v e r t h e a p p l i c a t i o n of t h i s 

v o l t a m m e t r y r u l e i s o n l y s t r i c t l y v a l i d f o r s w e e p s p e e d s g r e a t e r t h a n 

—1 

l O O m V s a n d s o m e o f t h e s w e e p s p e e d s u s e d h e r e a r e a b o v e t h i s v a l u e . 

A n o t h e r f e a t u r e o f t h e v o l t a m m e t r y w h i c h c a n b e d i s c u s s e d i n 

c o n n e c t i o n w i t h t h e d i s t i n c t i o n b e t w e e n a n a d s o r b e d l a y e r a n d a c r y s t a l l i n e 

p l a n e i s t h e p e a k s h a r p n e s s . T h e p e a k s A ^ a n d B ( e s p e c i a l l y o n t h e { 1 1 1 } 
p l a n e ) a r e m u c h s h a r p e r t h a n t h o s e n o r m a l l y a s s o c i a t e d w i t h a n a d s o r p t i o n 
p r o c e s s e . g . f o r t h e d e p o s i t i o n o f a m o n o l a y e r o f a d s o r b e d s p e c i e s , t h e 
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e x p e c t e d h a l f p e a k w i d t h f o r a L a n g m u i r i s o t h e r m i s 9 0 m V / z . F o r a p e a k 

s h a r p e r t h a n t h i s , o n e h a s t o a s s u m e s o m e d e g r e e o f a t t r a c t i o n b e t w e e n t h e 

a d s o r b e d s p e c i e s a n d a F r u m k i n i s o t h e r m is t h e n a p p l i c a b l e , t h e d e g r e e o f 

a t o m i c i n t e r a c t i o n b e i n g r e f l e c t e d i n t h e i n t e r a c t i o n p a r a m e t e r . I t i s 

i m p o s s i b l e t o e x p l a i n s u c h a s h a r p p e a k as s e e n o n t h e { 1 1 1 } f a c e b y a n 
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T(max)/vA 

- 4 0 0 
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-300 

-200 

-100 

/ 190 
200 3{)0 

g/mV s 
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- 1 

- 0 . 5 

X 1 0 0 / 1 - 2 p O s p o 

$/mV s 

F i g . 4 . 7 P l o t o f s w e e p s p e e d (g) f o r , (a) p e a k A ^ , 

(b) p e a k A ^ , o n t h e { 1 1 1 } f a c e o f s i l v e r . S o l u t i o n , a s i n F i g . 4 . 4 . 
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a d s o r p t i o n i s o t h e r m u n l e s s o n e u s e s a n u n r e a s o n a b l y h i g h v a l u e f o r t h e 

i n t e r a c t i o n p a r a m e t e r : ( I t s h o u l d b e n o t e d h o w e v e r , t h a t G e r i s c h e r h a s 
57 

s h o w n t h e h a l f p e a k w i d t h to b e m a r k e d l y d e p e n d e n t o n A $ a n d h e n c e A U . 

T h i s w o u l d i m p l y t h a t s y s t e m s w i t h s m a l l e r u n d e r p o t e n t i a l s h i f t s h a v e t o 

d e s c r i b e d b y F r u m k i n i s o t h e r m s w i t h i n c r e a s i n g i n t e r a c t i o n p a r a m e t e r s . 
6 4 

T h i s p o i n t w a s n o t c o n s i d e r e d in a r e c e n t p a p e r b y S c h u l t z e a n d D i c k e r t m a n n 

w h o i n v e s t i g a t e d a n u m b e r o f s y s t e m s o n g o l d s i n g l e c r y s t a l s ). I n a n y 

c a s e , t h e d i s t i n c t i o n b e t w e e n a c r y s t a l l i n e a n d a n a d s o r b e d l a y e r w i t h 

a l a r g e i n t e r a c t i o n p a r a m e t e r is q u e s t i o n a b l e . I t s e e m s m o r e r e a l i s t i c 

to d e f i n e t h e p r o p e r t i e s o f t h e d e p o s i t s f o r m e d i n t h e u n d e r p o t e n t i a l 

r e g i o n w i t h r e s p e c t to t h e i n t e r a c t i o n p a r a m e t e r n e c e s s a r y to d e s c r i b e 

a p a r t i c u l a r v o l t a m m e t r y p e a k b y a F r u m k i n i s o t h e r m . P e a k s w i t h l o w 

o r n e g a t i v e v a l u e s ( i n d i c a t i n g r e p u l s i o n ) c o u l d t h e n b e a s c r i b e d to t h e 

d e p o s i t i o n o f a p u r e l y a d s o r b e d s p e c i e s w h e r e a s s h a r p p e a k s a s s o c i a t e d 

w i t h h i g h v a l u e s o f t h e i n t e r a c t i o n p a r a m e t e r c o u l d b e a s c r i b e d to t h e 

f o r m a t i o n o f a l a y e r w i t h m a i n l y c r y s t a l l i n e p r o p e r t i e s . P e a k s a s s o c i a t e d 

w i t h i n t e r m e d i a t e v a l u e s w o u l d s e e m to b e r e l a t e d t o d e p o s i t s w i t h t h e 

p r o p e r t i e s o f b o t h a d s o r b e d a n d c r y s t a l l i n e l a y e r s . I t s h o u l d b e s t r e s s e d 

t h a t a c r y s t a l p l a n e f o r m e d f r o m a n a d s o r b e d l a y e r b y a p h a s e t r a n s f o r m a t i o n 

p r o c e s s , n e e d n o t n e c e s s a r i l y i n v o l v e t w o - d i m e n s i o n a l n u c l e a t i o n a s t h e in-
62,102 

i t i a l s t e p . If t h e p h a s e t r a n s f o r m a t i o n is o f t h e h o m o g e n e o u s t y p e i . e . 

i n v o l v i n g c o m p o s i t i o n a l f l u c t u a t i o n s w h i c h g r o w in i n t e n s i t y u n t i l t h e y 

e v e n t u a l l y y i e l d t h e e q u i l i b r i u m p h a s e , n u c l e a t i o n d o e s n o t o c c u r . E x a m p l e s 

o f t r a n s f o r m a t i o n s o f t h i s t y p e a r e m o s t c o m m o n in t h e g a s e o u s p h a s e b u t 

t h e r e a r e a l s o e x a m p l e s i n l i q u i d a n d s o l i d s t a t e t r a n s f o r m a t i o n s . I t 

is p o s s i b l e to d e f i n e t h e n a t u r e o f m e t a l m o n o l a y e r s , a s c r y s t a l p l a n e s , 

w i t h o u t r e c o u r s e t o a r g u m e n t s i n v o l v i n g n u c l e a t i o n p r o c e s s e s a n d i n t h e 

p r e s e n t c a s e , w h e r e a n a p p r e c i a b l e a m o u n t o f a d s o r p t i o n t a k e s p l a c e b e f o r e 
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p h a s e t r a n s f o r m a t i o n , t h e h o m o g e n e o u s m e c h a n i s m m a y b e a v i a b l e r o u t e . 

T h e g r o w t h o f c r y s t a l l i n e d e p o s i t s p r e c e e d e d b y n o a d s o r p t i o n e . g . t h e 

f o r m a t i o n o f t h e b u l k d e p o s i t , m u s t i n v o l v e a p r e l i m i n a r y n u c l e a t i o n s t e p 

( e x c e p t w h e r e g r o w t h o c c u r s a t e x i s t i n g d i s l o c a t i o n s ). 
62 

A h e t e r o g e n e o u s t r a n s f o r m a t i o n i n v o l v e s n u c l e a t i o n a n d g r o w t h . 

S m a l l v o l u m e s o f t h e p r o d u c t p h a s e o r n u c l e i , o f t e n a s s u m e d t o b e i d e n t i c a l 

i n s t r u c t u r e a n d c o m p o s i t i o n t o t h e t r a n s f o r m a t i o n p r o d u c t , f o r m f i r s t . 

T h e f i r s t - o r d e r t r a n s f o r m a t i o n f r o m a n a d s o r b e d l a y e r t o a 

c r y s t a l l i n e p h a s e s h o u l d o c c u r a t a s i n g l e p o t e n t i a l . H o w e v e r , s u c h f a c t o r s 

a s s u r f a c e h e t e r o g e n e i t y o r a v a r i a t i o n i n t h e a c t i v i t y of t h e d e p o s i t 

w i t h t h e f r a c t i o n o f s u r f a c e c o v e r e d c o u l d r e s u l t i n a m u c h b r o a d e r v o l t -

a m m e t r y p e a k a n d t h e t r a n s f o r m a t i o n w o u l d b e s e c o n d r a t h e r t h a n f i r s t - o r d e r . 

T h e s h a r p n e s s o f t h e p e a k o n t h e { 1 1 1 } f a c e i n d i c a t e s a f i r s t - o r d e r 

t r a n s f o r m a t i o n . O n t h e { 1 1 0 } f a c e h o w e v e r , t h e t r a n s f o r m a t i o n s e e m s t o 

o c c u r o v e r a m u c h w i d e r p o t e n t i a l r a n g e a n d i s c h a r a c t e r i s t i c o f a s e c o n d -

o r d e r o r c o n t i n u o u s t r a n s i t i o n . T h e { 1 0 0 } f a c e r e s u l t s f a l l b e t w e e n t h e s e 

t w o e x t r e m e s . A d i s c u s s i o n o f t h e p o s s i b l e f a c t o r s w h i c h c o u l d c a u s e a 

v a r i a t i o n i n a c t i v i t y a s t h e m o n o l a y e r p h a s e i s d e p o s i t e d i s g i v e n i n a 

l a t e r s e c t i o n o f t h i s c h a p t e r . 

T h e t e n t a t i v e c o n c l u s i o n s d e r i v e d f r o m t h e v o l t a m m e t r y r e s u l t s c a n 

b e s u m m a r i s e d a s f o l l o w s : 

1. P e a k A ^ i n a l l c a s e s s e e m s t o r e p r e s e n t a m e t a l a d s o r p t i o n p r o c e s s . 

N o i n f o r m a t i o n c a n b e o b t a i n e d o n t h e s t a t e o f c h a r g e o f t h e d e p o s i t e d 

s p e c i e s . 

2. T h e A g p e a k s d o n o t s h o w t h e c h a r a c t e r i s t i c s o f a n a d s o r p t i o n r e a c t i o n 

a n d e s p e c i a l l y i n t h e c a s e o f t h e { 1 1 1 } a n d { 1 0 0 } p l a n e s , t h e 

a s s y m m e t r y w i t h r e s p e c t t o t h e p o t e n t i a l a x i s a n d t h e s h a r p n e s s o f t h e 

p e a k s , a r e m o r e t y p i c a l o f a c r y s t a l g r o w t h p r o c e s s . 
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3. P e a k B is a s s o c i a t e d w i t h t h e g r o w t h o f a s e c o n d m o n o l a y e r a n d s h o w s 

t h e s a m e c h a r a c t e r i s t i c s , m e n t i o n e d i n 2. a b o v e , as t h e p e a k s . 

L i n e a r s w e e p v o l t a m m e t r y h o w e v e r is n o t a s u f f i c i e n t l y d i a g n o s t i c 

t o o l t h a t o n e c a n d i s t i n g u i s h b e t w e e n a d s o r b e d a n d c r y s t a l l i n e s t a t e s w i t h 

a b s o l u t e c e r t a i n t y . S u c h a d i s t i n c t i o n c a n b e m a d e h o w e v e r , u n d e r f a v o u r -

a b l e c i r c u m s t a n c e s , b y t h e u s e o f p o t e n t i a l - s t e p t e c h n i q u e s a s t h e s h a p e 

o f t h e r e s u l t i n g c u r r e n t — t i m e t r a n s i e n t c a n g i v e a n i n s i g h t i n t o t h e 

k i n e t i c s o f t h e r e d u c t i o n p r o c e s s . T h e t y p e o f t r a n s i e n t e x p e c t e d f o r t h e 

d e p o s i t i o n o f a n a d s o r b e d l a y e r o r a c r y s t a l p l a n e ( b y t w o - d i m e n s i o n a l 

n u c l e a t i o n a n d g r o w t h ) , c a n b e c a l c u l a t e d a n d c o m p a r e d w i t h e x p e r i m e n t . 

B e f o r e t h e r e s u l t s o f t h e p o t e n t i a l - s t e p e x p e r i m e n t s a r e g i v e n , t h e 

o p t i c a l e f f e c t s o f t h e u n d e r p o t e n t i a l d e p o s i t i o n p r o c e s s w i l l b e d i s c u s s e d . 

4.4 OPTICAL MEASUREMENTS. 

T h e p o s s i b l e o r i g i n s o f t h e r e f l e c t a n c e c h a n g e s a s s o c i a t e d w i t h 

U . P . D . h a v e a l r e a d y b e e n d i s c u s s e d . I t w a s s h o w n t h a t t h e m a j o r f a c t o r 

d e t e r m i n i n g t h e r e f l e c t a n c e c h a n g e w a s m o s t l i k e l y a s s o c i a t e d w i t h a b s o r p -

t i o n p r o c e s s e s i n t h e m e t a l f i l m a n d a t w a v e l e n g t h s w h e r e t h e o p t i c a l 

c h a r a c t e r i s t i c s o f t h e s u b s t r a t e c h a n g e d r a m a t i c a l l y , t h e s e a b s o r p t i o n 

p r o c e s s e s i n t h e m o n o l a y e r w o u l d b e s t r o n g l y p e r t u r b e d o n a c c o u n t o f t h e 

n e c e s s a r y e l e c t r o n i c i n t e r a c t i o n b e t w e e n e l e c t r o d e a n d d e p o s i t . 

F i g . 4 . 8 s h o w s a n e x a m p l e o f t h e v a r i a t i o n o f t h e r e l a t i v e 

r e f l e c t i v i t y c h a n g e A R / R w i t h p o t e n t i a l . T h e s e o p t i c a l e f f e c t s a r e m o r e 

r e a d i l y i n t e r p r e t e d i n t e r m s o f t h e a s s o c i a t e d e l e c t r o c h e m i c a l p r o c e s s if 

c o r r e l a t e d w i t h c h a r g e r a t h e r t h a n p o t e n t i a l . F i g . 4 . 9 s h o w s s u c h r e f l e c 

t a n c e - c h a r g e p l o t s f o r t h e t h r e e m o n o e r y s t a l l i n e e l e c t r o d e s u s e d i n t h e 

p r e s e n t w o r k . B e f o r e d i s c u s s i n g t h e s e r e s u l t s i n d e t a i l , t h e s i g n a n d 

m a g n i t u d e o f t h e o b s e r v e d r e f l e c t a n c e c h a n g e s c a n b e c o m p a r e d w i t h v a l u e s 

c a l c u l a t e d o n t h e b a s i s o f d i f f e r e n t t y p e s o f p r o c e s s b e i n g r e s p o n s i b l e f o r 
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lOr AR/R 

BULK 

DEPOSITION 

q/yC cm 

Fig. 4.9 (a). Plot of AR/R against charge q for thallium deposition on 

the {100} face of silver. X = 589nm, parallel polarisation. Solution and 

sweep speed as in Fig. 4.8. 



10" AR/R 

80, 

300 q/uC cm" 

Fig. 4.9 (b). {111} orientation, otherwise as Fig. 4.9(a). 



ICr AR/R 

8 1 , 

F i g . 4 . 9 ( c ) . { 1 1 0 } o r i e n t a t i o n , o t h e r w i s e a s F i g . 6 . 9 

q/wC cm 
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t h e r e f l e c t a n c e c h a n g e s . 

T h e m e a s u r e d c h a n g e s a r e s o l a r g e ( ^ 2 % in r e f l e c t i v i t y f o r 

m o n o l a y e r c o v e r a g e ) t h a t o p t i c a l e f f e c t s f r o m t h e s o l u t i o n s i d e o f t h e 

d o u b l e l a y e r c a n b e n e g l e c t e d , ( i . e . c o n t r i b u t i o n s f r o m t h e d i f f u s e 

d o u b l e l a y e r a n d f r o m s o l v e n t a n d a n i o n a d s o r p t i o n ). T h e r e r e m a i n t w o 

e f f e c t s t o b e c o n s i d e r e d , t h e e l e c t r o r e f l e c t a n c e ( E R ) e f f e c t f r o m t h e m e t a l 

s u b s t r a t e a n d t h e o p t i c a l c o n t r i b u t i o n f r o m t h e d e p o s i t e d t h a l l i u m l a y e r . 

T h u s t h e r e l a t i v e c h a n g e in r e f l e c t i v i t y c a n b e w r i t t e n a s , 

A R = 1 / a R A A q + A G 
R A m I R\»el 

w h e r e q is t h e s u r f a c e c h a r g e d e n s i t y o n t h e e l e c t r o d e a n d 9 i s t h e f r a c t i 

o f s u r f a c e c o v e r e d b y t h a l l i u m . T h e m a g n i t u d e o f t h e E R c o e f f i c i e n t (dR 

o n 

c a n b e s e e n f r o m t h e s l o p e o f t h e o p t i c a l c h a r a c t e r i s t i c s a t p o t e n t i a l s ^ 

a n o d i c t o t h a l l i u m d e p o s i t i o n , ( s e e F i g . 4 . 8 ). T h i s s l o p e is c o m p a r a t -
9 7 

i v e l y s m a l l . T h i s c o n c l u s i o n is c o n f i r m e d b y o t h e r m e a s u r e m e n t s o f t h e E R 

e f f e c t o n s i l v e r w h i c h g i v e a v a l u e f o r ^/_f — ) o f a b o u t 3 x l o ' ^ p c " ^ c m ^ 
^\d1/ 

i n t h e w a v e l e n g t h r a n g e 4 0 0 n m t o 7 0 0 n m . T h e E R c o n t r i b u t i o n to c a n b e 

s h o w n t o b e n e g l i g i b l e a t t h e s e w a v e l e n g t h s e v e n if a n u n r e a s o n a b l y l a r g e 

v a l u e i s a s s u m e d f o r A q . I f t h e d e p o s i t e d a t o m s a r e a s s u m e d t o h a v e a 2 0 % 

i o n i c c h a r a c t e r , t h e n A q w i l l b e a b o u t 4 0 y C c m ^ f o r a m o n o l a y e r a n d 

^ R ^ q ^ A q is + 1 . 2 X 1 0 ^ w h e r e a s t h e m e a s u r e d ^ v a l u e s a r e a b o u t - 2 x 10 

T h u s n e i t h e r t h e s i g n n o r t h e m a g n i t u d e o f t h e r e f l e c t i v i t y c h a n g e s a r e 

c o n s i s t e n t w i t h a n E R e f f e c t . M o r e o v e r t h e p o s s i b i l i t y t h a t t h e u n d e r -

p o t e n t i a l m o n o l a y e r c o n s i s t s o f a d s o r b e d c a t i o n s c a n b e f i r m l y r u l e d o u t a s 
7 6 

t h i s s i t u a t i o n w o u l d p r e d i c t a p o s i t i v e r e f l e c t a n c e c h a n g e ; t h e e x p e r i m e n t a l 

v a l u e s a r e n e g a t i v e a t a l l w a v e l e n g t h s l o n g e r t h a n 3 2 5 n m ( s e e F i g . 4 . 1 0 ). 
76 

T h e s e c o n c l u s i o n s a r e a t v a r i a n c e w i t h t h o s e o f K o l b e t a l . b u t a s s t a t e d 

a l r e a d y , t h e i r i n t e r p r e t a t i o n o f t h e o p t i c a l d a t a i s q u e s t i o n a b l e . 

F o r r e s u l t s t o b e o b t a i n e d w h i c h w e r e u n d i s t o r t e d b y l a r g e o p t i c a l 
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c h a n g e s i n t h e s u b s t r a t e , w a v e l e n g t h s g r e a t e r t h a n 3 9 0 n m h a d t o b e e m p -

l o y e d . B e l o w t h i s v a l u e t h e e f f e c t s o f s u r f a c e p l a s m o n e x c i t a t i o n ( 3 6 0 -

3 8 0 n m ) a n d b u l k p l a s m a r e s o n a n c e ( 3 2 0 n m ) c a u s e d m a r k e d e f f e c t s i n t h e 

r e f l e c t a n c e - c h a r g e p l o t s a s s h o w n i n F i g . 4 . 1 1 , ; p r e s u m a b l y d u e to t h e g r e a t e r 

c o n t r i b u t i o n o f t h e s u b s t r a t e t o t h e o v e r a l l o p t i c a l c h a n g e . 

I n s p e c t i o n o f t h e r e f l e c t a n c e - c h a r g e p l o t s i n c o n j u n c t i o n w i t h 

t h e c o r r e s p o n d i n g v o l t a m m o g r a m s , s h o w s t h a t a l m o s t a l l t h e f e a t u r e s s e e n 

o n t h e v o l t a m m e t r y c u r v e s r e v e a l t h e m s e l v e s a s c h a n g e s i n t h e g r a d i e n t o f 

t h e o p t i c a l p l o t s . I t is p a r t i c u l a r l y n o t a b l e t h a t t h e p r o c e s s a s s o c i a t e d 

w i t h p e a k o n t h e { 1 0 0 } f a c e , c a u s e s v e r y l i t t l e r e f l e c t a n c e c h a n g e a t 

- 2 

t h i s w a v e l e n g t h d e s p i t e t h e f a c t t h a t i t s p a n s 6 0 - 7 0 p C c m o f c h a r g e . A 

s i m i l a r e f f e c t i s o b s e r v e d , a l t h o u g h t o a s m a l l e r e x t e n t w i t h p e a k A ^ o n 

t h e { 1 1 1 } f a c e . 

B e f o r e c o n s i d e r i n g t h e d e t a i l e d i n t e r p r e t a t i o n o f F i g . 4 . 9 i t i s 

n e c e s s a r y t o d i s c u s s t h e f a c t o r s w h i c h c o u l d i n f l u e n c e t h e n a t u r e o f t h e 
5 4 

r e f l e c t a n c e - c h a r g e p l o t s . I t c a n b e s h o w n t h a t f o r t h e d e p o s i t i o n o f a 
A R . . -m o n o l a y e r o f a t o m s — i s p r o p o r t i o n a l t o t h e e f f e c t i v e t h i c k n e s s d , o f 

t h e f i l m , w h e r e , 

1 " d = Y 
A 1 1 

w h e r e d . i s t h e l o c a l t h i c k n e s s a n d 6 A . is t h e a r e a o f a n i s l a n d o f f i l m 
1 1 

o n t h e s u b s t r a t e o f a r e a A . d w i l l b e p r o p o r t i o n a l t o 0, t h e f r a c t i o n o f 

s u r f a c e c o v e r e d , a n d h e n c e t o q . T h i s m o d e l a s s u m e s t h e o p t i c a l c o n s t a n t s 

o f t h e f i l m a n d s u b s t r a t e r e m a i n u n c h a n g e d a s 0 v a r i e s f r o m 0 t o 1 w h i c h 

w o u l d i m p l y n o i n t e r a c t i o n s b e t w e e n t h e a t o m s i n t h e l a y e r . I f E R e f f e c t s 

a r e i g n o r e d i t c a n b e s e e n t h a t c h a n g e s i n t h e g r a d i e n t o f a r e f l e c t a n c e -

c h a r g e p l o t c o u l d b e d u e t o t w o f a c t o r s : 

1 ) v a r i a t i o n s i n t h e p a r t i a l c h a r g e ( e l e c t r o s o r p t i o n v a l e n c y ) o f t h e 

d e p o s i t e d m e t a l a t o m s ; 

2 ) c h a n g e s i n t h e o p t i c a l c o n s t a n t s o f t h e d e p o s i t e d m e t a l a t o m s . 
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I f c h a n g e s i n o p t i c a l c o n s t a n t s a r e n e g l e c t e d , it i s c l e a r t h a t a 

t r a n s i t i o n f r o m d e p o s i t i o n o f a p a r t i a l l y c h a r g e d s t a t e t o a n e u t r a l 

s t a t e w o u l d p r o d u c e a d e c r e a s e i n t h e g r a d i e n t of t h e p l o t a s t h e a m o u n t 

o f c h a r g e f l o w i n g p e r a t o m d e p o s i t e d w o u l d b e g r e a t e r . F r o m F i g . 4.9 i t i s 

s e e n t h a t i n a l l c a s e s , t h e t r a n s i t i o n f r o m t h e s e c o n d m o n o l a y e r r e g i o n 

t o b u l k d e p o s i t i o n c a u s e s a d e c r e a s e i n t h e s l o p e as w o u l d b e e x p e c t e d i f 

u n d e r - p o t e n t i a l d e p o s i t i o n i n v o l v e d p a r t i a l d i s c h a r g e w h e r e a s b u l k d e p o s -

i t i o n r e q u i r e s c o m p l e t e d i s c h a r g e . H o w e v e r , i f t h e r e i s a n y c h a n g e i n t h e 

n a t u r e o f t h e m o n o l a y e r s a s 0 v a r i e s f r o m 0 t o 1, e . g . f r o m a l a y e r o f 

a d s o r b e d a t o m s t o a c r y s t a l p l a n e w i t h m o r e t y p i c a l l y m e t a l l i c p r o p e r t i e s , 

i t w o u l d b e e x p e c t e d t h a t a c h a n g e i n o p t i c a l p r o p e r t i e s w o u l d r e s u l t . T h e 

r e s u l t s f o r e a c h c r y s t a l f a c e w i l l n o w b e c o n s i d e r e d s e p a r a t e l y . 

4.2 (a) THE {100} ORIENTATION. 

T h e d e p o s i t i o n a s s o c i a t e d w i t h p e a k A ^ , w h i c h o n t h e b a s i s o f 

v o l t a m m e t r y r e s u l t s a l o n e h a s b e e n a s c r i b e d to a n a d s o r p t i o n p r o c e s s , 

AR 
p r o d u c e s a l i n e a r v a r i a t i o n o f w i t h q w h i c h i m p l i e s t h a t u p t o 

- 2 

s u r f a c e c o v e r a g e s c o r r e s p o n d i n g t o 1 2 5 y C c m , t h e r e i s n o a p p r e c i a b l e 

c h a n g e i n t h e e l e c t r o s o r p t i o n v a l e n c y n o r i n t h e o p t i c a l p r o p e r t i e s o f t h e 

l a y e r . T h e o p t i c a l e f f e c t o f p e a k A ^ i s m o r e c o m p l i c a t e d a n d is w a v e l e n g t h 

d e p e n d e n t . T h e s l o p e o f t h e p l o t i n t h i s r e g i o n i s a l w a y s m a r k e d l y l e s s 

t h a n i n t h e r e g i o n o f A ^ a n d a t t h e w a v e l e n g t h s h o w n i t is p r a c t i c a l l y 

z e r o . I t h a s a l r e a d y b e e n s p e c u l a t e d t h a t o n e a c h c r y s t a l f a c e , t h e A ^ p e a k 

c o r r e s p o n d s t o a c r y s t a l g r o w t h p r o c e s s . O n t h e { 1 0 0 } f a c e , w h e r e t h e r e 
—2 

s e e m s t o b e a l a r g e a m o u n t o f a d s o r p t i o n ( 1 2 5 y C c m ) a p h a s e g r o w t h 

p r o c e s s w o u l d i n v o l v e a c o n s i d e r a b l e r e a r r a n g e m e n t o f t h e e x i s t i n g a d s o r b e d 

l a y e r a s w e l l as e x t r a d e p o s i t i o n t o f o r m a c o m p l e t e c r y s t a l l i n e m o n o l a y e r . 

I t c a n b e e n v i s a g e d t h a t s u c h a r e o r g a n i s a t i o n p r o c e s s w o u l d p r o d u c e a 

s u d d e n r e d u c t i o n i n t h e e l e c t r o s o r p t i o n v a l e n c y a s t h e b o n d i n g t o t h e 

s u b s t r a t e i s r e d u c e d . I t i s n o t p o s s i b l e t o p r e d i c t t h e o p t i c a l c h a n g e 
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a s s o c i a t e d w i t h s u c h a p r o c e s s b u t o n c h a r g e a r g u ^ m e n t s a l o n e i t i s c l e a r 

t h a t i t w o u l d r e s u l t i n a s u b s t a n t i a l d e c r e a s e i n t h e s l o p e o f t h e r e f -

l e c t a n c e - c h a r g e p l o t s i n c e n o t a l l o f t h e c h a r g e w o u l d b e t h e r e s u l t o f 

a d d i t i o n a l d e p o s i t i o n , a c o n s i d e r a b l e a m o u n t w o u l d b e c a u s e d b y r e d i s t -

r i b u t i o n . 

T h e s e c o n d m o n o l a y e r r e g i o n c a n a l s o b e d i v i d e d i n t o t w o s e g m e n t s 

w i t h t h e f i r s t h a v i n g a s l o p e v e r y s i m i l a r t o t h a t a s s o c i a t e d w i t h p e a k 

( t h e s e r e f l e c t a n c e - c h a r g e p l o t s a r e c o n s t r u c t e d f r o m v o l t a m m o g r a m s r u n 

a t s w e e p s p e e d s w h e r e t h e p r e s e n c e o f t w o d i s t i n c t p e a k s i n t h e s e c o n d 

m o n o l a y e r r e g i o n , w a s a p p a r e n t ( s e e F i g . 4 . 6 . ) . T h e s e c o n d s e g m e n t h a s a 

l o w e r s l o p e w h i c h m e r g e s i n t o t h e b u l k d e p o s i t i o n l i n e , t h e g r a d i e n t of 

w h i c h r e m a i n s c o n s t a n t f o r f i l m s u p t o 5 n m a t l e a s t ( t h i c k e r f i l m s h a v e 

n o t b e e n i n v e s t i g a t e d ). T h i s r e s u l t s u g g e s t s t h a t t h e f o r m a t i o n o f t h e 

s e c o n d m o n o l a y e r a l s o i n v o l v e s t h e t r a n s f o r m a t i o n o f a n a d a t o m l a y e r i n t o 

a c r y s t a l p l a n e . 

4 . 2 ( b ) T H E { 1 1 1 } O R I E N T A T I O N . 

P e a k s A ^ a n d A ^ i n t h e v o l t a m m e t r y b o t h p r o d u c e l i n e a r r e f l e c t a n c e -

c h a r g e p l o t s o f m a r k e d l y d i f f e r e n t s l o p e . T h e i n c r e a s e i n g r a d i e n t o f t h e 

A g r e g i o n c o m p a r e d t o t h a t of t h e A ^ r e g i o n m u s t b e r e l a t e d t o a c h a n g e i n 

o p t i c a l c o n s t a n t s , a s h i g h e r s u r f a c e c o v e r a g e s w o u l d b e e x p e c t e d t o f a v o u r 

a r e d u c t i o n i n t h e e l e c t r o s o r p t i o n v a l e n c y a n d l e a d t o a d e c r e a s e i n t h e 

r e f l e c t a n c e - c h a r g e s l o p e . T r a n s f o r m a t i o n t o a c r y s t a l p l a n e ( p e a k A ^ ) 

— 2 
o c c u r s a t a l o w e r v a l u e o f c h a r g e ( 5 0 - 6 0 y C c m ) c o m p a r e d t o t h e { 1 0 0 } 

- 2 

o r i e n t a t i o n ( 1 2 0 - 1 3 0 v C c m ) a n d w i l l m a i n l y i n v o l v e f u r t h e r t h a l l i u m 

d e p o s i t i o n t o f o r m a c o m p l e t e c r y s t a l p l a n e w h e r e a s o n t h e { 1 0 0 } f a c e t h e r e 

w o u l d s e e m t o b e m u c h l e s s d e p o s i t i o n a n d a c o n s i d e r a b l e r e d i s t r i b u t i o n o f 

c h a r g e d u e t o t h e d e c r e a s e i n e l e c t r o s o r p t i o n v a l e n c y f o r t h e a t o m s a l r e a d y 

p r e s e n t o n t h e s u r f a c e ; c o n s e q u e n t l y t h e r e f l e c t a n c e - c h a r g e s l o p e s w i l l b e 

m u c h h i g h e r i n t h e f o r m e r c a s e . P e a k A d o e s n o t p r o d u c e a l i n e a r s l o p e a n d 
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i t i s d i f f i c u l t t o s p e c u l a t e o n t h e n a t u r e o f t h i s p e a k a t t h i s s t a g e ; 

i t s e e m s p o s s i b l e t h a t s o m e s l i g h t r e a r r a n g e m e n t o f t h e c r y s t a l s t r u c t u r e 

t a k e s p l a c e . 

T h e l i n e a r s w e e p v o l t a m m e t r y i n t h e s e c o n d m o n o l a y e r r e g i o n 

r e v e a l s o n l y a s i n g l e s h a r p p e a k a n d t h e c o r r e s p o n d i n g o p t i c a l e f f e c t i s a 

l i n e a r v a r i a t i o n o f A R / R w i t h q u n t i l b u l k d e p o s i t i o n b e g i n s . T h i s s u g g e s t s 

t h a t t h e f o r m a t i o n o f t h e s e c o n d l a y e r i n v o l v e s t w o - d i m e n s i o n a l n u c l e a t i o n 

a n d g r o w t h f r o m t h e o u t s e t . 

4.2(c) THE {110} OBIENTATION. 

T h e v a r i o u s f e a t u r e s o n t h e v o l t a m m e t r y a r e n o t s o w e l l d e f i n e d o n 

t h i s p l a n e a s o n t h e o t h e r t w o a n d c o r r e s p o n d i n g l y t h e r e f l e c t a n c e - c h a r g e 

p l o t is l e s s e a s y t o d i v i d e i n t o s e g m e n t s . A c h a n g e i n s l o p e o c c u r s a f t e r 

a b o u t 9 0 y C c m ^ o f c h a r g e h a v e p a s s e d , f o l l o w i n g a s h o r t r e g i o n o f l o w 

s l o p e . T h e t r a n s i t i o n o c c u r s a t a p o i n t w h e r e t h e p e a k w o u l d b e e x p e c t e d 

t o b e g i n . T h i s p e a k i s a g a i n r e a s o n a b l y s h a r p s u g g e s t i n g a p h a s e t r a n s -

f o r m a t i o n a t t h i s p o i n t . T h e c o r r e s p o n d i n g o p t i c a l b e h a v i o u r l i e s b e t w e e n 

t h a t s e e n f o r t h e { 1 1 1 } a n d { 1 0 0 } f a c e s . F u r t h e r c h a n g e s i n s l o p e i n t h e 

- 2 - 2 

r e f l e c t a n c e - c h a r g e p l o t o c c u r a t I T O y C c m a n d 2 5 0 y C c m w h i c h p r o b a b l y 

c o r r e s p o n d t o t h e f o r m a t i o n o f t h e s e c o n d m o n o l a y e r b y a d s o r p t i o n f o l l o w e d 

b y t r a n s f o r m a t i o n i n t o a c r y s t a l p l a n e ( a l t h o u g h i n T a b l e 4 . 2 t h e e n d o f 

t h e f i r s t m o n o l a y e r w a s t a k e n a s p o i n t X , w h i c h o c c u r s a t a s l i g h t l y h i g h e r 
— 2 

c h a r g e v a l u e t h a n 1 7 0 y C c m , t h e b r o a d n e s s o f t h e s e c o n d m o n o l a y e r p e a k 

m a k e s i t s s t a r t i n g p o i n t d i f f i c u l t t o d e f i n e e x a c t l y ). 

B a s e d o n e v i d e n c e f r o m v o l t a m m e t r y a n d o p t i c a l e x p e r i m e n t s , a m o d e l 

h a s b e e n p r o p o s e d f o r t h e o c c u r e n c e o f p h a s e t r a n s f o r m a t i o n p r o c e s s e s 

d u r i n g d e p o s i t i o n o n a l l t h r e e c r y s t a l f a c e s . T h e s e s e e m t o t a k e p l a c e b o t h 

i n t h e f i r s t a n d s e c o n d m o n o l a y e r r e g i o n s e x c e p t i n t h e c a s e o f t h e { 1 1 1 } 

o r i e n t a t i o n w h e n t h e s e c o n d l a y e r a p p e a r s t o f o r m a s a c r y s t a l p l a n e f r o m 

t h e o u t s e t . T h e r e s u l t s f r o m t h e p o t e n t i a l - s t e p e x p e r i m e n t s w i l l n o w b e 
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Fig. 4.11. Plot of AR/R against q for thallium deposition on the 

{100} face of silver at a wavelength where surface plasmon effects 

occur. X = 380nm, parallel polarisation. Solution and sweep speed, 

as i n F i g . 4 . 8 . 



discussed in connection with the proposed model. 

4.5 POTENTIAL STEP MEASUREMENTS. 

(a) R E S U L T S . 

Pulsing into the potential region of peak A on all faces 

produced a falling transient of characteristic shape, as shown in Fig. 4.12 

for the {111} face. These transients had the following characteristics: 

(1) For all three crystals, the initial part of the transient followed 

an i « t 2 relationship. On the {100} face this was maintained 

throughout the majority of the transient but the i vs. t ^ plots 

for the {111} and {110} faces developed curvature at longer times. 

(2) The initial linear portion of the i vs. t ^ plot extrapolates to 

- -• 

intersect the t ^ axis at positive values. 

-i 

Examples of i vs. t plots, for all crystal faces, are shown in 

Fig. 4.13. 

Pulsing to potentials more negative than the A peak potential 

in all cases, produced a change in the shape of the transient which is 

best described by reference to the transient obtained pulsing to a 

potential just anodic to that where the second monolayer formation begins. 

{111} FACE. 

Pulsing into the A region immediately results in the initial 

part of the transient coming under planar ( limiting ) diffusion control. 

At longer times, a sudden rapid decrease in the current flowing occurs, 

giving the transient a characteristic 'kink' shape. Examples of this are 

shown in Fig. 4.14. 

{100} FACE. 

In the A region at short times the current falls rapidly to a value 

well below the planar diffusion limiting current and the transient shows 

a well defined hump as shown in Fig. 4.15. The charge associated with 



9 0 . 

i/mA cm 

-0.5 . 

200 
t/ms 

Fig. 4.12. i-t transient for thallium deposition ( adsorption region ) 

on the {111} plane of silver for a potential step from -200mV to -522mV 

( vs. S.C.E. ). Solution, 0.5mM Tl.SO,/ 0.5M Na.SO,. 
2 4 z 4 



552mV 
i=nFC"D 

532mV 

T/mA cm 

522mV 

- I Fig. 4.13 (a). Plot of i vs. t ^, for thallium deposition on silver(lll}, 

for potential steps from -200mV to the potentials shown ( vs. S.C.E. ). 

Solution, 0.5mM Tl.SO,/ 0.5M Na.SO,. 
2 4 2 4 
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- -1 

i/mA cm 

T.5 

i = n F c 9 D & 
583mV 

— 0 . 5 

563mV 

543mV 

523mV 

503mV 

0.3 

Fig. 4.13 (b). Plot of i vs. t *, for thallium deposition on silver{100}, 

for potential steps from -200mV to the potentials shown ( vs. S.C.E. ). 

Solution, 0.5mM TlgSO / 0.5M NagSO^. 
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i=nFC~D 
I 1/mA cm 

562mV 

542mV 

522mV 

502mV 

0 O . T 0.2 0.3 

- 1 

Fig. 4.13 (c). Plot of i vs. t for thallium deposition on silver{110} 

Other details as in Fig. 4.13 (a). 

t 2/ms ^ 



9 4 . 
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this feature is 60-70pC cm A plot of i vs. t ^ for this potential 

region is shown in Fig. 4.16. 

{110} FACE. 

At short times, the transients are under limiting planar diffusion 

control but then the current drops below this limiting value and the 

transient develops a slight hump, similar to, although not as well 

defined as, that found on the {100} plane. The charge associated with this 

feature is approximately 85-90^0 cm"^. Fig. 4.17 shows an i vs. t"^ plot 

in this region. 

Pulsing to potentials in the second monolayer region from a 

potential positive to that where any deposition occurs produces the 

following results. 

{111} FACE. 

At short times the shape of the transient is identical to that 

obtained by pulsing into the A^ region of potential i.e. a diffusion 

limited falling transient with a rapid decrease from this value. At longer 

times however, an additional feature develops on the end of the transient 

which, depending on small variations in surface preparation, appeared 

either as a well defined peak, as shown in Fig. 4.18 or a pronounced hump. 

{100} FACE. 

Again the initial part of the transient ( corresponding to the 

first monolayer formation ) was identical in shape to that obtained at more 

positive potentials. At longer times a second hump developed corresponding 

to the second monolayer formation; this occurred at a magnitude of current 

well below the diffusion limiting value. 

{110} FACE. 

The transient initially showed a falling section with kink which 

at longer times was followed by a second falling segment. 

These potential—step measurements can now be discussed in connection 
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i / m A c m 

1 . 0 -

0 0.05 O.T 0.T5 
t 2 / m s " 2 

Fig. 4.16. Plot of i vs. t ^ for a potential step from -200mV to -683mV 

for thallium deposition on the {100} face. Solution, as in Fig. 4.12. 



i/jnA cm 

- 1 
Fig. 4.17. Plot of i vs. t % for a potential step from -200mV to 

-665mV, for thallium deposition on the {110} face. Solution, as 

in Fig. 4.12. 
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with the model proposed for the U.P.D. process, based on the voltammetry 

and optical results. 

4.5 (b) DISOUSSION: ADSORPTION REGION. 

The dominating feature of the i-t transients on all crystal planes 

in this region of potential, is the linear relationship between i and t ^ 

for the initial part of the transient. 

The adsorption of neutral atoms on an electrode has been treated 

98 

by Delahay. In his treatment, it is assumed that the adsorption process is 

so rapid that it is controlled by the rate of planar diffusion and the 

surface concentration T is related to the volume concentration at the 

electrode surface, , by the adsorption isotherm, i.e. 

r = r .c 
m 

a + C 
(4.1) 

where r is the surface concentration for maximum coverage and 'a' is a 

parameter which is characteristic of the isotherm. The adsorption isotherm 

can be linearized and hence, 

r = KG with K = r /a 
m 

(4.2) 

By a method involving Laplace transforms, the relationship 

between the concentration G and C° ( bulk concentration ) is given by, 

exp/x + Dt 

K' 

e r f X + D * t : 
K ) (4.3) 

dG = - C°exp/x + Dt 
dx K 

/ x •+ D t \ e r f c / 

\ k 2 K 2 / \ 

X 
I T T 

Z D ^ t * K ) 

+ G exp/x + Dtl exp ( X — T T 
Z D ^ t * K ) (4.4) 



te)x=o 
= - ^ exp D^ferfc 

K K 2 \ K 
^ r f c 

C° expIDg exp/-Dt\ 

V K 2 / 

by Pick's first law, 

i = zFD/dC ) 
= zF 

x=o 

D C ^ expj 
K 

VK': 

/ o ^ e r f c / p ^ t ^ ^ + C ° D * 

W / u ; ^ 

101, 

(4.5) 

(4.6) 

This equation is identical to that derived by Astley et al. 

for the case of metal deposition in which the diffusion zones of each nucleus 

rapidly overlapped and the rate of the reaction was controlled by 

diffusion perpendicular to the surface. Plots of i vs. t ^ for this 

equation were shown in Fig. 1.3 , at short times the slopes are of constant 

gradient equal to, zFC°D^, independent of n . Before the overpotential is 

high enough for the limiting diffusion controlled current to be achieved, 

the plots show a characteristic intercept on the t axis and they also 

develop curvature at longer times. 

- 1 

The experimental i vs. t plots, in the adsorption region, are 

in reasonable agreement with the predictions of this formula, except that 

the linear slope is not completely independent of potential. This is most 

marked on the {100} face but is also true to a lesser extent on the {111} 

and {110} faces. Such potential dependencies of the gradient may be 

caused by the partial charged nature of the adsorbed atoms; on the basis 

of the results from optical experiments, this would be expected to be 

most pronounced on the {100} face. 

4.5 (c) DISCUSSION: CRYSTAL GROWTH REGION. 

If the potential step is increased to include the region of peak 

Ag, an additional feature develops on the transients. The results for each 
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face will now be discussed separably. 

{111} FACE. 

At potentials more negative than that of the A peak, the majority 

of the deposition comes under limiting planar diffusion control. This 

rapid increase in the deposition rate compared to that found in the 

adsorption region would be expected on account of the extreme sharpness 

and relatively high current density associated with A . Unfortunately this 

prevents conclusive proof for the participation of crystal growth steps 

being obtained from the transient, as the observed kink would automatically 

result from the rapid decrease in current away from the planar diffusion 

limited value as the monolayer approached saturation. Such a transient 

only presents conclusive proof for crystal growth via two-dimensional, to 

the extent that it is argued that such a sharp peak as A^ could only arise 

from the deposition of a crystalline phase rather than an adsorbed layer. 

It has been mentioned already that a distinction between a crystalline 

layer and an adsorbed layer with a high interaction parameter is question-

able. In this case, there is no doubt that the final form of the first 

monolayer on the {111} plane is a close packed crystalline monolayer. What 

is not proved,however, is that two-dimensional nucleation steps are occurring 

as the initial stage in the crystallisation process or whether some homo-

geneous phase transition is taking place. 

It is possible that more information about the nature of the 

crystallisation process could be obtained by removing the diffusion 

limiting constraint from the current-time transient by increasing the 

thallium ion concentration. The effect on the voltammetry of this concen-

tration variation will be discussed in section 4.10. For the present purpose, 

the only relevant difference between the voltammetry in 50mM TlgSO^ and 

0.75mM TlgSO^/ 0.5M Na^SO^ is the virtual absence of the adsorption peak A 

( on the {111} face ) in the more concentrated solution, i.e. the voltammetry 

shows two sharp cathodic peaks corresponding to the first and second 
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monolayer formation respectively. 

Fig. 4.19 shows an example of a current-time transient obtained 

by pulsing to a potential slightly more negative than the first monolayer 

peak potential for a 50mM TlgSO^ solution. The kink seen in the results 

for 0.75mM TlgSO^ solutions is absent because the thallous ion concen-

is now too high for the initial part of the transient to be cont-

rolled by planar diffusion to the electrode. The rate of current fall off 

is virtually 1inear with time. This type of behaviour is similar to that 

obtained from deposition of nickel monolayers onto mercury^from a 

thiocyanate complex where the surface diffusion of ad—atoms to growing 

centres was the slowest step in the deposition process; in this case, at 

lower potentials the transient posesses a rising section on account of the 

lower lattice building rate. In the present case, for thallium deposition, 

from concentrated solutions, the basic shape of the transient is not altered 

by potential except that the current increases and the time scale contracts 

as the potential is made more negative. This suggests that lattice building 

rates are rapid compared to surface diffusion processes at all potentials 

and under these circumstances no direct information about the growth process 

can be obtained. However the fact that the experimental transients are very 

similar to those obtained in a system where crystal growth is known to be 

taking place strongly suggests that they do represent a crystal growth 

process rather than adsorption. 

Double pulse experiments in the concentrated solutions, with the 

first pulse to a potential just prior to the second monolayer formation and 

the second pulse to the reversible potential produced a transient of the 

type shown in Fig. 4.20. These results show that, at this concentration, the 

rate of the second monolayer phase formation is also dominated by surface 

diffusion. 

Single potential steps into the second monolayer region, in more 

dilute ( 0.5mM TlgSO^ ) thallous ion solutions can produce a rising transient 
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as was shown in Pig. 4.18. This rise is preceeded by a falling transient 

with kink, corresponding to the first monolayer formation. A rising transient 

of this nature could arise from two-dimensional nucleation processes taking 

place in the formation of the second layer. Another possibility is that the 

rise in current is caused by an increasing flux of material to the surface; 

this situation would result if the rate of the first monolayer formation 

dropped to a sufficiently low value to allow the surface concentration of 

T1 to relax back towards the bulk value. In this case the peak in the 

transient would arise through diffusion processes. The decay from the planar 

diffusion limited current, for the first monolayer formation at this potential, 

occurs at a current density of 700wA cm ^ and a time of 130ms. The current 

density, i , associated with the second monolayer peak in Pig. 4.18, is 
max ^ ° 

- 2 
97pA cm and this occurs at a time of 450ms. These figures show that i 

max 

cannot be limited by bulk diffusion processes, as the experimental value is 

much lower than could be obtained, even assuming the rate of formation of the 

first monolayer did not fall off significantly. The peak would seem to arise 

therefore, through overlap processes in the crystallisation of the second 

layer. The sensitivity of the peak shape to surface preparation, also suggests 

that it is caused by two-dimensional nucleation and growth. 

{100} I&CE. 

The relatively large potential interval between the A^ and Ag peaks 

on this plane, results in the adsorption process coming under limiting 

planar diffusion contol ( i.e. C ^ = 0 ) at short times, before the A. 
surface 2 

peak potential is reached. However this enables a more direct indication 

of crystal growth to be observed on the transients from potential steps 

into the A^ region, as the latter stages of the adsorption process are 

sufficiently slow to reduce the c u r r e n t flowing, to a value w e 1 1 below 

the diffusion limited one and consequently, the subsequent rearrangement 

and crystal growth processes, assuming rate control by lattice incorporation, 

will contribute an increase in current with time and can be seen as a distinct 



106. 

hump on the falling transient, rather than the rapid decrease from the 

planar diffusion limited value, as seen on the {ill} face. The fact that a 

hump, rather than a well defined rising transient is seen, can be attributed 

- 2 

to the relatively small amount of charge ( 70-80PC cm ) associated with 

the Ag peak on this face. Moreover, the optical results strongly suggest 

that much of this charge is associated with redistribution rather than 

extra deposition; this would reduce the tendency for the current to increase 

with time on account of any increase in the peripheral area of the growing 

centres especially if the lattice building rate was at all limited by 

preceeding diffusion processes, as seems to be the case on the.{ill} plane. 

At more negative potentials, in the second monolayer region, the 

i-t transients show a second hump corresponding to crystal growth processes 

in the second layer formation. The absence of a well defined peak, as seen 

on the {llD plane, is almost certainly attributable to the prior adsop-

tion step, indicated by the voltammetry and optical results. Double poten-

tial step experiments were not helpful in providing increased delineation 

of the crystal growth process occurring in the formation of either the 

first or second monolayers. 

It is interesting that the chronological order of events in the 

overall deposition process of the two monolayers seems to be identical 

whether occurring as a result of a potential step to, say, the reversible 

potential for the bulk deposition process, or from a linear sweep to the 

same potential. This is confirmed by Fig. 4.21, which shows a reflectance 

-charge plot obtained as a result of a potential-step from a potential 

where no deposition occurred, to a value in the overpotential region. It is 

virtually identical to the plot obtained from a linear sweep experiment 

over a similar potential range ( shown in Fig. 4.9 ). These results 

confirm that the formation of the thallium monolayers is an essential pre-

cursor to the deposition of thicker films. This point will be taken up 

again in Chapter 6. 
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Fig. 4.21. Plot of AR/R against charge q for thallium deposition on the {100} 

plane of silver for a potential step from -400mV to -913mV ( vs. S.C.E. ). 
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{llQ} FACE. 

The Ag peak on this face is not only mixed up with the adsorption 

peak A but is also less sharp than the phase peaks on the other two 

crystal faces. However a sharp peak would only result if the activity of 

the deposited phase was independent, or only slightly dependent, on the 

fraction of surface covered. The validity of this condition is discussed 

later. It is sufficient to mention however, that the'open' structure of the 

{110} substrate would seem to prevent the deposition of a foreign metal on 

top of it whose activity was largely independent of the amount deposited. 

Potential steps into the A^ region do produce a slight hump on the 

transient but this is not as well defined as that on the tlOO) plane. The 

i-t ^ plots in this range, however, show similarities to those from the (lOO} 

plane. 

The difficulty of separating the adsorption and phase transformation 

processes on this plane would seem to be responsible for the poor 

definition of both the optical and potential step results. By analogy with 

the results from the other two crystal faces, the fact that a slight hump 

occurs in the i-t transient,suggests the occurrence of crystal growth 

processes. 

Potential steps into the second monolayer region produce only a 

falling transient on the end of that shown for steps into the A region and 

no information can be obtained about the occurrence of crystallisation 

steps. 

The combined evidence from the potential sweep, potential step 

and optical experiments, shows conclusively, for the first time, that the 

formation of two-dimensional crystal planes is an important feature in the 

underpotential deposition of metals. These systems do appear therefore, to 

be somewhat analogous to those in which crystalline monolayer salt films 
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are formed, at underpotentials, on mercury; in these cases however, the 

shifts involved are relatively small ( <50mV ). Unfortunately, in the 

present case, the occurrence of two-dimensional nucleation steps as the 

initial stage of the crystal growth process, cannot be proved unequivocally 

as the i-t transients are dominated by diffusion processes. 

4.6 THE SUPERLATTICEMODEL FOR ADSORPTION. 

Before considering the nature of the crystalline phases formed in 

more detail, it is interesting to compare the surface coverages at which 

phase transformation occurs on the different crystal faces. These values, 

given as measured charges for the first monolayer transformation, are shown 

in Table 4.3, column 1. Column 2 gives the values corrected for surface 

roughness, using the factor of 1.22 obtained earlier and they show that the 

closest packed crystal plane, the {ill}, adsorbs the least amount of metal. 

These results can be explained by assuming that the adsorption 

of thallium atoms occurs on the interstitial sites between the surface 

silver atoms, leading to the formation of a superlattice. Such structures 

are well known from L.E.E.D. investigations of gas phase adsorption phen-

99 

omena. A scaled representation of the superlattice model, for each 

orientation, is given in Pig. 4.22. 

It should be pointed out at this stage, that this model was first 

63,71,84 

proposed by Lorenz et al. to explain their results for the deposition of 

thallium onto monocrystalline silver electrodes. However, linear sweep 

voltammograms obtained by these workers, on each of the single crystals, 

were qualitatively identical to Fig. 4.1 but the charge values associated 

with the monolayer deposition peak, were dependent on orientation. The 

fact that several different ( mechanical and electrochemical ) polishing 
methods gave very similar results and the very marked dependence of the 

84. 

monolayer charge values on sweep speed, indicates that surface preparation 

and/ or solution purity, were inadequate in their case. It is possible that 
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TABLE 4.3 

CRYSTAL 

FACE 

AMOUNT OF CHARGE 

PASSED BEFORE PHASE 

CHANGE OCCURS IN 1st 

MONOLAYER. /pC 

CORRECTED VALUES OF 

CHARGE, ASSUMING A 

ROUGHNESS FACTOR OF 

1.22. /%C cm 

VALUES OF CHARGE 

FROM SUPERLATTICE 

MODEL OF LORENZ. 
-2 

/uC cm 

{110} 91 75 68 

{100} 125 102 96 

{111} 60 50 53 

Values of the charge at which the phase transition occurs in the first 

monolayer region together with values calculated from the superlattice 

model, assuming all favourable adsorption sites have been filled. 

I t i s , in f a c t p o s s i b l e to h a v e a h i g h e r c o n c e n t r a t i o n o f d e p o s i t e d 

a t o m s o n t h e {ill} p l a n e t h a n t h a t s h o w n in t h e a b o v e T a b l e : t h i s 

w a s n o t c o n s i d e r e d b y L o r e n z t h o u g h . 
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Fig. 4.22 Lorenz' superlattice model for 

the adsorption of thallium on different 

crystal planes of silver, (a) jui} orientation 

(b) |llO| orientation (c) |lOO[ orientation. 
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the epoxy electrode housing material was contaminating the solution. Any 

agreement between their monolayer charges, and those expected from the 

superlattice model must be fortuitous. Mechanical polishing of the single 

crystals used in the present work, produced voltammograms identical to 

Fig. 4.1 in all cases,but unlike the results of Lorenz et al., the charge 

values were virtually independent of orientation. 

Charge values calculated from the superlattice model are also 

shown in Table 4.3. It can be seen that there is good agreement between the 

experimental values of charge, corrected for surface roughness, and 

those calculated from the superlattice model. This stongly suggests that 

the adsorption process proceeds until all the favourable adsorption sites 

are occupied. It is important to stress however, that if the points at 

which phase transformation occurs, represent true thermodynamic potentials, 

they are not determined by the number of adsorption sites available on a 

particular orientation but principally by the energy of interaction of the 

close packed monolayer phase, with the surface crystal plane of the elec-

trode. In the present case, for the (ill) and (lOO) orientations, the 

adsorption sites do appear to be fully occupied before phase transformation 

occurs; on the tllO} plane however, the transition seems to occur before 

the adsorption sites are completely filled. It is perfectly feasible for 

crystal phase formation to occur before any, or only a small amount, of 

adsorption has taken place, provided that the negative free energy change 

associated with this process is more favourable than that associated with 

adsorption. 

Table 4.1 shows the potential at which the adsorption process 

starts on the different crystal planes. It can be seen that deposition 

starts at considerably lower potentials on the tllO) and (lOO) planes, 

than on the {111}. It is likely that deposition will be most favoured 

when an adsorbed atom can interact with the greatest number of atoms in the 

substrate. This can be illustrated with Fig. 4.23 which shows the atomic 
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arrangements on the surface of each crystal. A silver atom on the surface 

of the illO}, i. 100} and I 111) planes will have respectively, 5, 4 and 3 

closest neighbours. In the I 110} case, 4 neighbours are in the same plane 

as each other and the 5th is in the plane below.A thallium atom is slightly 

larger than a silver atom and consequently could not interact equally with 

5 silver atoms in the ( l i o ) surface and so the adsorption sites on this 

plane would only be slightly more favourable than those on the I 100} plane. 

The deposition starting potentials shown in Table 4.1 would therefore seem 

to reflect the differences in adsorption energy for a thallium atom on the 

different crystal planes. 

It is interesting to note that these structural effects on the 

adsorption energy appear to greatly outweigh the effects of differences in 

the ionic contribution to the bonding due to variations in the work 

function with crystal orientation. The point of zero charge values for the 

{ill}, {100} and {110} faces of silver are -690mV, -910mV and -1010mV 

100 
( vs. S.C.E. ) respectively. If the work function values are correlated 

101 

with these in the usual way, then the underpotential deposition should 

commence at the most cathodic potential on the (llO} face and the least 

cathodic potential on the {ill} face, whereas the experimental data. Table 

4.1, are completely opposite to this.Moreover, the magnitude of the 

differences between these starting potentials are very much smaller than 

would be expected from the slope of the plot obtained by the treatment of 
57 

Gerischer et al., e.g. a measured difference of + 38mV between the values 

for the {111} and {lio} planes compared with a calculated difference of 

-140mV on this treatment. 

4.7 THE SECOND MONOLAYER FORMATION^ 

The voltammetry peak structure in the region of the second monolayer 

is also dependent on the substrate orientation although not to the same 

extent as the first layer. This suggests that the effects of the substrate 
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structure are still important even though charge values indicate that the 

final form of the first monolayer is a close packed thallium layer in all 

cases. This behaviour can be explained with reference to Fig. 4.23 showing 

the hard sphere models of the different crystal faces. After formation 

of the first monolayer on the (ill) face, the surface will consist of 

a close packed thallium layer on a close packed silver surface, there are 

no particularly favourable sites for adsorption and nucleation and crystal 

growth of the second layer, starts directly. 

In contrast, crystal phase formation of the second monolayer on 

the {100} and {110} planes ( in the latter case, there is no firm evidence 

for it ), is preceeded by an appreciable amount of adsorption and it is 

possible to envisage the existence of special adsorption sites for these 

two orientations, similar to those in the underlying silver surface. A 

number of thallium atoms in the close packed first layer will lie above 

the specially favourable sites for adsorption on the silver substrate and 

could possibly move down slightly into the silver surface to occupy these 

sites. This process would create adsorption sites in the first layer for 

the second layer and by this means the structure of the underlying 

substrate would be partly reproduced in the first close packed thallium 

layer without greatly affecting the number of atoms in the layer (the latter 

quantity being almost identical for the three orientations). 

4.8 EFFECT OP SUBSTRATE ORIENTATION ON THE CBYSTAllINE PHASE PROPERTIES 

OF THE DEPOSIT. 

The fact has already been pointed out, that the deposition of a 

monolayer phase of constant activity, should occur at a single potential. 

If the growth process involves a rearrangement of an existing adsorbed 

layer, as is the case here, one is concerned with a phase transformation 

as well as a crystal growth process. A 'first order' phase transformation 

process would occur at a single potential, however a'second order' or 
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'continuous' transition, i.e. one whose rate depends on the extent of the 

102 

transformation, would occur over a range of potential. Many examples of 

first and second order transformations, involving adsorbed gas layers on 

solid metals, are available but comparatively little information has been 

published about such processes occurring in the liquid phase. Much of the 

earlier work in this area is suspect on account of poor surface definition. 

The same criticism would seem to apply to much of the published work on 

underpotential deposition. 

Another factor which could cause the crystal phase deposition 

to occur over a range of potential, is electrode surface heterogeneity. 

The extent of this in the present case must be reasonably small, as 

identical voltammetry results were obtained on dislocation free micro-

electrodes and also epitaxially deposited silver films ( {111} orientation ) 

The effect of substrate orientation on the properties of the 

crystalline phase will now be considered more closely. The results from 

the potential decay experiments, shown in Fig. 4.24, will be used in this 

discussion. In each case, these plots show regions of slow decay in the 

range of potential previously assigned to crystal plane formation and 

removal, although these are hardly discernible for the {110} orientation. 

In particular, for the {111} orientation, these regions are very sharply 

defined plateaux indicating that the corresponding monolayers are well 

defined phases, which show only a small activity change over a wide range 

of surface coverage. This behaviour contrasts strongly with earlier assum-

ptions concerning the nature of underpotential monolayers, i.e. it was 

assumed that the activity of the deposit was a linear function of the 

fraction of surface covered. 

It is interesting to consider why the phase layers formed on each 

single crystal should have markedly different properties. Fig. 4.24 shows 

that for the {110} face the phase layer seems to have an activity which 

varies considerably with surface coverage, in marked contrast to the {111} 
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face. The {100} face results fall between these two extremes. The reason 

for this difference is almost certainly due to the distortion of the 

monolayer structure by the structure of the substrate as discussed above. 

Although charge measurements indicate that the complete ( first ) 

monolayer exists as a close packed layer in all cases, this will be 

distorted to an extent depending on the substrate structure. For the {110} 

orientation, which is the least densely packed of the three crystals used, 

this distortion would be greatest and moreover would be expected to decrease 

with increasing surface coverage as the monolayer structure becomes 

progressively less able to be moulded by the substrate. This would result 

in a coverage dependent activity, as found experimentally. However, for 

the {111} substrate, its close packed surface layer presents a relatively 

flat profile for the depositing monolayer phase and comparatively little 

distortion would be expected. 

The features found in Fig. 4.24 correlate well with the voltammetry 

in that very sharp peaks are found on the {111} orientation, whilst the 

{110} crystal produces quite broad phase peaks. However, in voltammetry 

experiments, the sharpness of a phase peak increases with 

decreasing sweep speed until a limiting peak width is obtained. This effect 

is caused by the relatively slow rate of the phase formation process 

rather than the activity/coverage relationship varying with sweep speed. 

Any kinetic influence on Fig. 4.24 can be ignored as these results were 

recorded at sufficiently slow stripping rates for such effects to be absent. 

It is interesting to compare these results with those predicted 

57 

from the theory of Gerischer et al. relating underpotential shifts to the 

work function difference between the substrate and the deposited metal. 

These workers used data obtained with polycrystalline electrodes to illus-

trate their correlation,which showed no distinction between adsorption 

and crystal phase formation and consequently the significance of the 

potentials used is not clear. It has already been shown that this correlation 
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does not hold for Che potentials at which the onset of adsorption was 

observed; these were, in fact, in the reverse order to that predicted. 

However, it would seem most reasonable to apply the correlation to the 

crystalline phase formation potentials,since the work functions are prop-

erties of crystalline phases; it would be expected that the underpotential 

shifts of the phase peaks in the voltammogranis would provide an accurate 

test of the Gerischer theory. Although, for the {110} orientation, Fig. 

4.24 (c) does not provide a simple value for the equilibrium phase poten-

tial ( first monolayer ), a value can be estimated fairly accurately 

from the voltammetry, as the equilibrium phase potentials for the other 

two faces coincide with the start of the phase peak in the voltammetry. 

The mean phase potentials for the first thallium monolayer, on the 

different orientations, are tabulated in Table 4.4. 

The work function theory predicts the underpotential shift on 

the {111} plane to be 140mV larger than on the {110} ( these figures were 

calculated assuming the work function of the .monolayer phase to be indep-

endent of the substrate which is justifiable as the phase structure on 

all faces seems to be close packed ). These calculated values give better 

agreement with the experimental values in Table 4.4, than was found for 

the adsorption potentials. The difference between the {111} and {100} 

planes is similar to that expected from theory but the {110} potential 

appears in the wrong position in the sequence. Such a disagreement is to 

be expected since the theory takes no account of the epitaxial relations-

hips between the substrate and the deposit and the way in which these 

govern the interactions between them and affect the structure of the dep-

osited phase layer. It seems that a model incorporating such interactions 

is.needed. A complete simulation of a close packed thallium or lead layer 

on top of the different silver faces, invoIving lattice distortion effects, 

would be difficult. Nevertheless it seems probable that, neglecting 

monolayer lattice distortion, the amount of overlap between a close packed 
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TABLE 4.4 

CRYSTAL FACE 
THALLIUM PHASE POTENTIAL 

(1st. MONOLAYER)/mV 

{111} -523 

{TOO} -633 

{110} -571 

Table showing the phase potential of the thallium 

monolayer ( 1st. ) on the different crystal planes. 

Solution, as in Fig. 4.5. 

TABLE 4.5 

CRYSTAL FACE AMOUNT OF FREE SPACE /% 

{111} 9.5 

{100} 21.2 

{110} 44.6 

Table showing the variation in the amount of free 

space at the surface, for the different silver orientations, 
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layer of thallium and the various crystal faces of silver, would be highly 

dependent on the packing density in the surface of the substrate, i.e. 

maximum overlap would occur with a monolayer on top of the most densely 

packed silver lattice ( the {111} ) and the smallest overlap with the 

least densely packed lattice ( the {110} ). It is probable that maximum 

overlap between monolayer phase and substrate would favour phase forma-

tion at the most anodic potential, i.e. whilst lattice energy is gained 

by forming a crystal plane, it is important not to lose too much bond 

energy by sacrificing interactions with the substrate. Table 4.5 gives 

the amount of'free'space at the surface of each single crystal, calcul-

ated from a hard sphere model. These figures would predict a phase potential/ 

orientation sequence with the same order as that obtained from the work 

function theory. It would appear therefore, that the deformation of the 

close packed monolayer phase on the {110} surface increases bonding with 

the substrate sufficiently to allow phase formation to occur at a more anodic 

potential than would be expected if no distortion occurred. This would also 

be accompanied by the loss of a certain amount of lattice energy associated 

with the formation of a close packed plane. This would occur to a much 

smaller extent on the {100} surface. 

It is evident from these results, that any model which success-

fully describes quantitatively the variations of underpotential shift 

with different metal couples, must consider structural interactions in 

addition to work function differences. 

4.9 THE EFFECT OF ANIONS. pH AND THALLIUM ION CONCENTRATION. 

In addition to the studies in sulphate solutions, thallium depos-

ition from perchlorate, fluoride, acetate and chloride base electolytes, 

has been investigated. The results showed that, provided the system anion 

is not extensively specifically adsorbed on the electrode ( ClO^", p", SO^^" 

and CHgCOO fall into this category ) the qualitative features of the 
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linear sweep voltammetry were identical in all cases. However, the 

results from solutions containing an ion e.g. chloride, which does under-

go specific adsorption on the electrode, were markedly different. L.S.V.'s 

for thallium deposition from chloride ion solutions, are shown in Fig. 4.25 

for the three crystal faces. It is clear that the chloride ion has a 

pronounced effect on the mechanism of the U.P.D. process and the simple 

pattern observed, e.g. in sulphate ion solutions, is no longer followed. 

The underpotential shift, AU^, ( the potential difference bet-

ween the stripping peaks of monolayer and bulk deposits)) is considerably 

smaller than that found in sulphate and perchlorate solutions etc.. For 

example, for the first monolayer phase peak on the {111} face, AU at 

- 1 
30mV s in the solution 0.75mM Tl.SO,/ 0.5M NaClO,/ lOmM HCIO, is 

2 4 4 4 

267mV. whereas in 0.32mM Tl.SO,/ 0.3N KCl/ ImM HCIO., AU is 193mV. 
2 4 4 p 

The magnitude of the underpotential shift is a function of the difference 

in strength between the chloride ion interactions with silver or thallium 

and also of the way in which the silver—thallium interaction is modified 

by the presence of adsorbed chloride on the thallium. 

It would be expected that the substrate silver would have a 

greater affinity for chloride ion adsorption than the thallium ( being 

the more electronegative metal ). This effect alone would cause the 

effective electronegativity difference and hence the underpotential shift, 

to decrease ( i.e. more energy is lost breaking silver-chloride bonds 

than is gained forming thallium—chloride bonds ). In addition, any red-

uction of the 5+ charge on the thallium atoms through bonding with the 

chloride ions, would also reduce the strength of bonding with silver. 

Many previous studies of U.P.D. have been carried out in chloride 

ion solutions but the present results show that the behaviour obtained in 

this medium, is complex even on single crystals. 

Although the L.S.V. results from the solutions containing anions 
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i/uA cm 

-200 -400 -600 
E/mV 

Fig. 4.25 (a). L.S.V. for thallium deposition on the {110} plane of silver 

from a chloride containing electrolyte. Solution, 0.32mM TlgSO^/ 0.3M KCl/ 

ImM HCIO^. Sweep speed, 30mV s ^. 
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i/yA cm 

--300 

-600 -800 
E/mV 

Fig. 4.25 (c). L.S.V. for thallium deposition on the fill} plane of silver from 

a chloride containing electrolyte. Solution, as in Fig. 4.25 (a). Sweep speed 

30mV s ^. 
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which are not extensively specifically adsorbed on the electrode ( ClO^ , 

SO 
2 -

, F and CH^COg ) were qualitatively identical to each other, there 

were small quantitive differences; these were: 

1. For a constant total thallium concentration of 1.5mM, the bulk rever-

sible potentials and hence the potentials of the underpotential peaks, 

varied with the anion, depending on the actual activity of a thallium 

ion in the different solutions. Any complexing between the anion and 

thallium ions would reduce the activity of the latter and correspondingly 

move the deposition peaks to more cathodic potentials. For example, see 

Table 4.6. The ( i.e. ) value obtained in perchlorate solutions 

is identical to that obtained from the Nernst equation assuming the thallium 

ion activity to be equal to the bulk concentration of thallium. This 

implies that virtually no complexing takes place between thallium and 

perchlorate ions. However, in sulphate ion solutions, the complexing is 

-4 
such as to reduce the effective thallium ion activity to 4.1 x 10 . The 

complex responsible for this effect is presumably Na^SO^.STlgSO^, which 

1 0 3 
has been reported in Tl_SO,/Na_SO, solutions. 

/ 4 2 4 

2. The underpotential shifts of the various peaks varied slightly depending 

on the nature of the anion, e.g. the AU values, for the peak on the 

{111} face, vary as shown in Table 4.7. The effect of specific ion ad-

sorption on underpotential shift, has already been discussed. These 

results suggest that the tendency of the perchlorate ion to specifically 

adsorb, was somewhat less than that of the other anions, but it is gen-

erally accepted that the fluoride ion has a lower tendency for adsorption 

than the perchlorate ion. However, a comparison of the extent of specific 

adsorption based on the AU values alone is only valid provided that the 

ratio of the quantity, 

fraction of electrode surface covered by anion(8=0) 

fraction of deposit surface covered by anion (8=1) 
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ANION CHgCOg" cio*- F" so^2-

Ep/mV -769 -746 -755 -779 

SOLUTION 
A B C D 

COMPOSITION 

Variation in E for different base electrolyte anions, for a total 

thallium ion concentration of 1.5mM. Solution compositions, as shown 

below. 

A 

B 

C = 1.5mM TIF/ 0.2M NaF/ 3.5mM HF 

D 

l.SmM TlfCHgCOg)/ 0.5M NaCCB^COg)/ O.IM CH^COgH 

0.75mM Tl.SO,/ 0.5M NaClO, 
2 4 4 

0.75mM TlgSO^/ 0.5M NagSO^/ ImM HCIO^ 

TABLE 4.7 

ANION CHgCOg" CIO*- F " s o / -

AU /mV 249 254 245 244 

The variation in underpotential shift ( here defined as - cathodic 

peak potential ) for the peak on the {111} plane, depending on the 

nature of the base electrolyte anion. Solution compositions, as in 

Table 4.6. The AU values were measured at a sweep speed of 30mV s 
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is constant for all anions (8=fraction of surface covered by deposited 

metal). If, for example, this ratio was higher for fluoride than for 

perchlorate, even though the absolute amount of specific adsorption of 

fluoride might be less than that of perchlorate, the AU value would be 

greater in the latter solution. 

3. The difference in AU values between sulphate ion and perchlorate ion 

solutions, should be reflected in the measured charge values corresponding 

to coverage by one or two monolayers, as this quantity is sensitive to 

anion ad/de-sorption processes. The average values measured for the {111} 

~ 1 
face, at lOOmV s ( the charge values were virtually independent of sweep 

- 1 
speed when l<6<300mV s ) as a function of anion, are shown in Table 4.8. 

These figures substantiate the conclusions based on AU values. They show 
P 

that the roughness factor already quoted, from the results in sulphate 

ion solutions, i.e. 1.22, was a composite of both a genuine roughness 

factor and a factor due to anion effects. For example, in perchlorate ion 

solutions, the apparent roughness factor, i.e., 

experimental monolayer charge ( for close packed thallium layer ) 

calculated charge for a close packed thallium layer 

= 1.14 

Hence, it is important to use an apparent roughness factor appropriate to 

the anion being used, in calculations involving charge values. 

. Apart from the effects already mentioned, it would appear that, 

provided the base electrolyte anion is not specifically adsorbed on the 

electrode or deposit to any great extent, the underpotential deposition 

mechanism is independent of the nature of the anion. 

4.9(b) pH EFFECTS. 

Acid concentrations of O.OOIM and O.OIM HCIO, have no effect on 
4 

the voltammetry or potential step results, At concentrations as high as 

O.IM, hydrogen adsorption/evolution processes begin to occur before the 
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1 3 0 . 

ANION CHgCOg" cio*- s o / -

CHARGE 

VALUE UP 

TO POINT X 

-2 
/wC cm ^ 

198 184 196 

Variation of the cathodic charge ( double layer charging 

subtracted ),for the first monolayer on the {111} plane, 

with base electrolyte anion. The values were obtained from 

- 1 
linear sweeps at lOOmV s 
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d e p o s i t i o n p r o c e s s b e g i n s ; h o w e v e r , t h e m u c h h i g h e r h y d r o g e n o v e r p o t e n t i a l 

o n t h a l l i u m a s o p p o s e d t o s i l v e r , p r e v e n t s h y d r o g e n e v o l u t i o n o n c e a 

s i g n i f i c a n t q u a n t i t y o f m e t a l h a s b e e n d e p o s i t e d . A p a r t f r o m t h i s e f f e c t , 

v a r y i n g t h e s o l u t i o n p H a p p e a r s t o h a v e n o e f f e c t o n t h e d e p o s i t i o n 

m e c h a n i s m . 

4 . 9 ( c ) C O N C E N T R A T I O N E F F E C T S . 

T h e e f f e c t o n t h e v o l t a m m e t r y o f v a r y i n g t h e t h a l l i u m i o n c o n c -

n t r a t i o n h a s a l s o b e e n i n v e s t i g a t e d o n t h e |lOO| a n d ]lll} p l a n e s . T h e 

s o l u t i o n c o m p o s i t i o n u s e d f o r t h e s e e x p e r i m e n t s w a s , x m M T l ^ S O ^ / O . I M 

N a ^ S O ^ , w h e r e t h e v a l u e o f x w a s i n t h e r a n g e 0 . 7 5 to 2 5 m M . 

O n t h e |lOO[ f a c e , a t a l l c o n c e n t r a t i o n s t h e a p p e a r a n c e o f t h e 

v o l t a m m e t r y w a s a s s h o w n i n F i g . 4 . 5 ( b ) . O n t h e |lll| f a c e h o w e v e r , t h e 

a d s o r p t i o n p e a k A^^ v i r t u a l l y d i s a p p e a r e d a t h i g h t h a l l i u m i o n c o n c e n t r a t i o n s . 

T h e q u a n t i t a t i v e d i f f e r e n c e s i n t h e v o l t a m m o g r a m s o n t h e t w o c r y s t a l f a c e s 

h a v e b e e n e x a m i n e d b y m e a s u r i n g t h e u n d e r p o t e n t i a l s h i f t o f t h e A ^ a n d A 

p e a k s a s a f u n c t i o n o f c o n c e n t r a t i o n a n d h e n c e r e v e r s i b l e p o t e n t i a l 

( b s r e t h e u n d e r p o t e n t i a l s h i f t is d e f i n e d a s E ^ - c a t h o d i c p e a k p o t e n t i a l ). 

A p l o t o f "VS. E ^ f o r t h e A ^ a n d A ^ p e a k s o n t h e t w o c r y s t a l f a c e s is 

s h o w n in F i g . 4 . 2 6 . I t is s e e n t h a t a l i n e a r r e l a t i o n s h i p e x i s t s b e t w e e n 

t h e s e t w o q u a n t i t i e s i n a l l c a s e s , w i t h t h e s h i f t s d e c r e a s i n g w i t h i n c r e a s -

i n g t h a l l i u m i o n c o n c e n t r a t i o n . S u c h a c o n c e n t r a t i o n d e p e n d e n c e h a s n o t b e e n 
57 

r e p o r t e d b e f o r e , i n d e e d G e r i s c h e r e t a l . s t a t e d t h a t t h e u n d e r p o t e n t i a l 

s h i f t w o u l d b e i n s e n s i t i v e t o c o n c e n t r a t i o n c h a n g e s . 

T h e e x p l a n a t i o n f o r s u c h a n e f f e c t is p r o b a b l y r e l a t e d t o a n i o n 

a d s o r p t i o n . I t h a s a l r e a d y b e e n s h o w n t h a t s u c h a p r o c e s s c a n r e s u l t in a 

c o n s i d e r a b l e r e d u c t i o n i n t h e u n d e r p o t e n t i a l s h i f t . I n t h e p r e s e n t c a s e , 

a s t h e t h a l l i u m i o n c o n c e n t r a t i o n is i n c r e a s e d , t h e r e v e r s i b l e p o t e n t i a l 

a n d h e n c e t h e u n d e r p o t e n t i a l p e a k s , m o v e i n a p o s i t i v e d i r e c t i o n . T h i s 

r e s u l t s i n t h e m o n o l a y e r d e p o s i t i o n p r o c e s s s t a r t i n g w i t h p r o g r e s s i v e l y 

h i g h e r p o s i t i v e c h a r g e s o n t h e s u b s t r a t e a n d h e n c e a n i n c r e a s i n g i n f l u e n c e 
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of anion specific adsorption should be noticed. This situation would result 

i n a g r a d u a l r e d u c t i o n i n the underpotential s h i f t v a l u e s a s a n i o n a d s o r p -

t i o n b e c o m e s p r o g r e s s i v e l y m o r e f a v o u r a b l e , f o r t h e r e a s o n s a l r e a d y d i s c u s s e d 

in 4 . 9 ( a ) . 

I t s h o u l d b e n o t e d h o w e v e r , t h a t a n a d d i t i o n a l f a c t o r h a s to b e 

t a k e n i n t o a c c o u n t w h e n t h e t h a l l i u m i o n c o n c e n t r a t i o n is c h a n g e d . T h e 

effective electronegativity or work function of the substrate is dependent 

o n i t s p o t e n t i a l a n d t h e r e f o r e , f o r a d e p o s i t i o n r e a c t i o n w i t h i n c r e a s i n g 

m e t a l i o n c o n c e n t r a t i o n , t h e e f f e c t i v e e l e c t r o n e g a t i v i t y o f t h e s u b s t r a t e 

w i l l i n c r e a s e a s t h e r e v e r s i b l e p o t e n t i a l m o v e s m o r e p o s i t i v e . F o r t h e a d -

s o r p t i o n p a r t o f U . P . D . , w h e n o n l y d i s c r e t e a d - a t o m s a r e p r e s e n t o n t h e 

s u r f a c e , t h e v a r i a t i o n i n s u r f a c e c h a r g e , f o r a g i v e n m e t a l c o v e r a g e , w i t h 

i n c r e a s i n g m e t a l i o n c o n c e n t r a t i o n , s h o u l d b e r e s t r i c t e d to t h e s u b s t r a t e 

o n l y . H e n c e t h e a p p a r e n t e l e c t r o n e g a t i v i t y d i f f e r e n c e b e t w e e n t h e t w o m e t a l s 

w i l l i n c r e a s e ( t h e s u b s t r a t e b e i n g t h e m o r e e l e c t r o n e g a t i v e e l e m e n t ) 

a n d c o r r e s p o n d i n g l y t h e u n d e r p o t e n t i a l s h i f t s h o u l d i n c r e a s e . I n t h e p r e s e n t 

c a s e ® f t h a l l i u m d e p o s i t i o n , it w o u l d s e e m t h a t t h e a n i o n a d s o r p t i o n 

e f f e c t s o u t w e i g h t h e e f f e c t o f i n c r e a s i n g e l e c t r o n e g a t i v i t y d i f f e r e n c e s . 

H o w e v e r , w i t h t h e U . P . D . o f l e a d on s i l v e r it is f o u n d t h a t t h e u n d e r p o t -

e n t i a l s h i f t s a s s o c i a t e d w i t h b o t h t h e a d s o r p t i o n a n d c r y s t a l p h a s e p e a k s 

s h o w n o d e p e n d e n c e o n t h e l e a d i o n c o n c e n t r a t i o n . I n t h i s s y s t e m t h e r e f o r e , 

t h e e l e c t r o n e g a t i v i t y f a c t o r m u s t h a v e a n e q u a l a n d o p p o s i t e e f f e c t to a n i o n 

a d s o r p t i o n . 

It is i n t e r e s t i n g to n o t e t h a t t h e i n c r e a s e d u n d e r p o t e n t i a l s h i f t s 

w h i c h w o u l d r e s u l t f r o m t h e g r e a t e r a p p a r e n t e l e c t r o n e g a t i v i t y d i f f e r e n c e s 

b e t w e e n s u b s t r a t e a n d d e p o s i t a t h i g h e r m e t a l i o n c o n c e n t r a t i o n s , s h o u l d b e 

r e s t r i c t e d to t h e a d s o r b e d l a y e r o n l y . F o r t h e c r y s t a l l i n e p h a s e l a y e r , t h e 

s u r f a c e c h a r g e w o u l d m o s t l i k e l y r e s i d e i n t h e m o n o l a y e r r a t h e r t h a n o n t h e 

s u b s t r a t e a s is t h e c a s e f o r t h e a d s o r b e d l a y e r . T h i s e f f e c t w o u l d i n c r e a s e 

t h e e l e c t r o n e g a t i v i t y o f t h e d e p o s i t a n d h e n c e t h e a p p a r e n t e l e c t r o n e g a t i v i t y 
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d i f f e r e n c e s w o u l d d e c r e a s e . T h i s w o u l d p r e d i c t a r e d u c t i o n in t h e u n d e r -

p o t e n t i a l s h i f t v a l u e s a t h i g h e r m e t a l i o n c o n c e n t r a t i o n s . 

C l e a r l y t h e r e a r e s e v e r a l f a c t o r s w h i c h h a v e to b e a c c o u n t e d f o r in 

a rigorous treatment of underpotential shift. The correlation of Gerischer 

jet_al. is o n l y r e a s o n a b l e w h e n a p p l i e d o v e r a w i d e r a n g e o f m e t a l i o n 

c o u p l e s . 

T h e d i s a p p e a r a n c e o f t h e p e a k o n t h e |lll| f a c e , a t h i g h e r m e t a l 

ion concentrations suggests that the adsorption sites on this plane are 

n o l o n g e r a v a i l a b l e . I t i s p o s s i b l e t h a t t h i s p e a k r e p r e s e n t s a d s o r p t i o n 

a t s i t e s a s s o c i a t e d w i t h s u r f a c e d e f e c t s r a t h e r t h a n t h e t h r e e c o - o r d i n a t e 

p l a n a r s i t e s a s a s s u m e d u p t i l l n o w . I t w i l l b e s h o w n in C h a p t e r 5 t h a t 

t h e s e d e f e c t s i t e s a r e t h e m o s t f a v o u r a b l e f o r a n i o n a d s o r p t i o n . 
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A D S O R B E D L A Y E R ]lll[ 

A D S O R B E D L A Y E R jlOO} 

CRYSTAL PHASE 

L A Y E R |lll| 
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CRYSTAL PHASE 

y / L A Y E R |100( 

130 
750 

E ^ / m V v s . S.C.E. 

F i g . 4 . 2 6 P l o t o f u n d e r p o t e n t i a l s h i f t v s . r e v e r s i b l e p o t e n t i a l 

f o r t h e A ^ a n d A ^ p e a k s o n t h e | l l l | a n d |l00| f a c e s . 

S o l u t i o n , x m M T l ^ S O ^ / O . l M N a ^ S O ^ , w h e r e x w a s in t h e r a n g e 

0.75 to 25. 



C H A P T E R F I V E : U N D E R P O T E N T I A L D E P O S I T I O N O F L E A D O N S I L V E R . 
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5.0 INTRODUCTION. 

The mechanism observed for the U.P.D. of thallium on silver, i.e. 

adsorption/phase transformation-crystal growth, needs to be tested in 

other systems before a general rule can be stated; in particular, more 

information on the nucleation process occurring, is needed. Lead deposition 

on silver is a suitable system as alloy formation does not occur and the 

underpotential shifts involved, although smaller than those observed in the 

thallium system, are of sufficient magnitude for the component steps in U.P.D. 

to be resolved. 

49. 

A previous study of this system, in chloride ion media, using 

mechanically polished silver electrodes, indicated that anion ad-/desorption 

processes were occurring simultaneously with metal deposition/dissolution. 

Consequently, the effect of anions is reported in detail in this chapter, 

together with pH dependent effects. 

5.1 U.P.D. OF LEAD ON POLYCRYSTALLINE SILVER. 

The same conclusions with regard to mechanically polished elec-

trodes, i.e. voltammetry with no fine structure and anomalous optical 

behaviour, found for thallium deposition, are equally applicable to the 

lead results. 

The L.S.V. for lead deposition on chemically polished, poly-

crystalline silver, from a perchlorate ion electrolyte, is shown in Fig. 

5.1. Again, a large amount of fine structure is visible corresponding to 

deposition on the different crystal faces present in the polycryatalline 

surface. However, in this case the amount of metal deposited at an under-

potential is restricted to a single monolayer. 

5.2 U.P.D. OF LEAD ON SINGLE CRYSTAL SILVER. 

The following systems have been studied in detail on single 

crystal silver: 

xM PbO/ 0.5M HCIO^ 

( 0.001<x<0.05 ) 
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i/uA cm 

E/mV vs. S.C.E 

Fig. 5.1. Linear sweep voltammogram for lead deposition on a chemically 

polished polycrystalline silver electrode. Solution, ImM Pb(C10^)2/ 0.5M NaClO^/ 

ImM HCIO^. Sweep speed, lOmV s 
- 1 



xM PbO/ yM HCIO^/ 0.5M NaClO^ 

1 3 6 , 

( X = 0.05, y = 2x or 0.011 ) 

xM Pb(CH2C02)2/ 0.5M NaCCH^CO^)/ yM CH^COgH 

( 0.0015<x<0.1, 0<y<0.1 ) 

O.OOIM PbClg/ 0.3M KCl/ ImM HCIO^ 

0.003M PbCCH^COg)^/ O.IM citric acid/ 0.2M NaOH/ 0.5M NaClO^ 

In addition to this, several other solution compositions were used 

occasionally and these will be referred to when necessary. 

Such a wide variation in solution composition and concentration 

was necessary to understand all the variables affecting the deposition. 

This illustrates the increased complexity of this system relative to the 

thallium behaviour, where anion and pH effects were relatively unimportant. 

Firstly, the similarities and differences to the thallium 

system will be illustrated with results from 5mN PbO/ 0.5M HCIO^. The 

perchlorate anion, on account of its low tendency for specific adsorption, 

should allow the deposition behaviour to be most readily observed indep-

endent of anion effects. This oxide/acid combination has been commonly 
64,72,74,77 

employed as a medium for the U.P.D. of lead onto gold. 

5.3 RESUITS FROM 5mM PbO/ 0.5M HCIO^ 

L.S.V.'s for the three single crystals, recorded at a sweep 

speed of 30mV s are shown in Fig. 5.2. The results obtained for the 

{111} and {100} faces were independent of whether the potential scan was 

repetitive or single. This was n o t true f o r t h e { 1 1 0 } f a c e h o w e v e r . 

That shown in Fig. 5.2 is the result of a single potential scan and is 

most appropriate f o r the p r e s e n t p u r p o s e o f comparing t h e results obtained 

for lead deposition with those expected for an adsorption/phase transform-

ation mechanism. 

The cathodic peak potentials on the different crystal planes, 



137, 

i/uA cm 

E / m V v s . E p ^ y p ^ 2 + 

Fig. 5.2(a). L.S.V. for lead deposition on the {111} face of silver. 

Solution, 5mM PbO/ 0.5M HCIO^. Sweep speed, 30mV s ^. 
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i/uA cm 

E/mV vs. Ep^yp^2+ 

Fig. 5.2(b). L.S.V. for lead deposition on the {100} face of silver. 

Solution, as in Fig. 5.2(a). Sweep speed, 30mV s ^. 



139. 

i/uA cm 

E/mV vs. Epb/pb 2+ 

Fig. 5.2(c). L.S.V. for lead deposition on the {110} face of silver. 

Solution and sweep speed,as in Fig. 5.2(a). This result was obtained from a 

single potential scan only ( see text ). 



TABLE 5.1 
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CRYSTAL 

FACE 
A^/mV Ag/mV Ag/mV 

{110} +167 +133 

{100} +139 +106 

{111} +170 +148 +108 

Table showing peak potentials for lead deposition on different 

faces of silver. Solution, 5mM PbO/ 0.5M HCIO ; sweep speed, 

30mV s Potentials are with respect to E_,2+,_, 
Pb /Pb 

TABLE 5.2 

CRYSTAL 

FACE 

AMOUNT OF 'q' 

PASSED UP TO 

BULK DEPSN. 

/wC 

AMOUNT OF 'q' 

CONTAINED IN 

A^ PEAK 

-2 
/wC cm 

VALUE OF 'q' 

WITH ROUGHNESS 

FACTOR OF 1.1 

-2 
/wC cm 

VALUE OF 'q' 

FROM SUPER-

LATTICE MODEL 

/wC cm ^ 

{111} 334±4 20-30 18-27 106 

{100} 337±3 ^205 186 192 

{110} 383+6 ~162 147 136 

Table showing various charge values ( double layer charging subtracted ) 

for lead deposition on different faces of silver. Solution, 5mM PbO/ 0.5M 

HCIO 
-1 

sweep speed, 30mV s 
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are given in Table 5.1. 

The results for each crystal face will now be discussed separately. 

{111} PACE 

In analogy to the thallium system, the cathodic scan shows three 

peaks, A^, Ag and Ag, in the U.P.D. region,which have the following 

characteristics: 

1. The size, and therefore charge associated with, the A^ and A^ 

peaks, was dependent on surface preparation but the variations always 

affected A^ and A^ to the same extent. The A^ charge was always less than 

- 2 

50^C cm ( subtracting double layer charging ). 

2. Ag, like its thallium counterpart on this orientation, was 

remarkably sharp and shows a characteristic asymmetry with the corres-

ponding anodic peak. Fig. 5.3 shows just the cathodic part of a potential 

- 1 

scan at 10 mV s in this system. This gives a better idea of the sharpness 

of the Ag peak and its size relative to A^ and A^ ( at higher sweep speeds 

the X-Y recorder could not follow the Ag peak exactly ). 

The total cathodic charge ( see Table 5,2 ) flowing before bulk 

deposition occurred was 334±4pC cm ^ ( subtracting double layer charging ). 

The calculated value for a close-packed lead monolayer ( rPb = 1.75A ) is 

""2 

302wC cm . Division of these two quantities yields an 'apparent' roughness 

factor of 1.11 which compares favourably with the value of 1.14 obtained 

from thallium deposition from a perchlorate electrolyte. 
By analogy with the thallium results, the peak A^ must correspond 

to a crystal growth process. 

, . . -2 
Lorenz superlattice model would predict a charge of 106uC cm 

- 2 

( = 117pC cm with a surface roughness factor of 1.1 ) associated with an 

a d s o r p t i o n p r o c e s s on t h i s plane, a n d as pointed out in chapter 4, this 

does not correspond to occupation of all possible sites. As stated already. 
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i/wA cm 

--200 

- - 1 0 0 

" Z & i b r 

E/mV vs. E. 

Fig. 5.3. The cathodic part of an L.S.V. for lead deposition on the {111} 

face. Solution, as in Fig. 5.2(a). Sweep speed, lOmV s ^. 
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t h e m e a s u r e d c h a r g e v a l u e s a r e d e p e n d e n t o n s u r f a c e p r e p a r a t i o n b u t , 

in a n y c a s e , a r e m u c h l e s s t h a n t h i s v a l u e a n d t y p i c a l l y o f t h e o r d e r o f 

_2 

2 0 to 3 0 p C cm . T h e m o s t r e a s o n a b l e e x p l a n a t i o n f o r a p e a k a s s o c i a t e d 

w i t h s u c h a l o w c h a r g e v a l u e is t h a t i t c o r r e s p o n d s to a d s o r p t i o n o c c u r r i n g 

a t d e f e c t s i t e s , e . g . s t e p s , k i n k s e t c . o n t h e e l e c t r o d e s u r f a c e . T h i s 

w o u l d e x p l a i n t h e v a r i a t i o n w i t h s u r f a c e p r e p a r a t i o n . T h e n o r m a l t h r e e c o -

o r d i n a t e a d s o r p t i o n s i t e s a r e n o t s u f f i c i e n t l y f a v o u r a b l e to b e f i l l e d 

b e f o r e t h e f o r m a t i o n o f a t w o - d i m e n s i o n a l c r y s t a l p l a n e b e c o m e s t h e r m o -

d y n a m i c a l l y p o s s i b l e . T h e p l a n a r a d s o r p t i o n s i t e s o n t h e { 1 1 0 } p l a n e a r e 

p o s s i b l y s i m i l a r in e n e r g y to k i n k s i t e s o n t h e {ill} p l a n e . It w i l l b e s e e n 

t h a t a c o n s i d e r a b l e a m o u n t o f a d s o r p t i o n t a k e s p l a c e in t h e f o r m e r c a s e . 

E x p e r i m e n t s o n d i s l o c a t i o n f r e e { i l l } s u r f a c e s s h o u l d b e v i r t u a l l y f r e e 

o f t h e p e a k . 

O n a c c o u n t o f t h e c o r r e l a t i o n in r e l a t i v e s i z e b e t w e e n A ^ a n d 

A ^ i n d i f f e r e n t e x p e r i m e n t s , i t w o u l d s e e m t h a t t h e l a t t e r p e a k is a l s o 

a s s o c i a t e d w i t h t h e d e f e c t s i t e s in t h e e l e c t r o d e . F o r a d i s l o c a t i o n f r e e 

s u r f a c e , a t w o - d i m e n s i o n a l c r y s t a l p l a n e s h o u l d b e d e p o s i t e d o v e r a v e r y 

n a r r o w r a n g e o f p o t e n t i a l a n d o n l y a s i n g l e v o l t a m m e t r y p e a k w o u l d b e s e e n . 

H o w e v e r , s u r f a c e s p o s s e s s i n g a f i n i t e n u m b e r o f d i s l o c a t i o n s , w o u l d h a v e 

f a v o u r a b l e a d s o r p t i o n s i t e s ( p e a k A ^ ), b u t t h e s e w o u l d p r e v e n t t h e 

c o m p l e t e s u r f a c e b e i n g c o v e r e d b y a p e r f e c t , d i s l o c a t i o n f r e e , c r y s t a l 

p l a n e . I n t h e p r e s e n t c a s e , t h e c h a r g e c o r r e s p o n d i n g to A ^ w o u l d s e e m to b e 

a s s o c i a t e d w i t h c r y s t a l p l a n e f o r m a t i o n o n t h e l a r g e l y d i s l o c a t i o n f r e e 

p a r t s o f t h e e l e c t r o d e s u r f a c e , w h e r e a s A ^ r e p r e s e n t s c o m p l e t i o n o f s u r f a c e 
c o v e r a g e , a s s o c i a t e d w i t h g r o w t h c e n t r e s a r o u n d d i s l o c a t i o n s i t e s . 

V O L T A M M E T R Y ON T H E { j O O } F A C E 

T h e v o l t a m m e t r y o n t h i s f a c e s h o w s t w o m a i n p e a k s o n t h e c a t h o d i c 

s c a n , A ^ a n d A ^ , w i t h a s h o u l d e r o n t h e f o r m e r . T h e s h o u l d e r o n l y b e c o m e s 
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a p p a r e n t a t s w e e p s p e e d s l o w e r t h a n 5 0 m V s " ^ . A t h i g h e r s c a n r a t e s , 

a p p e a r s a s a s i n g l e p e a k w i t h n o f i n e s t r u c t u r e . I n a d d i t i o n , t h e r e s o l u t i o n 

o f t h i s f e a t u r e w a s m a r k e d l y d e p e n d e n t o n s u r f a c e p r e p a r a t i o n . I n s o m e 

c a s e s , it w a s h a r d l y v i s i b l e ( s e e F i g . 5.4. ). 

T h e a d s o r p t i o n / p h a s e t r a n s f o r m a t i o n / c r y s t a l g r o w t h m o d e l w o u l d 

p r e d i c t t w o v o l t a m m e t r y p e a k s w i t h t h e m o r e c a t h o d i c o f t h e s e b e i n g s h a r p , 

c o r r e s p o n d i n g to t h e c r y s t a l g r o w t h p r o c e s s a n d a s s o c i a t e d w i t h a n a m o u n t 

o f c h a r g e e q u a l to t h e d i f f e r e n c e i n c a l c u l a t e d c h a r g e s ( m u l t i p l i e d b y 

t h e r o u g h n e s s f a c t o r ) b e t w e e n a c l o s e p a c k e d m o n o l a y e r a n d a s u p e r l a t t i c e 

s t r u c t u r e a p p r o p r i a t e to t h e { 1 0 0 } o r i e n t a t i o n . T h e c a l c u l a t e d c h a r g e s 

f o r t h e s u p e r l a t t i c e m o d e l o f a d s o r p t i o n w e r e g i v e n in T a b l e 5 . 2 t o g e t h e r 

w i t h v a l u e s c a l c u l a t e d f r o m a s u r f a c e r o u g h n e s s f a c t o r o f 1 . 1 . T h e a m o u n t 

o f c h a r g e a s s o c i a t e d w i t h A ^ , g i v e n in T a b l e 5 . 2 , is a n a v e r a g e v a l u e 

f r o m o p t i c a l ( s e c t i o n 5 . 4 ( b ) ) a n d c u c r e n t i n t e g r a t i o n m e a s u r e m e n t s . 

T h e c a l c u l a t e d s u p e r l a t t i c e a n d e x p e r i m e n t a l l y m e a s u r e d c h a r g e s a r e i n 

g o o d a g r e e m e n t , i m p l y i n g t h a t p e a k A^^ r e p r e s e n t s a s i m p l e a d s o r p t i o n p r o c e s s 

w h e r e a l l f a v o u r a b l e s i t e s o n t h e e l e c t r o d e a r e f i l l e d . T h i s is i n e x a c t 

a n a l o g y w i t h t h e t h a l l i u m r e s u l t s o n t h e s a m e c r y s t a l f a c e . T h e s h a r p n e s s 

o f t h e A ^ p e a k c o n f i r m s i t s c r y s t a l g r o w t h c h a r a c t e r , a n d it c o r r e s p o n d s 

to c o m p l e t e c o v e r a g e o f t h e s u r f a c e b y a c l o s e p a c k e d m o n o l a y e r . 

A c o m p l i c a t i o n in t h e r e s u l t s f o r l e a d d e p o s i t i o n o n t h e { 1 0 0 } 

f a c e , c o m p a r e d to t h e t h a l l i u m c a s e , is t h e p r e s e n c e o f t h e s h o u l d e r o n 

t h e a d s o r p t i o n p e a k , A ^ . T h e d e p e n d e n c e o f t h e r e s o l u t i o n o f t h i s s h o u l d e r 

o n s u r f a c e p r e p a r a t i o n , s i m i l a r to t h e A ^ p e a k o n t h e { 1 1 1 } o r i e n t a t i o n , 

w o u l d s u g g e s t t h a t it w a s a s s o c i a t e d w i t h s p e c i a l s u r f a c e s i t e s w h i c h w e r e 

n o t t y p i c a l o f t h e m a j o r i t y , i . e . p l a n a r a d s o r p t i o n s i t e s . T h e e x p l a n a t i o n 

f o r t h e a p p a r e n t a b i l i t y to s e p a r a t e b e t w e e n a d s o r p t i o n a t k i n k a n d s t e p 

s i t e s a n d a d s o r p t i o n a t p l a n a r s i t e s , in t h i s c a s e , w h i l s t n o s u c h d i s t i n c -

t i o n w a s a p p a r e n t o n t h e s a m e f a c e f o r t h a l l i u m d e p o s i t i o n , m u s t b e 
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a t t r i b u t e d to t h e d i f f e r e n c e i n t h e e n e r g y o f i n t e r a c t i o n b e t w e e n a l e a d 

a t o m w i t h s i l v e r a t o m s a t a k i n k s i t e b e i n g g r e a t e r t h a n t h e c o r r e s p o n d i n g 

d i f f e r e n c e f o r a t h a l l i u m a t o m . T h a t t h i s is t h e c a s e c a n b e s e e n f r o m t h e 

p e a k p o t e n t i a l f o r l e a d a n d t h a l l i u m d e p o s i t i o n o n t h e ( l O O l a n d { 1 1 0 } 

f a c e s ( s e e T a b l e 5 . 1 a n d 4 . 1 ). I n t h e t h a l l i u m c a s e , t h e d i f f e r e n c e in 

p o t e n t i a l s f o r t h e p e a k o n t h e { 1 1 0 } a n d { 1 0 0 } f a c e s , is 3 m V w h e r e a s 

in t h e l e a d c a s e , t h e d i f f e r e n c e is 2 8 m V . I n a d d i t i o n , t h e u n d e r p o t e n t i a l 

s h i f t v a l u e s f o r l e a d a r e c o n s i d e r a b l y l o w e r t h a n f o r t h a l l i u m a n d so a 

d i f f e r e n c e in p e a k p o t e n t i a l s o f 2 8 m M , is r e l a t i v e l y m o r e s i g n i f i c a n t in 

t h e U . P . D . o f l e a d t h a n it w o u l d b e f o r t h a l l i u m . T h e p l a n a r a d s o r p t i o n 

s i t e s o n a { 1 1 0 } s u r f a c e a r e s o m e w h a t a n a l o g o u s to k i n k s i t e s o n t h e { l 0 0 } 

s u r f a c e a n d t h e r e f o r e t h e 2 8 m V ( e q i u v a l e n t to 5 . 4 K J m o l ^ ) d i f f e r e n c e in 

p e a k p o t e n t i a l s is a r o u g h m e a s u r e o f t h e d i f f e r e n c e in t h e i n t e r a c t i o n 

e n e r g i e s o f l e a d a t o m s a t k i n k s i t e s a n d p l a n a r s i t e s o n t h e 1 0 0 s u r f a c e 

( t h i s a r g u e m e n t t a k e s i n t o a c c o u n t b o t h t h e w o r k f u n c t i o n a n d s t r u c t u r a l 

e f f e c t o n p e a k p o t e n t i a l v a l u e s ) ( t h e c h a r g e s i n v o l v e d a t t h e A ^ p e a k 

p o t e n t i a l o n t h e { 1 0 0 } a n d { 1 1 0 } f a c e s a r e v e r y s i m i l a r ). I n t h e c a s e o f 

t h a l l i u m d e p o s i t i o n , t h i s d i f f e r e n c e in i n t e r a c t i o n e n e r g y is c o n s i d e r a b l y 

- 1 

s m a l l e r ( 0 . 2 9 K J m o l ) a n d c o n s e q u e n t l y n o s e p a r a t i o n c a n b e s e e n in t h e 

r e s u l t s f r o m t h e { 1 0 0 } f a c e . 

V O L T A M M E T R Y O N T H E { 1 0 0 } F A C E . 

A s m e n t i o n e d a l r e a d y , t h e n a t u r e o f t h e v o l t a m m e t r y o n t h e { 1 1 0 } 

f a c e w a s d e p e n d e n t o n w h e t h e r t h e p o t e n t i a l w a s s c a n n e d c o n t i n u o u s l y in a 

c y c l i c m a n n e r o r n o t . T h i s e f f e c t w a s m o s t p r o n o u n c e d a t h i g h s w e e p s p e e d s 

( g r e a t e r t h a n 7 5 m V s ^ ) a n d is d i s c u s s e d in s e c t i o n 5 . 1 0 ). T h e v o l t a m m -

o g r a m s h o w n in F i g . 5 . 2 w a s t h e r e s u l t o f a s i n g l e p o t e n t i a l s w e e p . 

O n t h e c a t h o d i c s c a n , t h r e e p e a k s a r e o b s e r v e d b e f o r e b u l k d e p -

o s i t i o n c o m m e n c e s . B y a n a l o g y w i t h t h e t h a l l i u m s y s t e m , A ^ a n d A ^ w o u l d 

s e e m to r e p r e s e n t a d s o r p t i o n a n d p h a s e t r a n s f o r m a t i o n / g r o w t h r e s p e c t i v e l y . 

T h e r e l a t i v e s h a p e o f t h e s e p e a k s is v e r y s i m i l a r to t h a t f o u n d f o r t h a l l i u m 
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i/uA cm 

200 TOO 0 

E/mV vs. Ep 

Fig.5.4. An example of an L.S.V. for lead deposition on the {100} 

face, in which the appearance of the shoulder on the adsorption 

peak ( ) is not very apparent. Solution and sweep speed, as in 

Fig. 5.2(a). 
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d e p o s i t i o n o n t h e s a m e c r y s t a l f a c e a n d m o r e o v e r t h e c h a r g e a s s o c i a t e d 

w i t h ( s e e T a b l e 5 . 2 ) is in g o o d a g r e e m e n t w i t h t h e v a l u e c a l c u l a t e d 

f r o m t h e s u p e r l a t t i c e m o d e l , w h e n a s u r f a c e r o u g h n e s s c o r r e c t i o n is m a d e . 

T h i s f i n d i n g s u p p o r t s t h e c o n c l u s i o n t h a t a d s o r p t i o n p r o c e e d s u n t i l a l l 

t h e f a v o u r a b l e s i t e s a r e o c c u p i e d . 

O n t h e { 1 1 1 } a n d { 1 0 0 } f a c e s , s u r f a c e d e f e c t s i t e s , a s s o c i a t e d 

w i t h a h i g h e r c o - o r d i n a t i n g a b i l i t y t h a n p l a n a r s i t e s , s e e m e d to b e in-

f l u e n c i n g t h e o b s e r v e d v o l t a m m e t r y a n d c a u s i n g s o m e s l i g h t v a r i a t i o n 

b e t w e e n d i f f e r e n t p o l i s h i n g s o f t h e e l e c t r o d e . N o s u c h e f f e c t s a r e d i s -

c e r n i b l e o n t h e { 110} f a c e a n d t h e p e a k s h o w s n o s h o u l d e r a s s o c i a t e d 

w i t h a d s o r p t i o n a t s p e c i a l l y f a v o u r a b l e s i t e s c r e a t e d b y d i s l o c a t i o n s e t c . . 

T h i s w o u l d b e e x p e c t e d o n a c c o u n t o f t h e p l a n a r s i t e s o n t h i s c r y s t a l f a c e 

b e i n g p a r t i c u l a r l y f a v o u r a b l e f o r a d s o r p t i o n a n d t h e d i f f e r e n c e in c o -

o r d i n a t i o n o f a l e a d a t o m a d s o r b e d a t a p l a n a r s i t e o r a t a k i n k s i t e , 

w o u l d b e s m a l l a n d h e n c e s u c h e f f e c t s a s w e r e o b s e r v e d o n t h e { 1 0 0 } p l a n e 

w i l l b e a b s e n t . 

T h e t o t a l c h a r g e p a s s e d b e f o r e t h e o n s e t o f b u l k d e p o s i t i o n o n t h i s 

- 2 

f a c e is a p p r o x i m a t e l y 3 8 3 p C c m , w h i c h i s s o m e w h a t h i g h e r t h a n e x p e c t e d 

f o r a c l o s e p a c k e d l a y e r ( 3 3 0 ^ C c m ^ ). T h i s c a n b e a t t r i b u t e d to t h e 

p r e s e n c e o f t h e t h i r d p e a k , B , w h i c h w o u l d s e e m to r e p r e s e n t d e p o s i t i o n 

o c c u r r i n g o n t o p o f t h e c l o s e p a c k e d l e a d m o n o l a y e r . O n t h e { 1 1 1 } a n d 

f l O O } f a c e s , t h e r e w a s n o e v i d e n c e f o r t h e f o r m a t i o n o f a s e c o n d m o n o l a y e r , 

w h e r e a s i n t h e p r e s e n t c a s e , a s i g n i f i c a n t a m o u n t o f d e p o s i t i o n o f a 

s e c o n d l a y e r o c c u r s . T h i s r e s u l t c a n b e e x p l a i n e d b y t h e d i s t o r t i o n o f t h e 

f i r s t c l o s e p a c k e d l a y e r b y t h e s t r u c t u r e o f t h e s u b s t r a t e , a s a l r e a d y 

e x p l a i n e d i n c o n n e c t i o n w i t h t h e t h a l l i u m r e s u l t s . O n t h e { 1 1 0 } f a c e , t h e 

' o p e n ' s t r u c t u r e o f t h e s u b s t r a t e m u s t p r o d u c e a c o n s i d e r a b l e a m o u n t o f 

d i s t o r t i o n in t h e s t r u c t u r e o f a n y c l o s e p a c k e d l a y e r d e p o s i t e d o n t o p o f 

i t a n d h e n c e t h e l a t t e r w i l l p o s s e s s s o m e v e r y f a v o u r a b l e a d s o r p t i o n s i t e s . 

In t h e p r e s e n t c a s e it w o u l d s e e m t h a t t h i s s t r u c t u r a l e f f e c t i s r e s p o n s i b l e 
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f o r t h e p o s s i b i l i t y o f d e p o s i t i n g s o m e l e a d in a s e c o n d l a y e r , a t t h e 

f a v o u r a b l e s i t e s , o n t o p o f t h e f i r s t l a y e r . E l e c t r o n e g a t i v i t y d i f f e r e n c e s 

m a y a l s o p l a y a p a r t b u t t h e s t r u c t u r a l f a c t o r w o u l d s e e m to b e t h e m o s t 

i m p o r t a n t . T h e c l o s e p a c k e d l e a d m o n o l a y e r s a s s o c i a t e d w i t h t h e { 1 1 1 } a n d 

{ 1 0 0 } p l a n e s d o n o t p r o v i d e a s u f f i c i e n t l y d i s t o r t e d s u r f a c e f o r a n y a d s o r p -

t i o n to o c c u r o n t o p o f t h e m ( t h e r e is a h i n t o f t h i s o n t h e { 1 0 0 } p l a n e 

h o w e v e r ). 

T h e v o l t a m m e t r y o b s e r v e d a t o t h e r l e a d o x i d e c o n c e n t r a t i o n s in 

p e r c h l o r i c a c i d , is i d e n t i c a l w i t h t h a t s h o w n in F i g . 5 . 2 . 

5 . 3 ( b ) P O T E N T I A L S T E P R E S U L T S I N T H E 5 m M P b O / 0 . 5 M HCIO S Y S T E M . 

T h e r e s u l t s f o r t h a l l i u m d e p o s i t i o n , f r o m p o t e n t i a l s t e p e x p e r i -

m e n t s , h a v e a l r e a d y b e e n d e s c r i b e d i n d e t a i l . A s t h e r e s u l t s f r o m v a r i o u s 

c o n c e n t r a t i o n s o f P b O in 0 . 5 M H C I O ^ w e r e e x a c t l y a n a l o g o u s to t h e s e r e s u l t s , 

t h e y w i l l b e p r e s e n t e d h e r e o n l y b r i e f l y . 

O n t h e { 1 1 1 } f a c e , in d i l u t e s o l u t i o n s ( e . g . I m M P b O / 0 . 5 M H C I O ^ ) 

t h e h i g h c u r r e n t d e n s i t y a s s o c i a t e d w i t h A ^ p r o d u c e s a n i - t t r a n s i e n t w i t h 

t h e f i r s t p a r t u n d e r l i m i t i n g p l a n a r d i f f u s i o n c o n t r o l a n d a t l o n g t i m e s , 

a r a p i d d e c r e a s e f r o m t h i s v a l u e a s t h e m o n o l a y e r a p p r o a c h e s s a t u r a t i o n . 

A n e x a m p l e is s h o w n i n F i g . 5 . 5 . I n m o r e c o n c e n t r a t e d s o l u t i o n s , t h e c h a r -

a c t e r i s t i c k i n k is e l i m i n a t e d f r o m t h e t r a n s i e n t , a s t h e p l a n a r d i f f u s i o n 

l i m i t i n g c o n s t r a i n t i s r e m o v e d a n d s u r f a c e d i f f u s i o n b e c o m e s i m p o r t a n t . 

A t r a n s i e n t o b t a i n e d f r o m 5 0 m M P b O / 0 . 6 M H C I O ^ is s h o w n in F i g . 5 . 6 . A s 

w i t h t h a l l i u m , it w o u l d a p p e a r t h a t d i f f u s i o n a l p r o c e s s e s , e i t h e r o n t h e 

s u r f a c e o r in s o l u t i o n , a r e s l o w e r t h a n t h e c h a r g e t r a n s f e r / l a t t i c e i n c o r p -

o r a t i o n p r o c e s s e s a n d n o r i s i n g t r a n s i e n t s c a n b e o b s e r v e d . 

O n t h e { 1 0 0 } f a c e , p u l s i n g i n t o t h e r e g i o n o f A ^ p r o d u c e s a f a l l i n g 

t r a n s i e n t o f t h e t y p e s h o w n in F i g . 4 , 1 2 f o r t h a l l i u m d e p o s i t i o n . I n t h e 
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t/ms 

Fig. 5.5. Current-time transient for a potential step from +258mV to +8mV 

vs. = Ep^yp^2+ ), for lead deposition on the {111} face. Solution, 

ImM PbO/ 0.5M HCIO^. 
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i/mA cm 
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Fig. 5.6 Current-time transient for a potential step from +366mV to +107 

mV vs. E , for lead deposition on the {111} face. Solution, 50mN PbO/ 

0.6M HCIO,. 
4 
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c r y s t a l g r o w t h r e g i o n A ^ ; t h e t r a n s i e n t d e v e l o p s a h u m p in d i l u t e s o l u t i o n s , 

o r a l i n e a r p o r t i o n in m o r e c o n c e n t r a t e d s o l u t i o n s . 

O n t h e { 1 1 0 } f a c e , r e p e t i t i v e p u l s i n g in d i l u t e s o l u t i o n s ( Pb^"^ 

c o n c e n t r a t i o n s l o w e r t h a n l O m M ), w a s a n a l o g o u s t o c o n t i n u o u s s w e e p i n g in 

c y c l i c v o l t a m m e t r y , i . e . c o m p l i c a t i o n s a r o s e . S i n g l e p o t e n t i a l s t e p s , o r 

r e p e t i t i v e o n e s w i t h a l o n g i n t e r v a l i n b e t w e e n ( l o n g e r t h a n 3 0 s ) p r o d u c e d 

t r a n s i e n t s a n a l o g o u s t o t h o s e f o r t h a l l i u m d e p o s i t i o n o n t h e s a m e f a c e , i . e . 

m o n o t o n o u s f a l l i n g t r a n s i e n t s in t h e r e g i o n o f A ^ , a n d t r a n s i e n t s w i t h k i n k s 

o r b u l g e s i n t h e r e g i o n o f A ^ . A n e x a m p l e f o r t h e l a t t e r r e g i o n , is s h o w n 

in F i g . 5 . 7 . T h e r e s u l t s f r o m r e p e t i t i v e p u l s e e x p e r i m e n t s a r e c o n s i d e r e d in 

s e c t i o n 5 . 1 0 . 

A l t h o u g h t h e a n o m a l o u s r e s u l t s p r o d u c e d b y r e p e t i t i v e p u l s i n g 

w e r e b y f a r t h e m o s t p r o n o u n c e d o n t h e { 1 1 0 } p l a n e , s i m i l a r e f f e c t s , b u t to 

a m u c h l e s s e r e x t e n t c o u l d a l s o b e o b s e r v e d o n t h e { i l l } a n d { 1 0 0 } p l a n e s , 

a l t h o u g h in t h e s e c a s e s t h e a n o d i c p a r t o f t h e p u l s e t r a i n h a d to b e v e r y 

s h o r t ( o n l y j u s t l o n g e n o u g h to s t r i p o f f t h e d e p o s i t ) f o r a n y e f f e c t s to 

b e s e e n . U n d e r n o r m a l c i r c u m s t a n c e s , t h e t r a n s i e n t s o b t a i n e d w e r e a s d e s -

c r i b e d in t h i s s e c t i o n . 

5 . 4 O P T I C A L E X P E R I M E N T S O N T H E U . P . D . O F L E A D . 

( a ) P O L Y C R Y S T A L L I N E S I L V E R . 
104 

O p t i c a l c o n s t a n t s o f b u l k l e a d a r e a v a i l a b l e in t h e l i t e r a t u r e f o r 

t h e w h o l e o f t h e w a v e l e n g t h r a n g e a c c e s s i b l e to s t u d y w i t h t h e p r e s e n t o p t i c a l 

e q u i p m e n t ( 3 0 0 - 1 0 0 0 n m ). T h i s a l l o w s t h e e x p e r i m e n t a l r e f l e c t a n c e s p e c t r u m , 

a s s o c i a t e d w i t h t h e d e p o s i t i o n o f a s i n g l e m o n o l a y e r , to b e c o m p a r e d w i t h t h a t 

c a l c u l a t e d f r o m a t h r e e - l a y e r m o d e l , u s i n g t h e o p t i c a l c o n s t a n t s o f t h e b u l k 

m e t a l f o r t h e l e a d m o n o l a y e r . A m o n o l a y e r o f l e a d o n s i l v e r , s h o u l d h a v e 

o p t i c a l p r o p e r t i e s w h i c h d i f f e r s u b s t a n t i a l l y f r o m t h o s e o f t h e b u l k m e t a l 

b e c a u s e o f t h e 2 - d i m e n s i o n a l n a t u r e o f t h e l a y e r a n d t h e s t r o n g i n t e r a c t i o n 

w i t h t h e b a n d s t r u c t u r e o f t h e s i l v e r s u b s t r a t e . E v e n s o , a c o m p a r i s o n o f t h e 
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s p e c t r a o b t a i n e d e x p e r i m e n t a l l y , a n d b y c o m p u t a t i o n u s i n g t h e o p t i c a l c o n s -

t a n t s o f b u l k l e a d , d o e s e n a b l e s o m e q u a l i t a t i v e c o n c l u s i o n s to b e m a d e . 

T h e p r i n c i p l e s o f t h e t h r e e - l a y e r m o d e l a n d t h e m e t h o d o f c a l c u l a t i o n , to-

g e t h e r w i t h a c o m p u t e r p r o g r a m m e , a r e g i v e n i n t h e a p p e n d i x . 

F i g . 5 . 8 s h o w s b o t h a n e x p e r i m e n t a l a n d a c a l c u l a t e d r e f l e c t a n c e 

s p e c t r u m o b t a i n e d f o r t h e d e p o s i t i o n o f a m o n o l a y e r o f l e a d o n c h e m i c a l l y 

p o l i s h e d , p o l y c r y s t a l l i n e s i l v e r . T h e e x p e r i m e n t a l c u r v e w a s c o n s t r u c t e d 

f r o m o p t i c a l t r a n s i e n t s c o r r e s p o n d i n g to a p o t e n t i a l s t e p t o a p o i n t 

s l i g h t l y a n o d i c to t h e p o i n t a t w h i c h b u l k d e p o s i t i o n b e g i n s . It c a n b e 

s e e n t h a t t h e s h a p e s o f t h e s p e c t r a a r e q u a l i t a t i v e l y s i m i l a r b u t q u a n t i t -

a t i v e a g r e e m e n t i s p o o r . T h e d o m i n a t i n g f e a t u r e in b o t h c u r v e s , is t h e 

c h a n g e in s i g n o f A R / R a t a b o u t 3 2 0 n m . T h i s e f f e c t is c a u s e d b y t h e i n t e r -

b # n d t r a n s i t i o n in s i l v e r , w h e r e t h e r e f l e c t a n c e c h a n g e s d r a m a t i c a l l y . A t 

w a v e l e n g t h s l o w e r t h a n 3 2 0 n m , b u l k l e a d is m o r e r e f l e c t i n g t h a n b u l k s i l v e r 

a n d A R / R is p o s i t i v e ; a t l o n g e r w a v e l e n g t h s t h e r e v e r s e is t r u e . A p e a k in 

t h e e x p e r i m e n t a l s p e c t r u m a t a b o u t 3 7 0 n m is c a u s e d b y s u r f a c e p l a s m o n e x -

c i t a t i o n d u e to r e s i d u a l s u r f a c e r o u g h n e s s . 

F i g . 5.8 s h o w s t h a t , a t a l l w a v e l e n g t h s , e s p e c i a l l y in t h e r e g i o n 

o f t h e i n t e r b a n d t r a n s i t i o n t h e a c t u a l r e f l e c t a n c e c h a n g e s a r e s o m e w h a t 

l a r g e r t h a n t h o s e c a l c u l a t e d f r o m b u l k o p t i c a l c o n s t a n t s . T h i s w o u l d i m p l y 

t h a t t h e o p t i c a l p r o p e r t i e s o f t h e l e a d m o n o l a y e r a r e c e r t a i n l y n o t s i m i l a r 
7 6 

to t h o s e o f s i l v e r a s s u g g e s t e d b y K o l b e t a l . f o r t h e i r r e s u l t s f o r l e a d , 

t h a l l i u m a n d c o p p e r d e p o s i t i o n o n t o g o l d . I f a l l o w a n c e s w e r e m a d e in t h e 

c o m p u t e d s p e c t r u m f o r , s a y , a 1 0 % i o n i c c h a r a c t e r o n t h e m o n o l a y e r a t o m s , 

t h e c u r v e w o u l d b e m o v e d to l e s s n e g a t i v e v a l u e s o f A R / R a n d h e n c e f u r t h e r 
76 

a w a y f r o m t h e e x p e r i m e n t a l s p e c t r u m . I t is t h e r e f o r e n o t p o s s i b l e t o e x p l a i n 

t h e e x p e r i m e n t a l r e s u l t s b y r e c o u r s e to a r g u m e n t s i n v o l v i n g e n h a n c e d e l e c t r o -

r e f l e c t a n c e e f f e c t s , a n d i n t h e p r e s e n t c a s e , a b s o r p t i o n p r o c e s s e s in t h e 
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f i l m i t s e l f s e e m to b e t h e m a i n f a c t o r d e t e r m i n i n g t h e o p t i c a l c h a n g e s . T o 

d a t e , a c t u a l d e t e r m i n a t i o n s o f u n d e r p o t e n t i a l m e t a l m o n o l a y e r o p t i c a l 
56 

c o n s t a n t s h a v e b e e n a t t e m p t e d w i t h e l l i p s o m e t r i c a n d m o d u l a t e d r e f l e c t a n c e 
67,76 

s p e c t r o s c o p i c m e t h o d s . I n b o t h c a s e s , t h r e e - l a y e r m o d e l s w e r e u s e d to r e p -
5 4 

r e s e n t t h e e l e c t r o d e - f i l m - s o l u t i o n i n t e r f a c e . I n t h i s m o d e l , t h e t h r e e 

c o m p o n e n t l a y e r s a r e a s s u m e d to b e o p t i c a l l y i n d e p e n d e n t o f e a c h o t h e r 

i . e . t h e o p t i c a l p r o p e r t i e s o f t h e m o n o l a y e r f i l m a r e a s s u m e d to b e t o t a l l y 

i n d e p e n d e n t f r o m t h o s e o f t h e s u b s t r a t e . A s u n d e r p o t e n t i a l m e t a l m o n o l a y e r s 

e x i s t b y v i r t u e o f t h e i n t e r a c t i o n w i t h t h e e l e c t r o d e s u r f a c e , it s e e m s 

i m p l a u s i b l e t h a t t h e u s e o f s u c h a t h r e e - l a y e r m o d e l is v a l i d . K o l b h a s 
7 6 

s u g g e s t e d t h a t a f o u r - l a y e r m o d e l ( s u b s t r a t e - s u b s t r a t e s u r f a c e l a y e r -

a d s o r b a t e - s o l u t i o n ) w o u l d b e a m o r e r e a l i s t i c p i c t u r e . I n t h i s c a s e , 

r e f l e c t a n c e m e a s u r e m e n t s a t a v a r i e t y o f a n g l e s o f i n c i d e n c e , w i t h p e r p -

e n d i c u l a r a n d p a r a l l e l p o l a r i s e d l i g h t , w o u l d b e n e c e s s a r y to y i e l d b o t h 

t h e o p t i c a l c o n s t a n t s o f t h e m e t a l l a y e r a n d t h e s u r f a c e l a y e r o f t h e 
105 

e l e c t r o d e . H o w e v e r , a n i s o t r o p y e f f e c t s a r e l i k e l y tp p r o v e p r o b l e m a t i c a l 

in s u c h m e a s u r e m e n t s , a n d to d a t e n o a t t e m p t s h a v e b e e n m a d e i n t h i s d i r -

e c t i o n . 

5 . 4 ( b ) O P T I C A L E X P E R I M E N T S O N S I N G L E C R Y S T A L S . 

T h e s e w e r e o b t a i n e d in t h e s o l u t i o n , I m M P b O / 0 . 5 M HCIO , b u t 

only for the {111} and {100} faces. In the case of the {110} electrode, 

t h e c o m p l i c a t i o n s c a u s e d b y t h e c o n t i n u o u s s w e e p i n g n e c e s s a r y f o r s i g n a l 

a v e r a g i n g c l o u d t h e b a s i c a d s o r p t i o n / p h a s e t r a n s f o r m a t i o n / c r y s t a l g r o w t h 

picture. AR/R vs q plots for the two single crystals are shown in Fig. 5.9. 

{ 1 1 1 } F A C E . 

I n t h e U . P . D . r e g i o n , t h e o p t i c a l - c h a r g e p l o t c a n b e s p l i t i n t o 

t h r e e c o m p o n e n t s c o r r e s p o n d i n g to t h e t h r e e p e a k s A ^ - A ^ s e e n i n t h e v o l t -

a m m e t r y . A p a r t f r o m t h e f i n a l s t a g e o f t h e d e p o s i t i o n , a s s o c i a t e d w i t h A ^ , 

t h e a d - a t o m f o r m a t i o n ( A ^ ) a n d c r y s t a l g r o w t h r e g i o n ( A ^ ) p r o d u c e a 



- 10 AR/R 

156. 

q/uC cm 

Fig. 5.9(a) Plot of AR/R vs. q for lead deposition on the 

{111} face. X = 589nm, parallel polarisation. Solution ImM PbO/ 
0.5N HClp^, sweep speed, lOlmV s"L 



157. 

ICr AR/R 

q/wC cm 

Fig. 5.9(b) Plot of AR/R vs. charge q for lead deposition on the {100} 

face. X = 600nm, parallel polarisation. Solution, ImM PbO/ 0.5M HCIO^. 
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l i n e a r r e l a t i o n s h i p b e t w e e n A R / R a n d q , a s w a s s e e n f o r t h a l l i u m d e p o s i t -

i o n o n t h e s a m e f a c e . 

{ 1 0 0 } F A C E . 

T h e f e a t u r e m o s t a p p a r e n t f o r t h e e q u i v a l e n t p l o t f o r t h a l l i u m 

d e p o s i t i o n o n t h i s f a c e , w a s t h e p l a t e a u c o r r e s p o n d i n g to t h e p h a s e t r a n s -

f o r m a t i o n p e a k , A g , T h e L . S . V . f o r l e a d d e p o s i t i o n o n t h e { 1 0 0 } f a c e , 

s h o w e d t h a t t h e s e p a r a t i o n b e t w e e n t h e a d s o r p t i o n p e a k A ^ a n d t h e p h a s e 

t r a n s f o r m a t i o n - g r o w t h p e a k , A ^ , w a s m u c h s m a l l e r ( 3 3 m V ) t h a n f o r t h a l l i u m 

d e p o s i t i o n ( 1 0 9 m V ). T h i s r e s u l t s in a c o n s i d e r a b l e o v e r l a p o f t h e t w o 

p e a k s a n d a s h a r p r e s o l u t i o n o f t h e o p t i c a l e f f e c t s c o r r e s p o n d i n g to t h e 

t w o s e p a r a t e p r o c e s s e s o f a d s o r p t i o n a n d c r y s t a l g r o w t h , w o u l d n o t b e 

e x p e c t e d . F i g . 5 . 9 ( b ) c a n b e s p l i t i n t o t h r e e s e g m e n t s in t h e U . P . D . 

r e g i o n , c o r r e s p o n d i n g to t h e f e a t u r e s in t h e v o l t a m m e t r y . A t l o w c h a r g e 

v a l u e s t h e r e is a s l i g h t c h a n g e i n g r a d i e n t o f t h e p l o t , c o r r e s p o n d i n g to 

t h e o c c u p a t i o n o f a d s o r p t i o n s i t e s o n t h e p l a n a r p a r t o f t h e e l e c t r o d e , 

r a t h e r t h a n h i g h c o - o r d i n a t i o n s i t e s a s s o c i a t e d w i t h d i s l o c a t i o n s . I n 

t h e c r y s t a l g r o w t h r e g i o n o f c o v e r a g e , t h e g r a d i e n t i s m a r k e d l y l e s s t h a n 

in t h e a d s o r p t i o n r e g i o n a n d t h i s e f f e c t is e s p e c i a l l y p r o n o u n c e d w i t h 

_ 2 

t h e l a s t 50|iC c m o f c h a r g e p a s s e d , w h e r e o v e r l a p w i t h t h e a d s o r p t i o n 

p e a k w o u l d b e n o n e x i s t e n t . B y a n a l o g y w i t h t h e t h a l l i u m s y s t e m , t h e l o w 

v a l u e o f t h e s l o p e in t h i s r e g i o n c o r r e s p o n d s to t h e r e l e a s e o f c o m p -

e n s a t i n g n e g a t i v e c h a r g e in t h e i o n i c d o u b l e l a y e r , a s t h e a d s o r b e d , p a r t -

i a l l y i o n i c l e a d l a y e r , c h a n g e s t o a c r y s t a l l i n e p l a n e . 

A n o t h e r f e a t u r e o f n o t e in F i g . 5 . 9 ( b ) is t h e s l o p e o f t h e p l o t 

in t h e r e g i o n w h e r e b u l k d e p o s i t i o n i s o c c u r r i n g . T h i s , a s w i t h t h a l l i u m 

d e p o s i t i o n o n a l l c r y s t a l f a c e s , i s l o w e r t h a n t h a t in t h e r e g i o n c o r r e s -

p o n d i n g to c r y s t a l g r o w t h in t h e u n d e r p o t e n t i a l r e g i o n . T h i s is p r o b a b l y 

d u e to b o t h t h e o p t i c a l a n d s t a t e o f c h a r g e p r o p e r t i e s o f t h e m o n o l a y e r 

b e i n g s o m e w h a t d i f f e r e n t f r o m b u l k b y v i r t u e o f t h e i n t e r a c t i o n w i t h t h e 
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s u b s t r a t e . 

A R / R v s . q p l o t s o b t a i n e d a t w a v e l e n g t h s w h e r e l a r g e o p t i c a l 
89,91 

c h a n g e s w e r e t a k i n g p l a c e i n t h e s i l v e r ( 3 7 5 a n d 3 2 0 n m ) s h o w e d m a r k e d 

d e v i a t i o n s f r o m t h a t s h o w n in F i g . 5 . 9 , a s a l r e a d y i l l u s t r a t e d f o r 

t h a l l i u m d e p o s i t i o n . I n a l l c a s e s t h e d e v i a t i o n s w e r e r e s t i c t e d to t h e 

m o n o l a y e r r e g i o n ; t h e s l o p e o f t h e l i n e c o r r e s p o n d i n g to b u l k d e p o s i t i o n 

w a s a l w a y s l i n e a r a n d s e e m i n g l y u n a f f e c t e d b y t h e f a c t o r s c a u s i n g t h e 

m a r k e d d e v i a t i o n f r o n l i n e a r i t y in t h e U . P . D . r e g i o n ( s e e F i g . 5 . 1 0 ). 

T h i s i l l u s t r a t e s d r a m a t i c a l l y t h a t t h e e l e c t r o n i c i n t e r a c t i o n b e t w e e n 

s u b s t r a t e a n d d e p o s i t , is r e s t r i c t e d to t h e f i r s t m o n o l a y e r ( in t h e c a s e 

o f l e a d ) o r t w o m o n o l a y e r s ( in t h e c a s e o f t h a l l i u m ). T h i s p o i n t a l s o 

i l l u s t r a t e s t h e i m p o s s i b i l i t y o f u s i n g a t h r e e - l a y e r m o d e l to d e t e r m i n e 

o p t i c a l c o n s t a n t s in t h e r e g i o n a r o u n d t h e i n t e r b a n d t r a n s i t i o n , a s t h e 

c o n d i t i o n o f n o n - i n t e r a c t i n g l a y e r s is n o t f u l f i l l e d . N e v e r t h e l e s s , K o l b 
76 56 

6 t a l . a n d Y e a g e r e t a l . h a v e d e t e r m i n e d s o - c a l l e d o p t i c a l c o n s t a n t s o f 

m e t a l m o n o l a y e r s o n g o l d a t w a v e l e n g t h s c e n t e r e d a r o u n d t h e i n t e r b a n d 

t r a n s i t i o n o f t h e m e t a l ( 5 2 5 n m ). H o w e v e r , t h e r e s u l t s o b t a i n e d c a n n o t 

b e t h o u g h t o f a s r e p r e s e n t i n g t h e t r u e o p t i c a l c o n s t a n t s o f t h e m o n o l a y e r s 

in t h i s r e g i o n . 

5 . 5 S U M M A R Y O F R E S U L T S I N 5 m M P b O / 0 . 5 M H C I O ^ . 

T h e r e s u l t s o b t a i n e d f r o m s o l u t i o n s o f l e a d o x i d e i n p e r c h l o r i c 

a c i d , c a n b e s u m m a r i z e d a s f o l l o w s : 

1. T h e a d s o r p t i o n / p h a s e t r a n s f o r m a t i o n - c r y s t a l g r o w t h m o d e l , w i t h t h e 

f o r m e r p r o c e s s p r o d u c i n g a s u p e r l a t t i c e s t r u c t u r e , h o l d s f o r t h e { I I O J a n d 

{ 1 0 0 } e l e c t r o d e s . O n t h e f i l l ) f a c e , t h e a d s o r p t i o n o c c u r r i n g is m u c h l e s s 

t h a n e x p e c t e d f r o m t h e s u p e r l a t t i c e m o d e l a n d m u s t c o r r e s p o n d to a d - a t o m 

d e p o s i t i o n a t d i s l o c a t i o n s . 

2. T h e e n e r g y o f i n t e r a c t i o n o f l e a d a t o m s a d s o r b e d a t s i t e s o f d i f f e r e n t 

c o - o r d i n a t i o n n u m b e r , v a r i e s m o r e r a p i d l y f o r l e a d t h a n f o r t h a l l i u m . 
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Fig. 5.10 Plot of AR/R vs. q for lead deposition on the {111} face at a 

wavelength where large optical changes are taking place in the substrate, 

X = 325nm, parallel polarisation. Solution, as in Fig. 5.9(b). 
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3. T h e o p t i c a l r e s u l t s a r e s i m i l a r to t h o s e o b t a i n e d f o r t h a l l i u m 

d e p o s i t i o n , w i t h t h e v a r i o u s v o l t a m m e t r y p e a k s p r o d u c i n g c h a n g e s in s l o p e 

o f t h e r e f l e c t a n c e - c h a r g e p l o t . 

4. P o t e n t i a l s t e p r e s u l t s a r e a n a l o g o u s to t h e c o r r e s p o n d i n g e x p e r i m e n t s 

i n t h a l l i u m i o n s o l u t i o n s . T h e r a t e o f t h e c h a r g e t r a n s f e r - l a t t i c e i n c -

o r p o r a t i o n s t e p s , in t h e c r y s t a l g r o w t h r e g i o n , is t o o r a p i d to a l l o w a n y 

i n f o r m a t i o n a b o u t n u c l e a t i o n a n d g r o w t h to b e o b t a i n e d . 

5. C o m p l i c a t i o n s a r i s e in t h e b a s i c d e p o s i t i o n p a t t e r n o n t h e { 1 1 0 } 

e l e c t r o d e if t h e p o t e n t i a l is s w e p t o r s t e p p e d c o n t i n u o u s l y a n d r a p i d l y . 

V a r i a t i o n s in t h e b a s i c d e p o s i t i o n p a t t e r n d e s c r i b e d a b o v e , w i l l n o w b e 

i l l u s t r a t e d b y v a r y i n g t h e s o l u t i o n c o m p o s i t i o n . 

5 . 6 R E S U L T S I N 5 m M P b ( C 1 0 ^ ) J 0 . 5 M N a C l O ^ . 

T h i s s o l u t i o n w a s m a d e u p b y d i s s o l v i n g l e a d o x i d e i n a n e q u i -

v a l e n t a m o u n t o f p e r c h l o r i c a c i d . T h e r e s u l t i n g s o l u t i o n w a s e f f e c t i v e l y 

n e u t r a l ( p H , 5 . 4 ). T h e v o l t a m m e t r y w a s i d e n t i c a l to t h a t o b t a i n e d in 

0 . 5 M H C I O ^ o n l y i n t h e c a s e o f t h e { 1 0 0 } e l e c t r o d e . F i g . 5 . 1 1 s h o w s 

v o l t a m m o g r a m s o b t a i n e d o n t h e { 1 1 1 } a n d { 1 1 0 } p l a n e s . I n b o t h c a s e s t h e 

r e s u l t s w e r e i n d e p e n d e n t o f w h e t h e r t h e p o t e n t i a l w a s s c a n n e d c o n t i n u o u s l y 

o r n o t . 

F o r t h e { 1 1 1 } f a c e , t h e d e p o s i t i o n p e a k is n o w b r o a d . T h i s 

c o n t r a s t s w i t h t h e b e h a v i o u r in a c i d s o l u t i o n s w e r e b o t h d e p o s i t i o n a n d 

s t r i p p i n g p e a k s w e r e s h a r p . O n t h e { 1 1 0 } f a c e , t h e s e p a r a t i o n b e t w e e n t h e 

a d s o r p t i o n a n d p h a s e p e a k s is n o w l e s s w e l l d e f i n e d . H o w e v e r , i n c r e a s i n g 

t h e a c i d i t y o f t h e s o l u t i o n s to I m M H G I O ^ ( i . e . a s o l u t i o n c o m p o s i t i o n 

o f 5 m M P b O / l l m M H C I O ^ / 0 . 5 M N a C l O ^ ) p r o d u c e d v o l t a m m e t r y r e s u l t s v i r t -

u a l l y i d e n t i c a l t o t h o s e o b t a i n e d i n t h e 0 . 5 M H C I O ^ s o l u t i o n s ( e x c e p t in 

t h e c a s e o f t h e { 1 1 0 } o r i e n t a t i o n ; t h e r e s u l t s f r o m t h e I m M H C I O , s o l u t i o n s 
4 

s h o w e d n o d e p e n d e n c e o n t h e f r e a u e n c v o f D o t e n t i a l a r a m e r,r Q t c n c \ 



162, 

i/uA cm 

E/mV vs. E, 

Fig. 5.11(a)L.S.V. for lead deposition on the {111} face from a neutral 

solution ( 5mM Pb(C10^)2/ 0.5M NaClO^ ). Sweep speed, 30 mV s ^. 
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i/pA cm 

- 1 0 0 

300 200 

E/mV vs. E. 

Fig. 5.11(b) L.S.V. for lead deposition on the {110} face from a neutral 

- 1 
solution ( 5mM PbCClO^jg/ 0.5M NaClO^ ). Sweep speed, 30mV s . 



1 6 4 . 

T h i s m a r k e d d e p e n d e n c e o f t h e o b s e r v e d b e h a v i o u r o n t h e a c i d i t y o f t h e 

s o l u t i o n w o u l d s u g g e s t t h a t t h e d e p o s i t i o n r e a c t i o n w a s v e r y p H s e n s i t i v e . 

F o r a m e t a l i o n r e d u c t i o n , i n v o l v i n g n o h y d r o x i d e c o m p l e x e s , t h e k i n e t i c s 

a n d t h e r m o d y n a m i c s o f t h e d e p o s i t i o n s t e p s h o u l d b e i n d e p e n d e n t o f pot-
107 ,+ e n t i a l . If t h e r e d u c t i o n p r o c e e d e d b y a l e a d h y d r o x y c o m p l e x , e . g . P b O H , 

it w o u l d b e e x p e c t e d t h a t t h e k i n e t i c s o f t h e c h a r g e t r a n s f e r s t e p w o u l d 

b e p H d e p e n d e n t b u t t h e t h e r m o d y n a m i c s w o u l d r e m a i n u n a l t e r e d . I n t h e 

p r e s e n t c a s e , it is e v i d e n t f r o m t h e r e s u l t s o n t h e { 1 1 1 } f a c e , t h a t t h e 

t h e r m o d y n a m i c s o f t h e U . P . D , p r o c e s s , a r e b e i n g a f f e c t e d , w h i c h i m p l i e s 

t h a t t h e n a t u r e o f t h e d e p o s i t e d m e t a l is d i f f e r e n t . I t i s p o s s i b l e t h a t 

s o m e o x i d a t i o n o f t h e m o n o l a y e r f i l m o c c u r s in t h e n e u t r a l s o l u t i o n . T h i s 
106 

c a n b e c h e c k e d w i t h s t a n d a r d e l e c t r o d e p o t e n t i a l d a t a . 

F o r t h e r e a c t i o n , 

P b O + H g O + 2 e = P b + 2 O H -819mV vs. S.C.E. 

t h e r e f o r e , 

E = E + log^ apto.aH,0 
zJ? „ / 

^ P b ' * 0 H " • * 0 H " 

assuming that, ap^^, ap^ and ^ = 1, andra^^- = [oHlL then 

E = E° + RT log 1 
z F ® r --,2 

[CH-]' 

t h e r e f o r e , 

E = -819 + 29.5 log^o 1 

[0H-] 

V a l u e s o f E a s a f u n c t i o n o f p H a r e s h o w n in T a b l e 5 . 3 . 
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p H E / m V v s . S . C . E . 

7 -406 

5 . 4 -312 

3 -170 

T a b l e s h o w i n g d e p e n d e n c e o f o n p H . 

N o w , ^ Y ( P b ^ ^ / P b ) s o l u t i o n 5 m M P b ( C 1 0 ^ ) 2 / 0 . 5 M x C l O ^ ( w h e r e x = H o r 

N a ), i s - 4 3 7 m V ( v s . S . C . E . ). T h e p e a k o n t h e { i l l } f a c e o c c u r s 1 4 8 m V 

p o s i t i v e to t h i s v a l u e a t - 2 8 9 m V . I t c a n b e s e e n f r o m t h e a b o v e t a b l e t h a t , 

in s o l u t i o n s w i t h p H 5 . 4 , t h e r m o d y n a m i c a l l y , P b O i s s t a b l e w i t h r e s p e c t 

to P b a t t h i s p o t e n t i a l . A t p H 3 h o w e v e r , c o r r e s p o n d i n g to a n a c i d i t y o f 

I m M , E p b Q / p b p o s i t i v e to t h e p o t e n t i a l w h e r e d e p o s i t i o n s t a r t s to 

o c c u r . 

P r e s u m a b l y t h e n , a t p H 5 , 4 t h e d e p o s i t i o n o f t h e m o n o l a y e r m e t a l 

c r y s t a l p l a n e , i s h i n d e r e d b y i n c o r p o r a t i o n o f o x y g e n f r o m w a t e r a n d 

t h i s w i l l p r e v e n t t h e d e p o s i t i o n o c c u r r i n g o v e r a v e r y n a r r o w r a n g e o f 

p o t e n t i a l , a s in a c i d i c s o l u t i o n s . T h e f i n a l f o r m o f t h e m o n o l a y e r d e p o s i t 

h o w e v e r , s h o u l d b e a c r y s t a l l i n e l a y e r o f l e a d . O n t h e r e v e r s e s c a n , o n 

t h e { 1 1 1 } p l a n e , a s i n g l e s h a r p s t r i p p i n g p e a k is o b s e r v e d o c c u r r i n g a t 

t h e s a m e p o t e n t i a l a s t h e a n a l o g o u s p e a k in a c i d i c s o l u t i o n s . T h i s w o u l d 

i m p l y t h a t n o o x i d a t i o n o f t h e c o m p l e t e l e a d m o n o l a y e r o c c u r s o n t h e r e v e r s e 

s c a n a n d t h e s t r i p p i n g i n v o l v e s o x i d a t i o n o f p u r e l e a d . 

I n t h e e l e c t r o d e p o t e n t i a l c a l c u l a t i o n , it w a s a s s u m e d t h a t t h e 

a c t i v i t y o f t h e d e p o s i t e d l e a d w a s e q u a l to u n i t y . T h i s is a n a p p r o x i m a t i o n 

w h i c h is o n l y v a l i d w h e n t h e l e a d p a t c h e s a r e s u f f i c i e n t l y l a r g e to h a v e 
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achieved the activity of the bulk phase. Nevertheless, the calculated 

potentials should give a rough idea of the stability of the lead monolayer 

in the solutions of various pH. 

It is interesting to consider why the {100} plane is almost 

totally unaffected in the neutral solution. The adsorbed layers on all 

crystal planes must have activity sufficiently different from bulk lead 

( i.e., 1 ) to be not susceptible to partial oxidation. The crystalline 

phase peak on the {110} orientation occurs, in acid solution at about 

133mV positive to i.e. in 5mM Pb^^ solutions, at -304mV. At 

pH 5.4; this is on the borderline of the stability of PbO with respect 

to Pb, and some distortion of the normal two peak structure would be 

expected, as observed experimentally. On the {100} face, the phase peak 

occurs 106mV positive to i-e. in 5mM Pb^^ solutions, at 

-331mV. This is about 20mV more negative than the Ep^O/Pb Potential and 

hence should be free from oxidation effects. 

No such pH dependent effects were found for thallium deposition. 

TIOH + e = T1 + oh" E° = -588mV vs. S.C.E. 
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The reduction potential of TIOH is sufficiently far anodic, even in 

neutral solutions, to cause any problems in the thallium deposition pot-

ential range. 

5.7 RESULTS IN ACETATE SOLUTIONS. 

(a) VOLTAMMETRY. 

The voltammetry results from acetate solutions, although showing 

many similarities to those from acid perchlorate solutions, also show 

some interesting deviations. 

The reversible potential for lead in the solution 5mM Pb(CH2C02)2/ 

0.5M Na(CH CO )/ O.IM CH CO H ( at -530mV vs. S.C.E. ) is some lOOmV 
3 ^ 3 ^ 

more negative than the corresponding potential in perchlorate solutions of 
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the same total lead concentration, indicating a high degree of complexing 

of the lead ions by acetate ions ( greater than 99% ). The pH of the above 

solution is 5.3. Problems with oxidation of the monolayer phase were 

encountered at this level of acidity in perchlorate solutions but the 

107 

complexing of lead in acetate solutions, reduces its activity to such an 

extent that the deposition spectrum is moved to more negative potentials 

than those at which oxidation problems would be encountered. No dependence 

of the results on the pH of the solution, was found. 

The voltammetry results for deposition on all crystal faces are 

shown in Fig. 5.12. On the {100} face, the result was virtually identical 

to that already shown for deposition from perchlorate solutions ( apart 

from a slightly higher total charge- see later ). It was noticeable however, 

that the shoulder on the adsorption peak attributed to deposition at defect 

sites, was less pronounced. Unlike the results from acid perchlorate 

solutions, the (llO) face voltammetry was independent of whether the pot-

ential scan was repetitive or not, i.e. the first sweep was identical to 

subsequent sweeps in continuous cycling. 

The results for each face will now be discussed separately. 

{111} FACE. 

The voltammetry on this plane now consists of a single sharp peak 

on the anodic and cathodic sweeps. If this peak is assumed to be the 

deposition of a crystalline phase, there is no peak corresponding to a prior 

adsorption step as was shown in Fig. 5.2 for perchlorate solutions. 

Moreover, the rearrangement peak, A^, is also absent. 

The disappearance of the adsorption peak, A^, is almost certainly 

due to the blocking of these favourable sites by adsorbed acetate ions. 

Table 5.4 gives the peak potentials in 5mM acetate solutions and Table 

5.5 gives the charge at various points. 

These values can be compared with those in Table 5.1 and Table 5.2 

for lead deposition from perchlorate solutions. It can be seen that in the 
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E/mV vs. Ep 

Fig. 5.12(a) L.S.V. for lead deposition on the {111} face. 

Solution, 5mM Pb(CH2C02)2/ 0.5M NaCCH^COg)/ O.IM CH CO H. 
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i/uA cm 

100 0' 

E/mV vs. E 

Fig. 5.12(b) L.S.V. for lead deposition on the {100}face. 

Solution, as in Fig. 5.12(a). Sweep speed, 30mV 
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i/wA cm 

E/mV vs. E. 

Fig. 5.12(c) L.S.V. for lead deposition on the {110} face. 

Solution, 5mM PbCCH^COgig/ 0.5M Na(CH2C02)2/ O.IM CH COgH. Sweep speed, 

30 mV s"l. 
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CRYSTAL 

FACE 
A^/mV vs. Ep Ag/mV vs. E 

{110} +149 +105 

{100} +128 +96 

{111} " +126 

Peak potentials for lead deposition on different 

planes of silver. Solution, 5mM Pb(CHgC02)2/ 0.5M 

NaCCHgCOg)/ O.IM CH CO H; sweep speed 30mV s"^. 

TABLE 5.5 

CRYSTAL 

FACE 

'q' ASSOCIATED 

WITH A,/wC cm"2 

TOTAL 'q' FOR 

MONOLAYER/pC cm"^ 

{110} 152 394 

{100} 227 369 

{111} - 362 

Total monolayer charge and charge associated with 

peak A^, for lead deposition on different planes 

of silver. Solution,and sweep speed, as in Table 5.4. 
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above case the Ay values are slightly smaller and the measured charges 

slightly higher than the corresponding values in perchlorate solutions. 

The explanation for this effect in terms of anion adsorption has already 

been discussed in connection with the thallium results. 

The p.z.c. values of the three silver single crystals in fluoride 
100 

solutions, have already been quoted; these were, {lll},-690mV ( vs. S.C.E. ) 

{100}, -910mV; {110}, -lOlOmV. These values show that at a given potential 

the amount of anion adsorption on the different crystal planes, would be 

in the sequence, 

{111} < {100} < {110} 

They also show that the defect sites on the {111} face, because of their 

higher co-ordinating ability, would be more favourable for the adsorption 

of anions than the planar sites ( i.e. they would be somewhat analogous 

to the planar sites on the {110} face ). It seems probable therefore, 

that the virtual absence of any adsorption step in acetate solutions, on 

the {111} plane, is due to the favourable sites being occupied by acetate 

ions. Crystal growth should take place on the planar parts of the electrode 

where anion adsorption is much less. The acetate ions also seem to eliminate 

the peak, i.e. the crystal growth part of the deposition process occurs 

smoothly' over the whole electrode and not in two separate stages, as in 

perchlorate solutions. Anion adsorption effects can similarly explain the 

less prominent shoulder in the adsorption region on the {lOO} face ( Fig. 

5.12 ). 

Fig. 5.12(a) shows particularly well, the marked asymmetry for 

the deposition and stripping peaks on the {ill} face, an effect which is 

characteristic of the nucleation overpotential in the formation and rem-

oval of crystal planes. 

Optical experiments show that the relationship between reflectance 

and charge is substantially linear over the majority of the monolayer 
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deposition process and consequently the reflectance-potential sweep can 

be used as a measure of the surface coverage-potential isotherm. An 

example of such a sweep is shown in Fig. 5.13. The marked discontinuity 

108 

in the isotherm is typical of a crystal growth process. It is indeed 

remarkable that such a sharp discontinuity can be observed for data from 

solid electrodes; in fact, the scan rate for the optical sweep shown in 

Fig. 5.13 ( about lOOmV s ) is really too high for the true equilibrium 

coverage isotherm to be obtained; at lower scan rates the discontinuity 

would be even more marked. 

The growth pattern on the j%ll} plane in acetate solutions, 

seems to be the simple, one stage growth, of a two-dimensional close packed 

crystalline layer. 

{110}FACE. 

Although the voltammetry is broadly similar to that obtained in 

perchlorate solutions ( except for the lack of any scan interval dependence ) 

the separation between the two peaks A^ and Ag, has increased to 44mV 

( 34mV in perchlorate solutions ) enabling a greater resolution to be ob-

tained. The charge associated with the first peak ( Table 5.5 ) gives 

reasonable agreement with the superlattice model when the roughness factor 

of 1.2 is used ( the total charge on the {111} plane/calculated charge for 

a close packed layer = 1.2 ) and must represent occupation of all the fav-

ourable planar electrode sites. The charge associated with the second peak 

represents complete coverage of the surface by a close packed layer. 

It is apparent that the A^ peaks are not particularly asymmetrical, 

i.e. although they are associated with the formation and stripping of a 

close packed layer, the latter must have more the properties of an adsorbed 

layer than a crystalline plane. The reasons for this have already been 

discussed in connection with the thallium results. 

A reflectance-charge plot for lead deposition on the {110} face, 
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from acetate solutions, is shown in Fig. 5.14. It is apparent that the 

deposits associated with the two voltammetry peaks, and A^, have very 

similar optical characteristics, as was found for thallium deposition on 

this crystal face. However, the formation of the second layer produces a 

marked change in the gradient. 

5.7(b) POTENTIAL STEP RESULTS. 

These were exactly analogous to the results obtained in perchlo-

rate solutions ( except on the {110} plane, where no dependence on the 

frequency of pulsing was observed ), i.e. the crystal growth step was 

sufficiently fast to allow any information about the lattice growth step 

to be obtained. Only one example will be given, for the {110} face. Fig. 

5.15 shows transients obtained by pulsing to potentials in the A^ and A^ 

region. The A^ transient, like its thallium equivalent, shows a linear 

relationship between i and t ^ over a substantial part of the transient. 

In the A^ region, the initial part of the transient again follows this 

relationship, but at longer times i becomes linear with t. This result 

emphasizes the difference in the nature of the processes occurring in the 

two potential regions. Evidently some influence of the crystal growth step 

on the charge transfer kinetics is responsible for the change in the shape 

of the transient. 

5.7(c) POTENTIAL DECAY RESULTS. 

Fig. 5.16 shows potential decay curves for the three single cry-

stals. That associated with the {111} face is particularly noteworthy, 

showing that the activity of the deposited phase varies by a factor of only 

1.29 as the surface coverage varies by almost 50%. It is remarkable that 

a surface phase formed on a single crystal plane should show such a constant 

activity over a wide range of coverage. This behaviour contrasts strongly 

with earlier assumptions concerning the nature of underpotential monolayers; 
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0 .5 

q/wC cm 

Fig. 5.14 Plot of AR/R vs. q for lead deposition on the {110} face 

A=589nm, parallel polarisation. Solution, 5mM PbCCH^COgjg/ 0.5M Na(CH2C02)2/ 

O.IM CHgCOgH. Sweep speed, 105mV s 
- 1 
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it was assumed that these were adsorbed layers and the activity varied 

^^,109 

linearly with surface coverage. The mean equilibrium phase potential are 

tabulated in Table 5.6. 

TABLE 5.6 

CRYSTAL FACE 

LEAD PHASE 

POTENTIAL/mV VS. 

S.C.E. 

{111} -393 

(100} -433 

{110} -415 

Table showing mean phase potentials for lead monolayers on silver. 

Solution, as in Fig. 5.12. 

The mean phase potentials coincide exactly with the onset of 

stripping and deposition on the {111} face, indicating no overpotential for 

the formation of the crystalline deposit. The same arguments involving 

lattice distortion effects by the substrate, can be used to explain the 

properties of the phases formed on the different crystal planes. 

5.8 THE EFFECT OF CHLORIDE ION. 

The marked effedt of chloride ion on the thallium deposition 

voltammetry, has already been illustrated. The influence of chloride ion 

on lead deposition will first be illustrated by making the solution 

5mM PbO/0.5M HCIO^, ImM with repect to chloride ion. The corresponding 

voltammetry on the three single crystals, is shown in Fig. 5.17. 
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E/mV vs. S.C.E. 

-450 -

E/mV 

-400 

-350 -

Fig. 5.16 Potential/time decay curves for lead removal from (a) the {111} 

and (b) the {100} planes of silver. Solution, as in Fig. 5.12. 
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E/mV 

t/s 

Fig. 5.16(c) Potential/time decay curve for lead removal from the 

{110} plane of silver. Solution, as in Fig. 5.12. 
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fill) FACE. 

Only a single sharp peak, is seen on the cathodic scan and the 

underpotential shift of this ( see Table 5.7 ) is about 18mV smaller than 

the corresponding value in chloride free perchlorate solutions. Again, by-

analogy with the previous results, this must correspond to the growth of 

a two-dimensional crystal plane from the outset, and the disappearance of 

the adsorption peak A^ is due to the blocking of the favourable adsorption 

sites by chloride. 

U O Q } AND (llO) FACES. 

Compared to the results in chloride free perchlorate solutions, 

the following effects can be noted. 

1. The peak potentials have moved to more negative potentials ( lower 

underpotential shifts } ( see Table 5.8 ). The table shows that this effect 

is more marked for the adsorption peak A^, than the crystal phase peak Ag. 

The effect of specific adsorption on underpotential shift has already been 

discussed in connection with the thallium results. That such effects are 

more Important for the adsorption process than the crystal growth step 

would be expected as it is the former process where competition between 

chloride and lead ions takes place for adsorption sites on the electrode. 

The crystallization process is much less dependent on the nature of the 

adsorption sites, and hence any occupation of them by chloride would have 

a smaller effect than on the adsprption process. 

2.The adsorption peaks, A^, are sharper. This effect implies that there is 

now a decreased difference in the adsorption energy between Q=o and 6=1 

( referring to superlattice coverage ). Such a peak sharpening could also 

be described,using a Frumkin isotherm, by an increased positive interaction 

parameter. The E° value for the reaction, 

PbClg + 2e = Pb(H ) + 2Cl" 
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i/wA cm" 

500 

-

J ^ ^ / D 

1 

^ ^ 

1 t 

200 100 
E/ mV vs. E, 

Fig. 5.17(a) L.S.V. for lead deposition on the {111} face. 

Solution, 5mM PbO/ 0.5M KCIO./ ImM NaCl. Sweep speed, 30mV s 



1/wA cm 

- 1 0 0 -

183. 

E/mV vs. E. 

Fig. 5.17(b) L.S.V. for lead deposition on the {100} face, 

Solution, 5mM PbO/ 0.5M HCIO./ ImM NaCl. Sweep speed, 30mV s 
- 1 
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i/pA cm 

200 

E/ mV vs. E. 

Fig. 5.17(c) L.S.V. for lead deposition on the {110} face. 

Solution, 5mM PbO/ 0.5M HCIO^/ ImM NaCl. Sweep speed, 30mV s 
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TABLE 5.7 

CRYSTAL 

FACE 

A^/mV vs. Ej, Ag/mV vs. E 

{111} +130 

{100} +116 +100 

{110} +139 +116 

Peak potentials (vs. E ) for lead deposition 

on different planes of silver. Solution, SmM 

PbO/ 0.5M HCIO^/ ImM NaCl; sweep speed, 30mV s 

TABLE 5.8 

CRYSTAL 

FACE 

A^ SHIFT/mV Ag SHIFT/mV 

{100} -23 -6 

{110} -28 -17 

Table showing shift of peak potentials in 

5mM PbO/ 0.5M HCIO^/ litiM NaCl relative to 

those in 5mM PbO/ 0.5M HCIO^. Sweep speed 

30mV s 
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is -505mV vs. S.C.E.. When the chloride ion concentration is ImM, 

^PbCl2/Pti = -328mV vs. S.C.E., which is equivalent to +109mV vs. in 

the solution 5mM PbO/ 0.5M HCIO^/ ImM NaCl. This implies that actual phase 

formation of PbClg would be possible at potentials more positive than 

4-109mV vs. E^, although there is no evidence that this does occur. It is 

possible that chloride ions could act as a bridge between the lead ad-atoms 

and in this way, increase the interaction parameter. The results on the 

111 plane, where a single sharp peak is obtained ( at +130mV ), do not 

suggest any competition between lead chloride and lead metal formation, 

takes place. 

47 

Schmidt's study of lead deposition on polycrystalline silver has 

already been referred to. In the lower underpotential range, lead 

'adsorption' was accompanied by chloride ion desorption, whereas at higher 

potentials, simultaneous 'adsorption' of lead and chloride ions took place. 

It seems likely that the latter process would occur when all the adsorption 

sites on the electrode had been occupied and crystal growth was taking 

place. The chloride ion could simply be adsorbed on top of the lead layer, 

or it could be incorporated in the two-dimensional layer itself. Certainly 

a complete crystalline layer of lead chloride can be ruled out, as charge 

measurements are not consistent with this, but it seems possible for inter-

stitial chloride ions to be present in the final deposit. 

Potential step results in this solution produced transients with 

the usual i-t ^ relationship in the region, whereas in the region 

the lower part of the transient became linear with time. 

The voltammetry results for solutions containing a much higher 

chloride ion concentration, 0.3M, are shown in Fig. 5.18. In each case 

only a single fairly sharp peak is seen in both scan directions; the 

potentials and total monolayer charges are tabulated in Table 5.9. 
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-500 

187, 

E/mV vs. E. 

Fig. 5.18(a) L.S.V. for lead deposition on the {111} face. 

Solution, ImN Pb(C10^)2/ 0.3M KCl/ ImN HCIO^. Sweep speed, 

30mV s ^. 
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CRYSTAL 

FACE 

PEAK POTENTIAL 

/mV vs. Ep 

^cathodic 
-2 

/yC cm 

{111} +88 358 

{110} +86 413 

{100} +78 388 

Monolayer ( cathodic ) peak potential and 

charge for lead deposition on different faces 

of silver. Solution, ImM Pb(N0g)2/ 0.3M KCl/ 

""X 
ImM HCIO . Sweep speed, 30mV s 
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The underpotential shifts are now considerably lower than the values in 

perchlorate solutions indicating the pronounced effect of the chloride 

ion; in addition the measured charge values are higher. 

The explanation for the disappearance of the two peak voltammetry 

on the ^llO} and {lOO) faces can be seen by reference to Table 5.8. This 

showed that the effect of ImM chloride ion was to reduce the underpotential 

shift associated with the adsorption peak by a factor of 2-3 more than the 

phase peak, depending on orientation. Clearly, an extrapolation of this 

effect to solutions of higher chloride ion concentration would result in 

the two peaks coalescing, as seen in the experimental results. The nature 

of the resulting deposit is best described by reference to the asymmetry 

of the cathodic and anodic peaks. The {111} face peaks as usual, show a 

most marked displacement with respect to each other and the associated 

lead deposit would be a pure two-dimensional crystalline layer. 

The (lOO) peaks also show a marked asymmetry but in this case, the 

slightly wider peak width indicates that the associated monolayer phase 

is not as free from substrate distortion effects as the {ill) electrode 

deposit. 

The {110} face results show the least asymmetry of all, consistent 

with a close packed layer structure significantly distorted by the subs-

trate. .. 

These results are in exact accordance with the conclusions reg-

arding monolayer distortion effects already derived from potential decay 

experiments. 

5.9 RESULTS IN CITRATE SOLUTIONS. 

(a) INTRODUCTION. 

Potential step experiments for lead deposition from perchlorate, 

acetate and cKloride solutions have in each case produced only falling 

i-t transients, with kinks or humps depending on the potential region. This 
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indicates that if crystal growth is taking place by a classical two-

dimensional nucleation mechanism, the slowest step in the deposition 

process is not peripheral growth, as this would result in the current 

rising at least for a short portion of the transient. Certainly, in the case 

of acetate and chloride ion containing solutions, complexes such as 

Pb(CH2C02) and PbCl exist to facilitate the electron transfer process. 

By complexing the deposited metal with various ligands, it is 

possible to vary the rate of the electron transfer step over a wide range 

In the present work it is desirable to reduce this rate to such a value 

that it becomes, to some extent, rate determining and then, if electron 

transfer is simultaneous with lattice incorporation, rising current-time 

transients, corresponding to the incresing size of the nuclei, should 

be obtained. 

With citric acid, a number of possible complexes may be formed, 

e.g. PbL, PbHL, PbH2L2 and PbH^L2 ( L = citric acid ); the distribution 

depends on the concentration of citric acid and the pH^*° 

Initially the variation in the amount of lead complexing with 

pH was determined by adding aliquots of IM NaOH to a solution of O.IM 

citric acid, 1.5mM Pb(N02)2 and 0.5M NaClO . The activity of lead as a 

function of pH was measured with a lead wire immersed in the solution 

together with ( reference ( calomel ) and glass electrodes. The plot of 

^r(Pb^"'"/Pb) shown in Fig. 5.19. For example at a pH of 4.4, the 

amount of free lead in the solution is less than 0.1%,and this pH value 

was chosen as being suitable for the degree of complexing required. 

The solution composition used for the experiments was 3mM 

Pb(CHgC02)2/ O.lM citric acid/ 0.2M NaOH/ 0.5M NaClO^. 

Voltammograms for the three single crystals in this solution are 

shown in Fig. 5.20. They are somewhat similar to those already reported 

for lead deposition from perchlorate solutions containing chloride ion, 

suggesting that the citrate anion, in addition to complexing with the 
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E/mV vs. E 

Fig. 5.20(a) L.S.V. for lead deposition on the {111} face of silver. 

Solution, 3mM PbCCHgCOgig/ O.IM citric acid/ 0.2M NaOH/ 0.5M NaClO^; 

— % 

sweep speed, lOmV s 
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i/uA cm 

200 

E/mV vs. E. 

Fig. 5.20(b) L.S.V. for lead deposition on the {100} face. Solution 

and sweep speed, as in (a). 

The slope on this L.S.V. is due to the fact that the electrode 

was leaking slightly in this particular experiment. 
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1 9 6 . 

l e a d , is a l s o s l i g h t l y s p e c i f i c a l l y a d s o r b e d . 

T h e v o l t a m m e t r y o n t h e { 1 1 1 } p l a n e is p a r t i c u l a r l y s t r i k i n g 

b e c a u s e o f t h e a p p a r e n t o v e r p o t e n t i a l r e q u i r e d f o r t h e m o n o l a y e r p h a s e . 

T h i s p r o d u c e s a m a r k e d a s y m m e t r y b e t w e e n t h e o n s e t o f s t r i p p i n g o n t h e 

a n o d i c s c a n a n d t h e o n s e t o f d e p o s i t i o n o n t h e c a t h o d i c s c a n . T h e m e a n 

e q u i l i b r i u m m o n o l a y e r p h a s e p o t e n t i a l , a s m e a s u r e d b y a p o t e n t i a l d e c a y 

e x p e r i m e n t , w a s + 1 3 1 - 1 3 2 m V v s . E ^ . T h i s c o i n c i d e s e x a c t l y w i t h t h e o n s e t 

o f t h e r a p i d i n c r e a s e in c u r r e n t d u e to t h e a n o d i c s t r i p p i n g o f t h e m o n o -

l a y e r . T h e p o t e n t i a l c o r r e s p o n d i n g to a r a p i d i n c r e a s e i n t h e c a t h o d i c 

c u r r e n t d u e to n u c l e a t i o n a n d g r o w t h o f t h e m o n o l a y e r , is + 1 2 0 m V , i . e . 

f o r t h e f o r m a t i o n o f n u c l e i , a n o v e r p o t e n t i a l o f l l - 1 2 m V r e l a t i v e to t h e 

m o n o l a y e r p h a s e p o t e n t i a l , is r e q u i r e d . T h e p r e v i o u s r e s u l t s f o r t h a l l i u m 

a n d l e a d d e p o s i t i o n f r o m a c e t a t e a n d p e r c h l o r a t e s o l u t i o n s s h o w e d t h a t t h e 

o n s e t o f t h e s t r i p p i n g a n d d e p o s i t i o n p r o c e s s e s o c c u r r e d a t v i r t u a l l y t h e 

s a m e p o t e n t i a l , w h i c h w o u l d i m p l y a l a c k o f a n y n u c l e a t i o n o v e r p o t e n t i a l . 

T h i s d i f f e r e n c e i n b e h a v i o u r i n d i c a t e s t h a t t h e n u c l e a t i o n r a t e is 

c o n s i d e r a b l y l o w e r i n t h e c a s e o f l e a d d e p o s i t i o n f r o m a c i t r a t e c o m p l e x . 

If t h e c a u s e o f t h i s is a r e d u c t i o n i n t h e r a t e a t w h i c h a d - a t o m s a r e 

i n c o r p o r a t e d i n t o t h e c r i t i c a l n u c l e u s , d u e to a l o w e r e l e c t r o n t r a n s f e r 

r a t e , t h e n t h i s r e s u l t s u g g e s t s t h a t w e l l d e f i n e d , r i s i n g i - t t r a n s i e n t s 

c o u l d b e o b t a i n e d f r o m p o t e n t i a l s t e p e x p e r i m e n t s . 

A s i m i l a r , t h o u g h l e s s m a r k e d a s y m m e t r y f o r t h e p h a s e ( ) p e a k s c a n b e 

s e e n in t h e v o l t a m m e t r y r e s u l t s o n t h e { 1 0 0 } p l a n e . 

5 . 9 ( b ) P O T E N T I A L S T E P R E S U L T S . 

{ 1 1 1 } F A C E . 

P u l s i n g i n t o t h e p o t e n t i a l r e g i o n s p a n n e d b y t h e c a t h o d i c v o l t -

a m m e t r y p e a k , p r o d u c e d t r a n s i e n t s w i t h a n i n i t i a l r i s i n g p o r t i o n , a p e a k , 

f o l l o w e d b y a d e c a y to z e r o . A n e x a m p l e is s h o w n in F i g . 5 . 2 1 . T h e t r a n -

s i e n t s h a d t h e f o l l o w i n g c h a r a c t e r i s t i c s . 
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1. T h e r i s i n g p o r t i o n o f t h e t r a n s i e n t a l w a y s s t a r t e d a t a f i n i t e c u r r e n t 

v a l u e a n d w a s p r e c e e d e d ( a t s h o r t t i m e s ) b y a f a l l i n g t r a n s i e n t , e v e n 

w h e n a p r e p u l s e w a s e m p l o y e d t o c h a r g e t h e d o u b l e l a y e r ( s e e F i g . 5 . 2 2 ). 

2 . T h e i n i t i a l p a r t o f t h e r i s i n g t r a n s i e n t is c h a r a c t e r i z e d b y a l i n e a r 

i - t ^ r e l a t i o n s h i p ( s e e F i g . 5 . 2 3 ). 

3. W i t h i n c r e a s i n g n e g a t i v e p o t e n t i a l , t h e p e a k m o v e d to s h o r t e r t i m e s a n d 

h i g h e r c u r r e n t d e n s i t i e s . E v e n t u a l l y t h e f a l l i n g p a r t o f t h e t r a n s i e n t 

c o m e s u n d e r l i m i t i n g p l a n a r d i f f u s i o n c o n t r o l , a n d d e v e l o p s t h e f a m i l i a r 

k i n k a s m o n o l a y e r s a t u r a t i o n i s a p p r o a c h e d . 

4 . T h e e f f e c t o f p r e p u l s i n g f o r a s h o r t t i m e ( l - 3 m s ) t o t h e r e v e r s i b l e 

p o t e n t i a l , p r i o r to t h e m a i n p u l s e to a l o w e r c a t h o d i c p o t e n t i a l , w a s to 

m o v e t h e p e a k t o s h o r t e r t i m e s ; t h e p e a k c u r r e n t r e m a i n e d c o n s t a n t . W i t h 

l o n g e r p r e p u l s e s , o n l y a f a l l i n g t r a n s i e n t w a s o b s e r v e d . 

T h e s e r e s u l t s d e m o n s t r a t e t h e a b i l i t y o f t h e c i t r a t e a n i o n to 

r e d u c e t h e r a t e o f t h e e l e c t r o n t r a n s f e r / l a t t i c e i n c o r p o r a t i o n s t e p , 

f o r l e a d m o n o l a y e r p h a s e f o r m a t i o n , to s u c h a n e x t e n t t h a t d i r e c t e v i d e n c e 

f o r n u c l e a t i o n p r o c e s s e s o c c u r r i n g i n t h e U . P . D . r e g i o n , c a n b e o b t a i n e d . 

I t h a s a l r e a d y b e e n s h o w n ( c h a p t e r 1 ) t h a t a r i s i n g i - t t r a n s i e n t is a 

c o n s e q u e n c e o f t h e i n c r e a s i n g p e r i p h e r a l g r o w t h a r e a o f a n u c l e u s a s f u r -

2 

t h e r m a t e r i a l is i n c o r p o r a t e d a t t h e e d g e s . T h e i - t r e l a t i o n s h i p i m p l i e s 

p r o g r e s s i v e n u c l e a t i o n ( e q u a t i o n 1 . 8 ). 

A t s h o r t t i m e s t h e t r a n s i e n t s p o s s e s s a f a l l i n g s e g m e n t ( o n a 

l o n g e r t i m e s c a l e t h a n d o u b l e l a y e r c h a r g i n g h o w e v e r ) w h i c h p r o b a b l y 

c o r r e s p o n d s t o t h e f o r m a t i o n o f a d - a t o m s o n t h e s u r f a c e . O n c e t h e c o n c -

c e n t r a t i o n o f a d - a t o m s a r o u n d a n y p o i n t h a s r e a c h e d a c r i t i c a l v a l u e , 

n u c l e u s f o r m a t i o n w i l l o c c u r a n d a c o r r e s p o n d i n g r i s e in c u r r e n t t a k e s 

p l a c e d u e t o t h a t n u c l e u s i n c r e a s i n g i n s i z e . T h e f a c t t h a t t h e r i s i n g 

p o r t i o n o f t h e c u r r e n t d d e s n o t s t a r t f r o m t h e c u r r e n t z e r o , b u t a t a 

r e l a t i v e l y h i g h v a l u e , i m p l i e s t h a t t h e c r i t i c a l a d - a t o m c o n c e n t r a t i o n i s 
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r e a c h e d b e f o r e t h e i n i t i a l f a l l i n g p a r t o f t h e t r a n s i e n t d e c a y s to z e r o . 

{ 1 0 0 } A N D { 1 1 0 } F A C E S . 

T h e v o l t a m m e t r y f o r t h e { l O O ) f a c e s h o w s a s i n g l e s h a r p p e a k o n 

t h e c a t h o d i c s c a n . P o t e n t i a l s t e p s i n t o t h i s r e g i o n p r o d u c e c u r r e n t -

t i m e t r a n s i e n t s w i t h a n i n i t i a l r i s i n g s e c t i o n ( s i m i l a r to t h e o n e s h o w n 

i n F i g . 5 . 2 4 f o r t h e { 1 1 0 } f a c e ). T h i s p e a k is m u c h l e s s s y m m e t r i c a l 

t h a n t h a n t h a t o b t a i n e d o n t h e { 1 1 1 } p l a n e , w h i c h s u g g e s t s t h a t s u r f a c e 

d i f f u s i o n is p l a y i n g a m o r e i m p o r t a n t r o l e i n t h e d e t e r m i n a t i o n o f t h e 

s h a p e o f t h e t r a n s i e n t . 

O n t h e { n o } f a c e , t h e v o l t a m m e t r y s h o w s t w o p e a k s . P o t e n t i a l 

s t e p s i n t o t h e r e g i o n o f t h e f i r s t p e a k p r o d u c e o n l y f a l l i n g t r a n s i e n t s 

o f t h e t y p e s h o w n in F i g . 5 . 2 4 ( a ) ; t h i s m u s t c o r r e s p o n d to a n a d s o r p t i o n 

p r o c e s s . A t m o r e n e g a t i v e p o t e n t i a l s , i n t h e s e c o n d p e a k r e g i o n , t h e 

t r a n s i e n t s s h o w a n i n i t i a l r i s e , a s s h o w n i n F i g . 5 . 2 4 ( b ) . I t is i n t e r -

e s t i n g to n o t e t h a t t h i s r i s e i s n o t p r e c e e d e d b y a f a l l i n g t r a n s i e n t 

c o n t a i n i n g a n a m o u n t o f c h a r g e e q u i v a l e n t to t h e f i r s t p e a k , i . e . p h a s e 

f o r m a t i o n c a n o c c u r w i t h o u t t h e p r i o r f o r m a t i o n o f a n a d s o r b e d l a y e r . 

A g a i n , s u r f a c e d i f f u s i o n is a f f e c t i n g t h e s h a p e o f t h e t r a n s i e n t . T h i s 

w o u l d b e e x p e c t e d to b e m o s t p r o n o u n c e d o n t h e { 1 1 0 } p l a n e a s i n t e r a c t i o n 

w i t h t h e s u b s t r a t e i s m o s t s t r o n g . 

5 . 1 0 C O N T I N U O U S S W E E P I N G A N D R E P E T I T I V E P U L S I N G E X P E R I M E N T S O N T H E { l l P } 

P L A N E , I N A P E R C H L O R I C A C I D M E D I U M . 

( a ) V O L T A M M E T R Y . 

T h e r e s u l t s f r o m s i n g l e p o t e n t i a l s c a n s , o r s i n g l e p o t e n t i a l s t e p 

e x p e r i m e n t s , f o r l e a d d e p o s i t i o n o n t h e { 1 1 0 } f a c e f r o m 5 m M P b O / 0 . 5 M H C I O ^ 

s o l u t i o n s , h a v e a l r e a d y b e e n d e s c r i b e d a n d t h e s e g i v e g o o d a g r e e m e n t w i t h 

t h e s u p e r l a t t i c e a d s o r p t i o n / p h a s e t r a n s i t i o n - g r o w t h m o d e l . T h e e f f e c t o f 

c o n t i n u o u s p o t e n t i a l s c a n n i n g a t a r a t e o f l O O m V s ^ ( u n l e s s o t h e r w i s e 

s t a t e d ) w i l l n o w b e d e s c r i b e d . 

T h e f i r s t s w e e p o f a c y c l e to a p o t e n t i a l j u s t a n o d i c to t h e 
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2 0 3 . 

p o i n t w h e r e b u l k d e p o s i t i o n b e g a n w a s q u a l i t a t i v e l y i d e n t i c a l to t h a t 

s h o w n i n F i g . 5 , 2 f o r a s i n g l e p o t e n t i a l s w e e p a t 3 0 m V s " ^ . E a c h 

s u b s e q u e n t s w e e p s h o w e d d e v i a t i o n s f r o m t h i s s t a n d a r d b e h a v i o u r ; t h e s e 

w e r e ; 

1 . A f t e r e a c h s u c c e s s i v e s w e e p , t h e w i d t h o f t h e a d s o r p t i o n p e a k 

d e c r e a s e d a n d c o r r e s p o n d i n g l y t h e p e a k c u r r e n t i n c r e a s e d a n d t h e p e a k 

m o v e d to m o r e n e g a t i v e p o t e n t i a l s . T h e p e a k c u r r e n t a n d p o t e n t i a l o f t h e 

p h a s e p e a k r e m a i n e d c o n s t a n t . 

2. T h e s t r i p p i n g p e a k c o r r e s p o n d i n g to A ^ b e c a m e m o r e d i s t e n d e d i n t h e 

a n o d i c d i r e c t i o n . 

3. A f t e r a c e r t a i n n u m b e r o f s w e e p s ' n ' , n o f u r t h e r c h a n g e in t h e v o l t -

a m m e t r y o c c u r r e d . T h e v a l u e o f 'n' d e p e n d e d o n a n u m b e r o f f a c t o r s w h i c h 

w i l l b e d e s c r i b e d l a t e r . 

4 . T h e a p p e a r a n c e o f t h e v o l t a m m o g r a m a f t e r 'n' s w e e p s ( a t l O O m V s " ^ ), 

f o r a g i v e n c o n c e n t r a t i o n o f P b O i n 0 . 5 M H C I O ^ d e p e n d e d o n , 

( a ) t h e l e n g t h o f t i m e t h e s o l u t i o n h a d b e e n in t h e c e l l , 

( b ) t h e b a t c h o f p e r c h l o r i c a c i d u s e d in t h e s o l u t i o n 

p r e p a r a t i o n . 

5. A f t e r a n u m b e r o f s w e e p s ' n ' , p o t e n t i o s t a t i n g t h e e l e c t r o d e a t a 

p o t e n t i a l a n o d i c to t h a t w h e r e U . P . D . b e g i n s , f o r a p e r i o d o f 1 - 5 m i n u t e s 

( d e p e n d i n g o n c o n d i t i o n s ), r e s t o r e d t h e o r i g i n a l s i n g l e s w e e p b e h a v i o u r , 

w h i c h a g a i n o n r e p e t i t i v e s w e e p i n g s h o w e d t h e s a m e b e h a v i o u r a s d e s c r i b e d 

i n 1. to 4 . a b o v e . A l t e r n a t i v e l y , if t h e e l e c t r o d e w a s p o t e n t i o s t a t e d 

a t a p o t e n t i a l j u s t a n o d i c to t h e o n s e t o f b u l k d e p o s i t i o n , t h e r e w a s 

l i t t l e c h a n g e f r o m t h e b e h a v i o u r a f t e r 'n' s w e e p s . 

F i g . § 5 2 5 s h o w s a n e x a m p l e o f t h i s b e h a v i o u r i n I m M P b O / 0 . 5 M 

H C I O ^ . T h e ' m l f e h . s w e e p , i . e . t h a t a f t e r w h i c h n o f u r t h e r c h a n g e o c c u r r e d 

o n c o n t i n u a l s w e e p i n g , o c c u r s i n t h i s c a s e a t t h e s a m e p o t e n t i a l a s t h e 

o r i g i n a l A ^ p e a k . 

T h e f i g u r e s h o w s t h e g r a d u a l i n c r e a s e i n c u r r e n t d e n s i t y o f A ^ , 
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E/mV vs. E, 

Fig. 5.25 L.S.V.'s for lead deposition on the {110} face of silver, as a 

function of sweep number, showing the gradual change on each successive sweep, 

Solution, ImM PbO/ 0.5M HCIO^; sweep speed, lOOmV s 
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g r a d u a l o v e r l a p w i t h ( w h o s e p o s i t i o n r e m a i n s c o n s t a n t ) a n d e v e n t -

u a l l y , o n l y a s i n g l e p e a k i s v i s i b l e . F i g . 5 . 2 6 s h o w s t h e ' n ' t h . s w e e p a t 

a h i g h e r s w e e p s p e e d ( 3 0 0 m V s * ). I n t h i s c a s e t h e u n d e r p o t e n t i a l 

s h i f t o f t h e c a t h o d i c p e a k ( 1 0 7 m V ) is c o n s i d e r a b l y l o w e r t h a n t h e n o r m a l 

A g v a l u e o n t h i s f a c e ( 1 3 3 m V ). T h i s r e s u l t s h o w s t h e e f f e c t o f i n c r e a s i n g 

t h e s w e e p s p e e d , w h i c h c a u s e s a g r a d u a l m o v e m e n t o f t h e c a t h o d i c p e a k to 

m o r e n e g a t i v e p o t e n t i a l s . C o n v e r s e l y a t l o w s w e e p s p e e d s ( e . g . l e s s t h a n 
- 1 

2 0 m V s ), t h e r e w a s v e r y l i t t l e d i f f e r e n c e b e t w e e n s i n g l e a n d r e p e t i t i v e 

s w e e p s . H o w e v e r , w i t h i n c r e a s i n g s w e e p s p e e d , t h e ' n ' t h s w e e p b e c a m e 

p r o g r e s s i v e l y d i f f e r e n t f r o m t h e f i r s t s w e e p . 

T h e e f f e c t o n t h e s t r i p p i n g v o l t a m m e t r y i s b e s t s e e n f r o m F i g . 

5 . 2 7 w h i c h s h o w s t h e f i r s t a n d ' n ' t h . s w e e p s a t l O O m V s ' ^ in 5 m M P b O / 

0 . 5 M H C I O ^ . T h e s t r i p p i n g c u r v e a s s o c i a t e d w i t h t h e ' n ' t h . c a t h o d i c s w e e p 

is e x t e n d e d to m o r e p o s i t i v e p o t e n t i a l s t h a n t h a t o f t h e f i r s t s w e e p . T h e 

3 0 0 m V s ^ v o l t a m m o g r a m in P i g . 5 . 2 6 s h o w s t h e c o n s i d e r a b l e a s y m m e t r y 

p r o d u c e d b y t h e c o m b i n e d e f f e c t o f t h e c a t h o d i c p e a k b e c o m i n g s h a r p e r , a n d 

m o v i n g to m o r e n e g a t i v e p o t e n t i a l s , a n d a n o d i c p e a k s m e r g i n g i n t o a s i n g l e 

b r o a d p e a k w i t h p o t e n t i a l i d e n t i c a l t o t h e o r i g i n a l s t r i p p i n g p e a k 

p o t e n t i a l ( + 1 5 0 m V ). 

In a l l t h e r e s u l t s s o f a r d e s c r i b e d , t h e c a t h o d i c p o t e n t i a l l i m i t 

h a s b e e n j u s t p o s i t i v e t o t h e o n s e t o f b u l k d e p o s i t i o n . If t h e l i m i t is 

r e d u c e d s u c h t h a t i t i s e q u a l t o a v a l u e j u s t n e g a t i v e o f t h e s i n g l e s w e e p 

A ^ p e a k p o t e n t i a l , a n d a c y c l e o f s w e e p s i s i n i t i a t e d , t h e d i f f e r e n c e 

b e t w e e n t h e f i r s t a n d s u b s e q u e n t s w e e p s is v e r y s m a l l , i . e . a f t e r e a c h 

s w e e p to t h i s r e d u c e d c a t h o d i c l i m i t , t h e p e a k c u r r e n t i n c r e a s e s o n l y v e r y 

s l i g h t l y f r o m i t s v a l u e in t h e p r e v i o u s s w e e p , u n l i k e t h e b e h a v i o u r w h e n 

t h e c a t h o d i c l i m i t is in t h e l o w o v e r p o t e n t i a l ( f o r b u l k d e p o s i t i o n ) 

r e g i o n , w h e n t h e d i f f e r e n c e b e t w e e n s u c c e s s i v e s w e e p s is m u c h m o r e p r o -

n o u n c e d . H o w e v e r if t h e c a t h o d i c s w e e p , d u r i n g a c y c l e o f s c a n s t o a l i m i t 
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i/mA cm 

E/mV vs. Ep 

F i g . 5 . 2 6 L . S . V . f o r l e a d d e p o s i t i o n o n t h e { 1 1 0 } f a c e . S o l u t i o n , a s 

in Fig. 5.25; sweep speed, 300 mV s 



2 0 7 , 

i/pA cm 

n'th. SWEEP 

SWEEP 

E/mV vs. E, 

Fig. 5.27 Two L.S.V.'s for lead deposition on the 110 face; the first sweep 

of a cycle and the 'n'th. sweep ( that after which no further change occurs ); 

Solution and sweep speed, as in Fig. 5.25. 
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i n t h e p o t e n t i a l r e g i o n , is i n c r e a s e d s u d d e n l y to j u s t b e y o n d t h e 

s i n g l e s w e e p p e a k , t h e d i f f e r e n c e b e t w e e n t h e f i r s t a n d s u b s e q u e n t 

s w e e p s t o t h i s l i m i t is m u c h m o r e m a r k e d , a n d a s i n g l e s h a r p p e a k is q u i t e 

r a p i d l y o b t a i n e d . 

A l l t h e e f f e c t s s o f a r d e s c r i b e d a r e m o s t e v i d e n t in t h e m o s t 

dilute lead ion solutions employed ( ImM ). As the lead ion concentration 

is i n c r e a s e d f r o m , s a y , I m M to 5 m M , a t a g i v e n s w e e p s p e e d t h e c o a l e s c e n c e 

o f t h e A ^ a n d A ^ p e a k s i n t o a s i n g l e , r e a s o n a b l y s h a r p p e a k , b e c o m e s l e s s 

marked and only partial overlap occurs. When the lead ion concentration 

is g r e a t e r t h a n l O m M , t h e d i f f e r e n c e b e t w e e n s i n g l e a n d r e p e t i t i v e s c a n s , 

a t s w e e p s p e e d s in t h e r a n g e n o r m a l l y e m p l o y e d f o r s t u d y i n g U . P . D . , ( < 1 0 0 

- 1 

mV s ), are very small or zero i.e. with increasing lead concentration, 

a h i g h e r s c a n r a t e h a s t o b e e m p l o y e d b e f o r e a n y d i f f e r e n c e b e t w e e n s i n g l e 

a n d r e p e t i t i v e s c a n s c a n b e d i s c e r n e d . 

C h a r g e m e a s u r e m e n t s h a v e a l s o b e e n m a d e f r o m t h e c y c l i c v o l t -

a m m o g r a m s , b u t a d i s c u s s i o n o f t h e s e v a l u e s w i l l b e d e f e r r e d u n t i l t h e 

p o t e n t i a l s t e p r e s u l t s h a v e b e e n d e s c r i b e d . 

Aa mentioned already, the effect of adding ImM of chloride ion 

to a solution of 5mM PbO/ 0.5M HCIO was to eliminate any effect of scan 

r a t e o f t h e t y p e d e s c r i b e d a b o v e , i . e . t h e f i r s t s w e e p a n d a n y s u b s e q u e n t 

s w e e p s w e r e i d e n t i c a l . A l s o , t h e e f f e c t o f d e c r e a s i n g the t o t a l a c i d i t y 

f r o m 0 . 5 M to e . g . l O m M w a s at a g i v e n s c a n r a t e , to d i m i n i s h a n y d e p e n d e n c e 

o n t h e n a t u r e o f t h e p o t e n t i a l s c a n . 

( b ) P O T E N T I A L S T E P E X P E R I M E N T S . 

T h e r e s u l t s o f s i n g l e p o t e n t i a l s t e p s i n t o t h e A ^ a n d A ^ r e g i o n s 

h a v e a l r e a d y b e e n d e s c r i b e d . R e p e t i t i v e p u l s i n g p r o d u c e d v e r y m a r k e d 

c h a n g e s i n t h e n a t u r e o f t h e r e s u l t i n g c u r r e n t - t i m e t r a n s i e n t if t h e 

l e n g t h o f t h e a n o d i c c o m p o n e n t w a s n o t t o o l o n g c o m p a r e d to t h e c a t h o d i c 

p u l s e d u r a t i o n . T h e m o s t m a r k e d e f f e c t s in t h e c a t h o d i c t r a n s i e n t w e r e 
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obtained with a pulse train where the length of the anodic component was 

j u s t s u f f i c i e n t to s t r i p o f f t h e m e t a l deposited in t h e p r e c e e d i n g 

cathodic pulse. Under such conditions, a cathodic pulse into the ( single 

sweep ) Ag region of potential, produced well defined rising i-t transients. 

A n e x a m p l e is s h o w n in Fig. 5 . 2 8 . T h e s e r i s i n g transients h a d t h e f o l l o w -

ing c h a r a c t e r i s t i c s . 

1. T h e i n i t i a l c u r r e n t , i ^ ^ g , w a s a l w a y s g r e a t e r t h a n z e r o a n d i ^ _ Q w a s a 

f u n c t i o n o f t h e l e n g t h o f t h e a n o d i c p u l s e , ( t ). 

A s t ^ i n c r e a s e s , i ^ _ Q a n d i ^ ^ ^ ( c u r r e n t d e n s i t y a s s o c i a t e d w i t h 

peak ) increase until eventually the usual falling transient, associated 

v;ith a s i n g l e p o t e n t i a l s t e p , w a s o b s e r v e d ( s e e F i g . 5 . 2 9 ). 

2. I n c r e a s i n g t h e l e n g t h of t h e c a t h o d i c p u l s e , t , ( i . e . b e y o n d t h e 

v a l u e r e q u i r e d to e f f e c t c o m p l e t e d e p o s i t i o n a t t h a t p o t e n t i a l ) w h i l s t 

m a i n t a i n i n g a c o n s t a n t ( s h o r t ) a n o d i c p u l s e l e n g t h , p r o d u c e d v e r y l i t t l e 

d e v i a t i o n f r o m the r i s i n g t r a n s i e n t s h o w n in F i g . 5 . 2 8 . 

3 . T h e r i s i n g t r a n s i e n t o b t a i n e d w i t h i ^ _ Q a t i t s m i n i m u m v a l u e , s h o w e d 
2 

a linear i-t relationship for a large part of the rising portion ( Fig. 

5.30 ). 

4. The eff6o& bfaia6eeasing\t&eieathodic pulse height to more negative 

p o t e n t i a l s i n t h e U . P . D . r e g i o n , w a s to i n c r e a s e i a n d r e d u c e t 
m a x m a x 

In a d d i t i o n , s o m e o f t h e s y m m e t r y a n d t h e i - t ^ r e l a t i o n s h i p o f t h e 

t r a n s i e n t , w a s l o s t . 

5. In double pulse experiments, with an A pulse to the reversible pot-

e n t i a l f o i a t i m e e . g . l / 2 0 t h . t h e l e n g t h o f t h e B p u l s e ( to a p o t e n t i a l 

in t h e A ^ r e g i o n ) w a s i d e n t i c a l to t h e v a l u e w i t h n o prepulse b u t t 
m a x 

w a s s m a l l e r . 

6. If the lead ion concentration was increased, i^^^ for any given t , 

i n c r e a s e d , i . e . t h e m o s t s y m m e t r i c a l r i s i n g t r a n s i e n t s w e r e o b t a i n e d 

w i t h t h e l o w e s t ! P b c o n c e n t r a t i o n s in t h e r e g i o n o f ( l - 5 m M ). F o r 

e x a m p l e in I m M P b s o l u t i o n s , g o o d r i s i n g t r a n s i e n t s c o u l d b e o b t a i n e d 
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i/mA cm 

§ 0 

t/ms 

Fig. 5.29 Current-time transients for a potential step from +363mV to 

+113mV for lead deposition on the {110} plane, with different cathodic 

pulse repitition rates. Cathodic pulse length = 150ms, 1/0.3 = a 

cathodic pulse every 0.3s, 1/10 5 a cathodic pulse every 10s,etc.. 

Solution 5mN PbO/ 0.5M HCIO . A similar sequence of transients would 

be obtained when a pulse train was initiated, with the first pulse 

being equivalent to the 1/10 plot in the above figure. 
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w i t h a n o d i c p u l s e l e n g t h s o f 3 - 5 s e c o n d s ( f o l l o w i n g a c a t h o d i c p u l s e 

o f s a y 3 0 0 m s ) b u t in 5 0 m M P b s o l u t i o n s , r i s i n g t r a n s i e n t s w e r e o n l y 

o b s e r v e d w i t h s t r i p p i n g t r a n s i e n t s o f t h e o r d e r o f 1 0 0 m s l o n g . 

5 . 1 0 ( c ) D I S C U S S I O N . 

T h e v o l t a m m e t r y a n d p o t e n t i a l s t e p r e s u l t s c l e a r l y i n d i c a t e 

t h e p a r t i c i p a t i o n o f s o m e c o m p l i c a t i n g f a c t o r w h i c h is h a v i n g a p r o -

n o u n c e d e f f e c t o n t h e o b s e r v e d d e p o s i t i o n a n d s t r i p p i n g b e h a v i o u r . T h e 

e x p l a n a t i o n f o r t h i s e f f e c t s e e m s to b e m o s t r e a s o n a b l y d e s c r i b e d b y 

p o s t u l a t i n g s o m e c a t a l y t i c r e d u c t i o n o f t h e p e r c h l o r a t e a n i o n , b y t h e 

l e a d m o n o l a y e r to a p r o d u c t w h i c h c a n s u b s e q u e n t l y g r o s s l y a l t e r t h e 

c h a r g e t r a n s f e r k i n e t i c s o f Pb^"^ r e d u c t i o n . T h e c a t a l y t i c p r o p e r t i e s o f 

u n d e r p o t e n t i a l m e t a l m o n o l a y e r s h a v e a l r e a d y b e e n d e s c r i b e d . T h e e x p e r -

i m e n t a l d a t a s h o w s t h a t t h e r e a c t i o n d o e s n o t o c c u r o n t h e a d s o r b e d l e a d 

m o n o l a y e r ( i . e . i n t h e p o t e n t i a l r e g i o n ) b u t o n l y in t h e c r y s t a l 

g r o w t h r e g i o n . T h e r e a c t i o n w o u l d a p p e a r t o b e l a r g e l y s p e c i f i c to t h e 

{ 1 1 0 } c r y s t a l p l a n e ( t h e e f f e c t s o b s e r v e d o n t h e o t h e r c r y s t a l p l a n e s 

w i l l b e d e s c r i b e d l a t e r ). 

If a r e d u c t i o n r e a c t i o n is t a k i n g p l a c e o n t h e l e a d m o n o l a y e r , 

a c o m p a r i s o n o f t h e a n o d i c a n d c a t h o d i c c h a r g e s s h o u l d r e v e a l a h i g h e r 

v a l u e a s s o c i a t e d w i t h t h e l a t t e r . T h i s c o m p a r i s o n h a s b e e n e f f e c t e d f o r 

b o t h s i n g l e a n d r e p e t i t i v e p o t e n t i a l s c a n s . 

T h e a c t u a l c h a r g e v a l u e s a s s o c i a t e d w i t h t h e f i r s t c a t h o d i c 

s w e e p w e r e s l i g h t l y h i g h e r t h a n s u b s e q u e n t s w e e p v a l u e s . T a b l e 5 . 1 0 

s h o w s t h e m e a s u r e d c a t h o d i c c h a r g e v a l u e s ( q ) ( c o r r e c t e d f o r d o u b l e 

l a y e r c h a r g i n g ) a t l O O m V s ^ a s a f u n c t i o n o f t h e s w e e p n u m b e r 'N*. 

T h e s e v a l u e s s h o w t h a t t h e f i r s t s w e e p w a s a s s o c i a t e d w i t h c h a r g e s 

- 2 9 

a p p r o x i m a t e l y 1 5 p C c m h i g h e r t h a n t h e s t e a d y v a l u e o f 3 8 5 p C c m " . 

T h e t e r m ' f i r s t s w e e p ' i n t h i s c a s e , is n o t m e a n t t o i m p l y t h e a b s o l u t e 

f i r s t s w e e p t a k e n w i t h a f r e s h l y p o l i s h e d e l e c t r o d e , b u t to t h e f i r s t 

s w e e p o f a c y c l e t a k e n a f t e r a ' r e l a x a t i o n p e r i o d ' a t p o t e n t i a l s a n o d i c 
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TABLE 5.10 

, - 2 
q /#C c m N 

398.7 1 

388.8 2 

386.9 3 

386.2 4 

385.9 5 

385.7 6 

385.4 7 

385.3 8 

385.0 9 

385.0 1 0 

T a b l e s h o w i n g c a t h o d i c c h a r g e ( q ^ ) a s s o c i a t e d w i t h s w e e p f r o m + 3 5 0 m V 

to -iOmV v s . ( a t l O O m V s ) f o r l e a d d e p o s i t i o n o n t h e {llO^ f a c e 

f r o m I m M P b O / 0 . 5 M H C I O ^ , a s a f u n c t i o n o f s w e e p n u m b e r , N ; t h e v a l u e s 

w e r e d e t e r m i n e d w i t h a n e l e c t r o n i c i n t e g r a t o r ( d . l . c h a r g i n g s u b t r a c t e d ). 

T A B L E 5 . 1 1 

" 9 * ) X 1 0 0 % 

% 
N 

1 1 1 

8 2 

1 - 3 n 

T a b l e s h o w i n g v a r i a t i o n o f t h e f u n c t i o n ( q ^ - q ^ ) / q ^ x 1 0 0 % , a s a f u n c t i o n 

of sweep number N. Other details as in Table 5.10. The values shown are 

t h e a v e r a g e o f f i v e , d e t e r m i n e d b y g r a v i m e t r i c a n a l y s i s o f c u t o u t v o l t a m m o -
g r a m s . 
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to U . P . D . I n p r a c t i s e t h e a b s o l u t e f i r s t s w e e p a l w a y s s h o w e d s o m e e f f e c t s 

o f s u r f a c e p r e p a r a t i o n w h i c h d i s a p p e a r e d a f t e r a f e w s w e e p s . 

A c o m p a r i s o n b e t w e e n t h e a n o d i c c h a r g e a n d c a t h o d i c c h a r g e a s 

a f u n c t i o n o f N , h a s a l s o b e e n m a d e . T h e v a l u e o f t h e f u n c t i o n , 

^^c " X 1 0 0 % 

^ a 

where, = total cathodic charge for the potential scan 

o f T a b l e 5 . 1 0 , a t l O O m V s " ^ . 

= d i t t o f o r a n o d i c c h a r g e . 

is t a b u l a t e d i n T a b l e 5 . 1 1 , a s a f u n c t i o n o f 'N'. 

F o r a n o r m a l U . P . D . p r o c e s s , t h e e q u a l i t y o f t h e a n o d i c a n d 

c a t h o d i c c h a r g e s h a s b e e n d e m o n s t r a t e d m a n y t i m e s . I n t h i s c a s e , t h e 

i n i t i a l e x c e s s o f c a t h o d i c c h a r g e c l e a r l y i n d i c a t e s a n i r r e v e r s i b l e 

( o r n o t c o m p l e t e l y r e v e r s i b l e ) r e d u c t i o n t a k i n g p l a c e . I n a d d i t i o n , 

t h e f a c t t h a t t h i s is m o s t p r o n o u n c e d o n t h e f i r s t s w e e p a n d t h e g r a d u a l 

r e l a x a t i o n o f t h e c a t h o d i c c h a r g e v a l u e s to a c o n s t a n t v a l u e , i n d i c a t e s 

t h a t t h e r e a c t i o n is i n h i b i t e d b y t h e p r o d u c t f o r m e d . T h e f a c t t h a t t h e 

b a t c h o f p e r c h l o r i c a c i d u s e d , a n d t h e l e n g t h o f t i m e t h e s o l u t i o n h a d 

b e e n i n t h e c e l l , a f f e c t e d t h e o b s e r v e d v o l t a m m e t r y , a l s o s u g g e s t s t h a t 

t h e c a t a l y t i c r e a c t i o n is v e r y s e n s i t i v e to t h e e x a c t n a t u r e o f t h e 

s o l u t i o n c o m p o s i t i o n n e a r t h e e l e c t r o d e , ( p r e s u m a b l y w h e n a g i v e n 

s o l u t i o n / e l e c t r o d e c o m b i n a t i o n h a s b e e n s u b j e c t e d to m a n y c y c l e s , t h e 

b u i l d up o f r e a c t i o n p r o d u c t in t h e b u l k o f t h e s o l u t i o n i s s u f f i c i e n t to 

p r e v e n t t h e f o r m a t i o n o f a n y m o r e ; i n t h i s c a s e t h e v o l t a m m e t r y s h o w s 

h a r d l y a n y c h a n g e b e t w e e n t h e f i r s t a n d s u b s e q u e n t s w e e p s ). 

T h e p r o d u c t o f t h e c a t a l y t i c r e d u c t i o n c l e a r l y h a s a n e n o r m o u s 

i n f l u e n c e o n b o t h t h e k i n e t i c s a n d t h e r m o d y n a m i c s o f t h e U . P . D . p r o c e s s . 

T h e e f f e c t o n t h e c a t h o d i c v o l t a m m e t r y is v e r y s i m i l a r t o t h e r e s u l t s 

o b t a i n e d b y a d d i n g i n c r e a s i n g a m o u n t s o f c h l o r i d e i o n to a p e r c h l o r a t e 
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e l e c t r o l y t e ( s e c t i o n 5 . 8 ). In t h e p r e s e n t c a s e , t h e n a t u r e o f t h e s t r i p p -

i n g v o l t a m m e t r y is t o t a l l y d i f f e r e n t f r o m t h a t o b t a i n e d i n c h l o r i d e i o n 

c o n t a i n i n g m e d i a ( w h e r e s y m m e t r y w i t h t h e c a t h o d i c v o l t a m m e t r y p e a k s is 

o b s e r v e d ). M o r e o v e r , o n l y f a l l i n g i - t t r a n s i e n t s c o u l d b e o b t a i n e d in 

s o l u t i o n s c o n t a i n i n g c h l o r i d e i o n . H o w e v e r , t h e f a c t t h a t t h e a d d i t i o n o f 

I m M o f c h l o r i d e i o n to a 5 m M P b O / 0 . 5 M H C I O ^ s o l u t i o n c o m p l e t e l y e l i m i n a t e d 

a n y o f t h e a n o m a l o u s b e h a v i o u r d e s c r i b e d a b o v e s u g g e s t s t h a t t h e c a t a l y t i c 

r e a c t i o n i s i n h i b i t e d b y t h e p r e s e n c e o f t h i s i o n . I t w a s p o i n t e d o u t t h a t 

t h e r e a c t i o n p r o d u c t a l s o s e e m s to i n h i b i t t h e r e a c t i o n . I t s e e m s l i k e l y 

t h e r e f o r e , t h a t t h e s p e c i e s r e s p o n s i b l e f o r t h e o b s e r v e d b e h a v i o u r is 

a reduction product of the perchlorate anion, but in a higher oxidation 

s t a t e t h a n C I . B e f o r e t h i s d i s c u s s i o n r e l a t i n g to t h e n a t u r e o f t h e 

c a t a l y t i c r e a c t i o n is c o n t i n u e d , it is i n t e r e s t i n g to c o n s i d e r t h e i - t 

t r a n s i e n t s o b t a i n e d . T h e s e a r e r e m a r k a b l e in t h a t t h e y s h o w g o o d q u a l -

i t a t i v e a g r e e m e n t w i t h t h e t r a n s i e n t p r e d i c t e d f o r t h e c h a r g e t r a n s f e r 

c o n t r o l l e d g r o w t h o f a t w o - d i m e n s i o n a l l a y e r , w i t h p r o g r e s s i v e n u c l e a t i o n 

( n o t e t h e i n i t i a l i - t r e l a t i o n s h i p ). A s m e n t i o n e d a l r e a d y , s u c h a 

s i t u a t i o n r e s u l t s i n a n i - t r e l a t i o n s h i p o f t h e f o r m , 

2 2 
i = zFTfMhk A t . e x p [ -TrM'^k'^At" 

P 
^ - T T M ^ k ^ A t ^ ^ 

T h e f i t o f t h e e x p e r i m e n t a l d a t a to t h i s e q u a t i o n c a n b e t e s t e d b y p l o t t i n g 

2 3 

l o g ( i / t ) v e r s u s t . A p l o t o f t h i s k i n d f o r t h e i - t t r a n s i e n t o f F i g . 5 . 2 8 

is s h o w n i n F i g . 5 . 3 1 . I t i s s e e n t h a t a l i n e a r r e l a t i o n s h i p h o l d s f o r 

g r e a t e r t h a n 8 0 % o f t h e c h a r g e a s s o c i a t e d w i t h t h e i - t t r a n s i e n t . T h i s 

a g r e e m e n t w i t h t h e t h e o r e t i c a l e q u a t i o n f o r t w o - d i m e n s i o n a l n u c l e a t i o n 

a n d g r o w t h s t r o n g l y s u g g e s t s t h a t in a n a l o g y t o t h e r e s u l t s f r o m c i t r a t e 

s o l u t i o n s , t h e p r o d u c t o f t h e c a t a l y t i c r e d u c t i o n o f t h e p e r c h l o r a t e i o n 

h a s r e d u c e d t h e r a t e o f t h e e l e c t r o n t r a n s f e r s t e p to s u c h a n e x t e n t t h a t 

c r y s t a l g r o w t h i n f o r m a t i o n c a n b e o b t a i n e d . 
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The nature of the product generated in this catalytic reaction 

is most likely an uncharged species.The relatively long time effects 

observed in the experiments described above can only be explained by the 

species being adsorbed on the electrode. However, if the adsorbed species 

was charged, this would be detectable. No such effects are measureable, 

w i t h t h e cathodic charge on continuous sweeping b e i n g o n l y slightly l e s s 

than the first sweep of a cycle ( Table 5.10 ). This makes the existence of a 

negatively charged adsorbate unlikely, as d e s o r p t i o n o c c u r r i n g when metal 

deposition took place would contribute an increased negative charge to 

the measured values ( unless the product was reabsorbed on the lead surface ). 

The most plausible scheme is. 

ClO^ + 2H + 2e = ClOg + H^O E° = 1.15V 

ClOg + 2H + e = ClOg + HgO E° = 1.19V 

(vs. N.E.E.) 

This would produce the neutral CIO molecules. This scheme would 

explain the marked pH dependence of the catalytic reaction. At the present 

time, no more conclusive attempt has been made to identify experimentally 

the nature of the catalytic product, but clearly the addition of CIO 

t o a l e a d i o n c o n t a i n i n g s o l u t i o n w o u l d be a u s e f u l e x p e r i m e n t . 

The explanation for the smaller effects observed at higher lead 

c o n c e n t r a t i o n s 5 i s probably because t h e ClOg is a l m o s t totally complexed 

with lead in solution, rather than adsorbed on the electrode; at higher 

lead ion concentrations there would always be sufficient uncomplexed lead 

to effect the'normal' deposition behaviour. 



CHAPTER SIX: OVERPOTENTIAL DEPOSITION OF LEAD ON SILVER. 
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6 . 0 I N T R O D U C T I O N . 

S t u d i e s o f o v e r p o t e n t i a l m e t a l d e p o s i t i o n in s y s t e m s w h e r e u n d e r -

p o t e n t i a l m e t a l m o n o l a y e r s a r e f o r m e d h a v e b e e n c o m p a r a t i v e l y f e w in 

1 9 

n u m b e r . A l t h o u g h , a s m e n t i o n e d a l r e a d y , s e v e r a l o f t h e s e s t u d i e s t o t a l l y 

i g n o r e d t h e p o s s i b l e p r e s e n c e o f a n u n d e r p o t e n t i a l m o n o l a y e r a n d a n y 

i n f l u e n c e i t m i g h t h a v e o n t h e d e p o s i t i o n k i n e t i c s o f t h i c k e r d e p o s i t s . 

T h e m o s t r e l e v a n t s t u d i e s to t h e s y s t e m i n q u e s t i o n h e r e , i . e . 
28,111,112 

l e a d d e p o s i t i o n o n s i l v e r , a r e t h o s e o f H a r r i s o n e t a l . . T h e s e w o r k e r s 

h a v e m a d e a d e t a i l e d ^ s t u d y o f t h e g r o w t h k i n e t i c s o f l e a d a n d t h a l l i u m 

d e p o s i t s o n p o l y c r y s t a l l i n e a n d s i n g l e c r y s t a l ( { 1 1 1 } ) s i l v e r . H o w e v e r , 

t h e U . P . D . v o l t a m m e t r y o b t a i n e d i n d i c a t e s t h a t t h e p o l i s h i n g m e t h o d s 

e m p l o y e d f o r e l e c t r o d e p r e p a r a t i o n ( a c o m b i n a t i o n o f m e c h a n i c a l a n d 

e l e c t r o c h e m i c a l m e t h o d s ) w e r e n o t s a t i s f a c t o r y in p r o d u c i n g a w e l l d e f i n e d 

s u r f a c e . T h e e x t e n t t o w h i c h t h i s a f f e c t e d t h e o v e r p o t e n t i a l d e p o s i t i o n 

r e s u l t s i s n o t k n o w n , b u t a r e i n v e s t i g a t i o n o f t h e s e s y s t e m s u s i n g c a r e -

f u l l y p r e p a r e d s i n g l e c r y s t a l e l e c t r o d e s is h i g h l y d e s i r a b l e . 

T h e f i n d i n g s o f H a r r i s o n e t a l . f r o m p o t e n t i o s t a t i c p u l s e m e a s u r e -

m e n t s in t h e o v e r p o t e n t i a l r e g i o n , f o r t h e g r o w t h o f l e a d a n d t h a l l i u m o n 

s i l v e r , c a n b e s u m m a r i s e d in t h e f o l l o w i n g w a y . 

1 . I n t h e i n i t i a l s t a g e s o f g r o w t h , r i s i n g i - t t r a n s i e n t s w e r e o b t a i n e d 

w i t h a l i n e a r r e l a t i o n s h i p b e t w e e n t h e s e t w o q u a n t i t i e s . 

2. T h e t r a n s i e n t s w e r e e x t r e m e l y p o t e n t i a l s e n s i t i v e ; t h e g r a d i e n t i n c -

r e a s i n g t e n - f o l d in a b o u t 3 m V . 

3. P r e p u l s i n g t o 2 0 0 m V m o r e c a t h o d i c t h a n t h e g r o w i n g p o t e n t i a l f o r t i m e s 

r a n g i n g f r o m 3 t o 3 0 0 m s , d i d n o t i n c r e a s e t h e g r o w t h c u r r e n t s o r a f f e c t 

t h e p o t e n t i a l d e p e n d e n c e s i g n i f i c a n t l y . 

4 . T h e g r o w t h t r a n s i e n t s w e r e i n d e p e n d e n t o f w h e t h e r t h e m o n o l a y e r w a s 

p r e f o r m e d o r n o t . 
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It was thought that the nuclei grow from a Nernst diffusion layer, 

w i t h t h e c u r r e n t i n t o e a c h n u c l e u s b e i n g i n d e p e n d e n t o f t h e n u c l e u s 

g e o m e t r y . T h u s t h e i - t d e p e n d e n c e w a s e x p l a i n e d by a p r o g r e s s i v e n u c l e a t i o n 

m e c h a n i s m , w i t h e a c h n u c l e u s b r i n g i n g a n e q u a l i n c r e m e n t in c u r r e n t . T h e 

f a c t t h a t p r e p u l s i n g h a d n o e f f e c t w a s t h o u g h t t o i m p l y t h a t t h e r a t e o f 

n u c l e a t i o n w a s c o n t r o l l e d b y t h e g e n e r a t i o n o f d e f e c t s i n t h e s u r f a c e o f 

t h e d e p o s i t e d n u c l e i . 

T h e r e s u l t s f r o m t h e p r e s e n t i n v e s t i g a t i o n w i l l n o w b e d e s c r i b e d . 

A solution of 50mM Pb(CH2C02)2/ 0.5M HCIO^^ was used for all experiments. 

A t h i g h l e a d c o n c e n t r a t i o n s s u c h as t h i s , t h e . a c e t a t e salt w a s b y f a r 

p r e f e r a b l e to t h e o x i d e , a s h e a v y m e t a l i m p u r i t i e s w e r e p r e s e n t i n t h e 

l a t t e r . 

6 . 1 R E S U L T S . 

( a ) S I N G L E P O T E N T I A L S T E P A N D M O N O L A Y E R P R E P U L S E - G R O W T H P U L S E E X P E R I M E N T S . 

O n t h e t i m e s c a l e o f t h e c a t h o d i c p u l s e s e m p l o y e d ( s e c o n d s ), 

o n a l l o r i e n t a t i o n s , r i s i n g t r a n s i e n t s w e r e o b t a i n e d a t o v e r p o t e n t i a l s 

g r e a t e r t h a n 1 3 m V . W i t h o v e r p o t e n t i a l s b e t w e e n 0 a n d 1 3 m V , a f i n i t e 

c u r r e n t f l o w e d , b u t t h i s d i d n o t r i s e w i t h i n t h e t i m e s c a l e o f t h e p u l s e . 

T h i s c o u l d c o r r e s p o n d to n u c l e a t i o n a t a v e r y s l o w r a t e , o r a d - a t o m 

f o r m a t i o n . 

E x a m p l e s o f t h e t r a n s i e n t s o b t a i n e d f o r t h e t h r e e c r y s t a l f a c e s , 

a s a f u n c t i o n o f o v e r p o t e n t i a l in t h e r a n g e 1 4 - 1 7 m V , a r e s h o w n in F i g . 6 . 1 . 

T h e f o l l o w i n g p o i n t s c a n b e n o t e d . 

1. T h e t r a n s i e n t s a r e e x t r e m e l y s e n s i t i v e to s m a l l c h a n g e s in o v e r p o t e n t i a l ; 

e . g . f o r t h e { 1 0 0 } f a c e r e s u l t s , a n i n c r e a s e o f l . O m V i n o v e r p o t e n t i a l 

c a u s e s t h e r a t e ( a t c o n s t a n t t i m e ) t o i n c r e a s e b y a f a c t o r o f a b o u t 

t h r e e . 

2. T h e i n i t i a l p a r t s o f t h e t r a n s i e n t s s h o w e d a n i - t ^ r e l a t i o n s h i p o n t h e 
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{ 1 1 0 } a n d { 1 0 0 } f a c e s , b u t o n t h e { 1 1 1 } f a c e , t h i s w a s i - t ^ ^ ^ . 

2 3 / 2 

E x a m p l e s o f i - t a n d i - t p l o t s f o r t h e t r a n s i e n t s o f F i g . 6 . 1 a r e s h o w n 

i n F i g . 6 . 2 . 

3. Ill e x p e r i m e n t s ; w h e r e a p r e p u l s e t o t h e r e v e r s i b l e p o t e n t i a l w a s e m p l o y e d 

to f o r m t h e m o n o l a y e r , t h e n u c l e a t i o n a n d g r o w t h t r a n s i e n t w a s i d e n t i c a l 

t o t h a t a t t h e s a m e p o t e n t i a l i n s i n g l e p u l s e e x p e r i m e n t s . T h e t r a n s i e n t s 

in F i g . 6 . 1 w e r e in f a c t o b t a i n e d f r o m d o u b l e p u l s e e x p e r i m e n t s , w h e r e a 

p r e p u l s e o f I s d u r a t i o n , t o t h e r e v e r s i b l e p o t e n t i a l , w a s a p p l i e d f o r 

m o n o l a y e r f o r m a t i o n . 

2 3 / 2 

4 . A t l o n g e r t i m e s , t h e i - t o r i - t r e l a t i o n s h i p s w e r e l o s t , a n d i 

b e c a m e l i n e a r w i t h t i m e . E v e n t u a l l y t h e c u r r e n t t e n d e d to a c o n s t a n t , p l a -

n a r d i f f u s i o n l i m i t e d v a l u e . A t h i g h g r o w t h o v e r p o t e n t i a l s ( g r e a t e r 

t h a n 2 0 m V ) t h e t r a n s i e n t s p a s s t h r o u g h a m a x i m u m a n d d e c a y t o t h e p l a n a r 

d i f f u s i o n l i m i t e d v a l u e . 

B e f o r e t h e r e s u l t s o f d o u b l e a n d t r i p l e p o t e n t i a l s t e p 

e x p e r i m e n t s , i n v o l v i n g n u c l e a t i o n , r a t h e r t h a n m o n o l a y e r , p r e p u l s e s , a r e 

d e s c r i b e d , t h e s i n g l e p o t e n t i a l s t e p r e s u l t s w i l l b e d i s c u s s e d . 
28,111-111 

H a r r i s o n e t a l . f o u n d a l i n e a r i - t r e l a t i o n s h i p o n b o t h p o l y -

c r y s t a l l i n e a n d { i l l } s i l v e r , i n t h e i r e x p e r i m e n t s f o r l e a d a n d t h a l l i u m 

d e p o s i t i o n o n s i l v e r . I n t h e p r e s e n t c a s e , n o n e o f t h e s i n g l e c r y s t a l s 

f o l l o w t h i s r e l a t i o n s h i p a n d t h e v a r i a n c e i n b e h a v i o u r m u s t b e d u e to 

t h e d i f f e r e n c e in p r e t r e a t m e n t o f t h e e l e c t r o d e s . A s m e n t i o n e d a l r e a d y , 

t h e v o l t a m m e t r y r e s u l t s o b t a i n e d b y t h e s e w o r k e r s in t h e u n d e r p o t e n t i a l 

r e g i o n , s u g g e s t e d t h a t t h e e l e c t r o d e s u r f a c e s h a d p o o r c r y s t a l l o g r a p h i c 

d e f i n i t i o n . 
2 

C o n s i d e r i n g f i r s t t h e { 1 1 0 } a n d { 1 0 0 } r e s u l t s ; a n i - t r e l a t i o n -

s h i p , a t s h o r t t i m e s b e f o r e o v e r l a p t a k e s p l a c e , c o u l d a r i s e f r o m ; 

1. T h r e e - d i m e n s i o n a l g r o w t h a n d i n s t a n t a n e o u s n u c l e a t i o n , 
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2. T w o - d i m e n s i o n a l g r o w t h a n d p r o g r e s s i v e n u c l e a t i o n . 

( T h e r a t e d e t e r m i n i n g s t e p is t h e r a t e o f i n c o r p o r a t i o n o f 

m a t e r i a l a t t h e e d g e s o f t h e g r o w t h c e n t r e s . ) 

If t w o - d i m e n s i o n a l n u c l e a t i o n a n d g r o w t h w e r e t a k i n g p l a c e , o n e 

p e a k a t l e a s t w o u l d b e e x p e c t e d in t h e t r a n s i e n t s , c o n t a i n i n g a p p r o x -

i m a t e l y a m o n o l a y e r a m o u n t o f c h a r g e . N o s u c h e f f e c t is s e e n , a n d i t 

2 
m u s t b e c o n c l u d e d t h a t t h e o b s e r v e d i - t d e p e n d e n c e a t s h o r t t i m e s , 

c o r r e s p o n d s to t h r e e - d i m e n s i o n a l g r o w t h w i t h i n s t a n t a n e o u s n u c l e a t i o n . 

2 
T h e i - t r e l a t i o n s h i p f o r t h r e e d i m e n s i o n a l g r o w t h , i s o n l y v a l i d b e f o r e 

o v e r l a p o f t h e g r o w i n g c e n t r e s h a s t a k e n p l a c e . A t l o n g e r t i m e s , t h e 

2 

d e v i a t i o n i n t h e e x p e r i m e n t a l p l o t s f r o m a t r e l a t i o n s h i p , m u s t b e d u e 

to o v e r l a p o f t h e g r o w i n g c e n t r e s a n d u l t i m a t e l y , d i f f u s i o n c o n t r o l l e d 

g r o w t h . 
T h e f u l l e q u a t i o n r e l a t i n g i a n d t b e f o r e o v e r l a p i s , 

i = 2zP#M^N k^t^ 
o 

2 
P 

w h e r e , 
k = l a t t i c e g r o w t h r a t e c o n s t a n t . 

N = n u m b e r o f n u c l e i f o r m e d i n s t a n t a n e o u s l y . 

2 
F r o m t h e g r a d i e n t o f t h e i - t p l o t s it i s p o s s i b l e to d e t e r m i n e t h e 

3 
q u a n t i t y N K , 

I n t h e p r e s e n t e a s e , t h i s s h o w s a n 

e x t r e m e p o t e n t i a l d e p e n d e n c e ; t h i s c o u l d a r i s e f r o m a h i g h l y p o t e n t i a l 

dependent or k or both. The variation of k with potential, for a simple 

e l e c t r o n t r a n s f e r p r o c e s s , w o u l d b e g i v e n b y t h e r e l a t i o n 

k = k iexp a z F n - exp (a - l ) z F n I 
° I R T R T ' 



Page 228 was not 

included in the 

bound thesis. 
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T h i s w o u l d n o t p r e d i c t s u c h l a r g e p o t e n t i a l d e p e n d e n c i e s a s f o u n d ex-

p e r i m e n t a l l y , a n d it w o u l d s e e m t h a t t h e v a r i a t i o n o f N w i t h p o t e n t i a l 

i s r e s p o n s i b l e f o r t h e o b s e r v e d b e h a v i o u r . I t is i n t e r e s t i n g to c o n s i d e r 

l e a d d e p o s i t i o n o n a d i f f e r e n t s u b s t r a t e w h e r e t h e n u c l e a t i o n s i t u a t i o n 

is v e r y d i f f e r e n t . T h i s w o u l d r e s u l t i n a t o t a l l y d i f f e r e n t r e l a t i o n s h i p 

b e t w e e n N a n d p o t e n t i a l . V i t r e o u s c a r b o n is i d e a l f o r t h i s p u r p o s e a s n o 

u n d e r p o t e n t i a l m o n o l a y e r s a r e f o r m e d o n t h i s s u b s t r a t e a n d t h r e e - d i m e n s i o n a l 

g r o w t h o c c u r s d i r e c t l y . 

F i g . 6 . 4 s h o w s e x a m p l e s o f s i n g l e p u l s e i - t t r a n s i e n t s f o r l e a d 

d e p o s i t i o n f r o m 5 0 m M P b ( C H 2 C 0 2 ) 2 / 0 . 5 M H C I O ^ o n t o a p o l i s h e d v i t r e o u s c a r -

b o n s u b s t r a t e . R i s i n g t r a n s i e n t s a r e o b t a i n e d a t o v e r p o t e n t i a l s s l i g h t l y 

h i g h e r t h a n o n t h e s i l v e r s u b s t r a t e b u t i t c a n b e s e e n t h a t t h e p o t e n t i a l 

d e p e n d e n c e i s m a r k e d l y r e d u c e d . T h e c u r r e n t is p r o p o r t i o n a l to 

w h i c h c o r r e s p o n d s to t h r e e - d i m e n s i o n a l g r o w t h w i t h p r o g r e s s i v e n u c l e a t i o n , 

i n t o h e m i - s p h e r i c a l d i f f u s i o n z o n e s ( e q u a t i o n 1 . 1 6 ). T h e p o t e n t i a l d e p -

e n d e n c y is c a u s e d b y t h e v a r i a t i o n o f t h e q u a n t i t y AN w i t h p o t e n t i a l 

( w h e r e A is t h e n u c l e a t i o n r a t e c o n s t a n t ). 

T h e s e r e s u l t s i l l u s t r a t e t h e d i f f e r e n c e in t h e g r o w t h k i n e t i c s 

o f l e a d o n c a r b o n a n d l e a d o n { 1 1 0 } a n d { 1 0 0 } s i l v e r . T h e f a c t t h a t t h e 

t h r e e - d i m e n s i o n a l n u c l e i o n c a r b o n g r o w in d i f f u s i o n z o n e s , w h e r e a s 

t h o s e o n { 1 1 0 } a n d { 1 0 0 } s i l v e r d o n o t , s u g g e s t s t h a t t h e l a t t i c e i n c -

o r p o r a t i o n s t e p is m u c h s l o w e r in t h e l a t t e r c a s e s . I n a d d i t i o n , t h e 

m u c h l o w e r p o t e n t i a l d e p e n d e n c i e s o n t h e c a r b o n s u b s t r a t e s u g g e s t t h e 

v a r i a t i o n in t h e n u m b e r o f n u c l e i a n d / o r n u c l e a t i o n r a t e , w i t h p o t e n t i a l , 

is m u c h s m a l l e r t h a n w i t h s i l v e r . T h i s d i f f e r e n c e c o u l d b e i n f l u e n c e d b y 

t h e u n d e r l y i n g m o n o l a y e r o n s i l v e r a n d a l s o b y s u b s t r a t e o r i e n t a t i o n 

e f f e c t s . 

T h e r e s u l t s o n t h e { 1 1 1 } s i l v e r p l a n e a r e d i f f e r e n t f r o m t h o s e 

o n t h e o t h e r t w o f a c e s i n t h a t t h e t r a n s i e n t s s h o w i n i t i a l l y a n i - t ^ ^ ^ 

2 
r a t h e r t h a n a n i - t r e l a t i o n s h i p . I n a d d i t i o n i t c a n b e s e e n f r o m F i g . 6 . 1 
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t h a t t h e p o t e n t i a l d e p e n d e n c y o f t h e t r a n s i e n t s is s o m e w h a t r e d u c e d 

c o m p a r e d to t h a t o n t h e { 1 1 0 } a n d { l O O } f a c e s . T h e i - t ^ ^ ^ r e l a t i o n s h i p 

a g a i n s u g g e s t s t h r e e - d i m e n s i o n a l g r o w t h in h e m i - s p h e r i c a l d i f f u s i o n 

z o n e s , o f p r o g r e s s i v e l y f o r m e d n u c l e i . T h u s b o t h t h e n a t u r e o f t h e s l o w 

s t e p a n d t h e t y p e o f n u c l e a t i o n d i f f e r f r o m t h o s e o n t h e o t h e r p l a n e s . 

T h e d i f f e r e n c e i n t h e p o t e n t i a l d e p e n d e n c i e s b e t w e e n t h e { i l l } , a n d 

{ 1 1 0 } a n d { 1 0 0 } p l a n e s w o u l d b e e x p e c t e d a s t h e p o t e n t i a l d e p e n d e n t q u a n -

t i t y i n t h e f o r m e r c a s e i s A N , w h e r e a s in t h e l a t t e r c a s e s it is N k ^ . 
o o 

I t h a s b e e n s t a t e d m a n y t i m e s in t h i s T h e s i s t h a t t h e f i n a l 

f o r m o f t h e u n d e r p o t e n t i a l m o n o l a y e r o n e a c h p l a n e is a c l o s e p a c k e d 

l a y e r , d i s t o r t e d to a n e x t e n t d e p e n d i n g o n t h e s u b s t r a t e s t r u c t u r e . 

C l e a r l y t h e s e d i s t o r t i o n e f f e c t s a r e i n f l u e n c i n g t h e n u c l e a t i o n a n d g r o w t h 

o f t h i c k e r d e p o s i t s . O n t h e { i l l } p l a n e , d i f f u s i o n to t h e g r o w i n g c e n t r e s , 

f o r m e d p r o g r e s s i v e l y , is t h e s l o w e s t s t e p i n t h e g r o w t h p r o c e s s . O n t h e 

{110 } a n d { 1 0 0 } p l a n e s h o w e v e r , t h e l a t t i c e i n c o r p o r a t i o n s t e p is s l o w -

e s t . I t is p r o b a b l e t h a t g r o w t h in t h e s e c a s e s is h i n d e r e d b y t h e c o n f l i c t 

in s t r u c t u r e b e t w e e n t h e u n d e r l y i n g s u b s t r a t e a n d t h e m o n o l a y e r . I t is 

w e l l k n o w n t h a t t h e s t r u c t u r e o f e l e c t r o d e p o s i t s is s e n s i t i v e to t h e 

o r i e n t a t i o n o f t h e e l e c t r o d e m a t e r i a l , a n d it s e e m s s i g n i f i c a n t t h a t in 

t h e c a s e w h e r e t h e s t r u c t u r e o f m o n o l a y e r a n d s u b s t r a t e a r e i d e n t i c a l 

( t h e { 1 1 1 } p l a n e ), t h a t t h e l a t t i c e g r o w t h s t e p i s f a s t . I t is p o s s i b l e 

t h a t i n i t i a l l y , o n a l l o r i e n t a t i o n s , n u c l e i a r e o r i e n t a t e d w i t h t h e 

|lll[ p l a n e p a r a l l e l to t h e s u b s t r a t e . S u b s e q u e n t g r o w t h o f t h e s e i n t o 

t h r e e - d i m e n s i o n a l c l u s t e r s w o u l d o c c u r m o s t r e a d i l y o n t h e { i l l } 

orientation, but on the {100} and {llO} planes, the initially formed 

{111} o r i e n t a t e d n u c l e i m a y d i c t a t e a g r o w t h f o r m w h i c h is h i n d e r e d b y 

t h e i n f l u e n c e o f t h e s u b s t r a t e . I n t h i s w a y t h e v a r i a t i o n in t h e n a t u r e 

o f t h e s l o w s t e p w i t h o r i e n t a t i o n , c o u l d b e e x p l a i n e d . O f c o u r s e * m o r e 

d a t a is r e q u i r e d b e f o r e t h e s e i d e a s c a n b e s u b s t a n t i a t e d . I t is a l s o 

p o s s i b l e t h a t t h e s u r f a c e s t r u c t u r e o n t h e { 1 1 0 } a n d {lOOl p l a n e s p r o v i d e s 
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e n o u g h f a v o u r a b l e s i t e s f o r i n s t a n t a n e o u s n u c l e a t i o n , w h e r e a s t h e r e l -

a t i v e l y d i s t o r t i o n f r e e { 1 1 1 } s u r f a c e d o e s n o t , a n d n u c l e u s f o r m a t i o n i s 

p r o g r e s s i v e . 

M o r e i n f o r m a t i o n a b o u t t h e n u c l e a t i o n p r o c e s s e s o c c u r r i n g i n 

t h i s s y s t e m c a n b e o b t a i n e d f r o m d o u b l e p o t e n t i a l s t e p e x p e r i m e n t s in 

w h i c h t h e p r e p u l s e is o f a s u f f i c i e n t l y h i g h p o t e n t i a l to f o r m t h r e e -

d i m e n s i o n a l n u c l e i , e . g . a n o v e r p o t e n t i a l o f l O O m V . 

6 . 1 ( b ) N U C L E A T I O N P R E P U L S E A N D G R O W T H P U L S E E X P E R I M E N T S . 

I n i t i a l l y , r e s u l t s f r o m t h e { 1 0 0 } f a c e w i l l b e u s e d t o i l l u s t r a t e 

t h e t y p e o f b e h a v i o u r o b t a i n e d in t h e s e e x p e r i m e n t s . 

F i g . 6 . 5 s h o w s t h a t p r e p u l s e s o f 9 2 . 5 m V f o r p e r i o d s o f t i m e 

b e t w e e n 0 a n d 2 . 6 m s , h a d n o e f f e c t o n t h e g r o w t h t r a n s i e n t a t 1 4 . 7 m V . 

A p r e p u l s e o f 2 . 8 m s h o w e v e r , p r o d u c e d a m a r k e d i n c r e a s e in t h e c u r r e n t 

a n d a 3 m s p r e p u l s e p r o d u c e d s u c h a l a r g e i n c r e a s e i n c u r r e n t t h a t t h e 

t r a n s i e n t n o l o n g e r f i t t e d o n t h e s a m e c u r r e n t a x i s . 

F i g . 6 . 6 s h o w s t h e r e s u l t s f r o m a s i m i l a r e x p e r i m e n t o v e r a 

g r e a t e r r a n g e o f p r e p u l s e l e n g t h s , f o r d e p o s i t i o n o n t h e { 1 1 0 } f a c e . 

I t c a n b e s e e n t h a t t h e s i z e o f t h e g r o w t h t r a n s i e n t s a t t h e s a m e p o t e n t i a l 

a r e v e r y s e n s i t i v e to s m a l l c h a n g e s in t h e l e n g t h o f t h e n u c l e a t i o n p r e -

p u l s e . 

B e f o r e d i s c u s s i n g t h e s e r e s u l t s , it s h o u l d b e p o i n t e d o u t t h a t 

t h e s e f i n d i n g s a l s o d i f f e r f r o m t h o s e o f H a r r i s o n e t a l . in t h e s a m e s y s t e m ; 

t h e s e w o r k e r s f o u n d n u c l e a t i o n p r e p u l s e s h a d n o e f f e c t o n t h e g r o w t h 

t r a n s i e n t . A s m e n t i o n e d e a r l i e r , t h i s m a r k e d d i f f e r e n c e i n r e s u l t s m u s t 

b e d u e to t h e d i f f e r e n c e s i n s u r f a c e p r e p a r a t i o n in t h e t w o c a s e s . 

B e f o r e c o n s i d e r i n g t h e c h a n g e i n s h a p e o f t h e g r o w t h t r a n s i e n t 

p r o d u c e d b y p r e f o r m a t i o n o f n u c l e i , it is i n t e r e s t i n g t o c o n s i d e r w h y n o 

e f f e c t s a r e o b s e r v e d w i t h p r e p u l s e l e n g t h s o f l e s s t h a n 2 . 6 m s . I t is 

p o s s i b l e t h a t t h i s i s t h e l e n g t h o f t i m e n e e d e d f o r t h e n u c l e i t o g r o w 
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i / m A c m / 
( 3 0 m s ) 

( 1 0 m s ) 

( 1 m s ) 
( 3 m s ) 

F i g . 6 . 6 C u r r e n t - t i m e t r a n s i e n t s f o r a p o t e n t i a l s t e p f r o m + 3 0 0 m V to 

- 1 4 . 4 m V a s a f u n c t i o n o f t h e l e n g t h o f t h e n u c l e a t i o n p r e p u l s e ( a t 9 2 . 2 

m V ) , f o r l e a d d e p o s i t i o n o n t h e jlio} f a c e . S o l u t i o n , 5 0 m M P b ( C H 2 C 0 2 ) 2 / 

0.5M HCIO,. 
4 
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t o a s u f f i c i e n t s i z e to b e s t a b l e a t t h e l o w e r g r o w t h p o t e n t i a l , b u t if 

t h i s w e r e t h e c a s e a n a n o d i c c u r r e n t c o r r e s p o n d i n g to t h e d i s s o l u t i o n o f 

n u c l e i f o r m e d i n t h e p r e p u l s e , s h o u l d p r e c e e d t h e r i s i n g g r o w t h t r a n s i e n t . 

W i t h t h i s l e n g t h o f p r e p u l s e , t h i s is n o t o b s e r v e d e x p e r i m e n t a l l y . 

T h e c u r r e n t - t i m e b e h a v i o u r i n t h e p r e p u l s e , a s a f u n c t i o n o f 

l e n g t h , w a s e x a m i n e d . T h e r e s u l t s s h o w e d t h a t t h e f i r s t p r o c e s s o c c u r r i n g 

w a s t h e f o r m a t i o n o f t h e m o n o l a y e r . I t h a s a l r e a d y b e e n s h o w n f o r t h a l l i u m 

d e p o s i t i o n t h a t , e v e n a t o v e r p o t e n t i a l s , f o r m a t i o n o f a c o m p l e t e m o n o l a y e r 

o c c u r s p r i o r to a n y t h r e e - d i m e n s i o n a l g r o w t h . T h e p r e s e n t r e s u l t s s h o w e d 

t h a t , a t n u c l e a t i o n o v e r p o t e n t i a l s o f 9 2 . 5 m V , t h e l e n g t h o f t i m e t a k e n to 

c o m p l e t e m o n o l a y e r f o r m a t i o n w a s a b o u t 2 . 7 m s , w h i c h c o i n c i d e s e x a c t l y 

w i t h t h e m i n i m u m p r e p u l s e l e n g t h w h i c h h a d a n y e f f e c t o n t h e g r o w t h t r a n -

s i e n t . If t h e l e n g t h o f t h e p r e p u l s e w a s l e s s t h a n 2 . 7 m s t h e r e i s in-

s u f f i c i e n t t i m e to c o m p l e t e t h e m o n o l a y e r a t t h i s ( h i g h ) n u c l e a t i o n 

o v e r p o t e n t i a l a n d g r o w t h is c o m p l e t e d a t t h e l o w e r g r o w t h o v e r p o t e n t i a l 

p r i o r to t h e f o r m a t i o n o f a n y t h r e e - d i m e n s i o n a l n u c l e i . I n t h i s c a s e , n o 

e f f e c t o n t h e g r o w t h t r a n s i e n t w o u l d b e o b s e r v e d a s t h e e n t i r e l e n g t h o f 

t h e p r e p u l s e is o c c u p i e d w i t h f o r m a t i o n o f t h e m o n o l a y e r . H o w e v e r , if 

t h e l e n g t h o f t h e p r e p u l s e is g r e a t e r t h a n 2 . 7 m s , t h e r e is t i m e a f t e r 

c o m p l e t i o n o f t h e m o n o l a y e r , t o f o r m t h r e e - d i m e n s i o n a l n u c l e i ; c o n s e q u e n t l y 

t h e g r o w t h t r a n s i e n t s w i l l b e m o d i f i e d a c c o r d i n g to t h e g r e a t e r n u m b e r o f 

n u c l e i a v a i l a b l e f o r g r o w t h . 

T h e s e r e s u l t s s h o w t h a t n o a p p r e c i a b l e t h r e e - d i m e n s i o n a l n u c l e a -

t i o n c a n o c c u r u n t i l t h e m o n o l a y e r i s c o m p l e t e . T h i s c a n n o t b e e x p l a i n e d 

b y t h e r e l a t i v e r a t e s o f m o n o l a y e r f o r m a t i o n a n d t h r e e - d i m e n s i o n a l 

n u c l e a t i o n b e i n g s u c h t h a t t h e n u m b e r o f n u c l e i f o r m e d i n t h e t i m e it 

t a k e s t o c o m p l e t e t h e m o n o l a y e r is v e r y l o w , a s t h i s w o u l d n o t r e s u l t in 

s u c h a s u d d e n i n c r e a s e in t h e g r o w t h c u r r e n t s w h e n t h e p r e p u l s e l e n g t h 

i s j u s t s u f f i c i e n t to a l l o w t h e c o m p l e t e f o r m a t i o n o f t h e m o n o l a y e r . 
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M o r e i n f o r m a t i o n a b o u t t h e r a t e o f n u c l e a t i o n a t t h e o v e r -

p o t e n t i a l s e m p l o y e d i n t h e p r e p u l s e c a n b e o b t a i n e d f r o m t r i p l e p u l s e 

e x p e r i m e n t s , i . e . w i t h t h e f o l l o w i n g p u l s e s e q u e n c e : 

A ) P u l s e t o r e v e r s i b l e p o t e n t i a l f o r m o n o l a y e r f o r m a t i o n . 

B ) N u c l e a t i o n p u l s e , f o r v a r i o u s t i m e s , t o h i g h o v e r p o t e n t i a l . 

C ) G r o w t h p u l s e a t l o w o v e r p o t e n t i a l s . 

W i t h t h i s t y p e o f p u l s e t r a i n , n u c l e a t i o n p r e p u l s e s o f 9 2 . 5 m V , f o r t i m e s 

l o n g e r t h a n 0 . 0 5 m s , a f f e c t e d t h e g r o w t h t r a n s i e n t . T h i s e m p h a s i z e s t h e 

p r e v i o u s r e s u l t , w h i c h i n d i c a t e d t h a t t h e r e l a t i v e r a t e s o f m o n o l a y e r 

f o r m a t i o n a n d t h r e e - d i m e n s i o n a l n u c l e a t i o n , w e r e n o t r e s p o n s i b l e f o r t h e 

s h a r p t r a n s i t i o n I n b e h a v i o u r o b s e r v e d w i t h p r e p u l s e s l o n g e r t h a n 2 . 7 m s . 

T h e r a t e o f t h r e e - d i m e n s i o n a l n u c l e a t i o n b e c o m e s s i g n i f i c a n t o n l y w h e n 

t h e m o n o l a y e r is c o m p l e t e . 

T h e s h a p e s o f t h e g r o w t h t r a n s i e n t s o b t a i n e d in t r i p l e p u l s e 

e x p e r i m e n t s w i l l n o w b e d i s c u s s e d . 

6 . 1 ( c ) T H E N A T U R E O F T H E G R O W T H T R A N S I E N T W I T H N U C L E A T I O N P R E P U L S E S . 

A t a c o n s t a n t n u c l e a t i o n p r e p u l s e o v e r p o t e n t i a l o f 9 2 . 2 m V , t h e 

n a t u r e o f t h e g r o w t h t r a n s i e n t w a s d e p e n d e n t o n , 

A ) l e n g t h o f n u c l e a t i o n p r e p u l s e , 

B ) t h e o v e r p o t e n t i a l i n t h e g r o w t h p u l s e . 

T h e s e r e s u l t s w e r e e s s e n t i a l l y i n d e p e n d e n t o f c r y s t a l f a c e ( b u t s e e 

l a t e r ). 

C A S E 1 . 

N u c l e a t i o n p r e p u l s e s l o n g e r t h a n 7 m s , g r o w t h o v e r p o t e n t i a l s g r e a t e r 

t h a n 1 2 m V . 

I n t h i s c a s e , o n l y f a l l i n g i - t t r a n s i e n t s c o u l d b e o b t a i n e d , 

c o r r e s p o n d i n g to t h e g r o w t h o f n u c l e i l i m i t e d b y t h e r a t e o f p l a n a r 

d i f f u s i o n . 
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C A S E 2. 

N u c l e a t i o n p r e p u l s e o f 3 m s , g r o w t h o v e r p o t e n t i a l s l e s s t h a n 8 m V . 

W i t h t h e n u c l e a t i o n a n d g r o w t h c o n d i t i o n s a s a b o v e , t h e g r o w t h 

t r a n s i e n t c o n s i s t e d o f a n e g a t i v e a n d p o s i t i v e c o m p o n e n t . 

A t s h o r t t i m e s , t h e c u r r e n t c h a n g e s f r o m a p o s i t i v e to a n e g -

a t i v e v a l u e . T h i s p a r t o f t h e t r a n s i e n t is c h a r a c t e r i z e d b y a l i n e a r 

i-

i-t* r e l a t i o n s h i p . E x a m p l e s o f s u c h t r a n s i e n t s a t v a r i o u s o v e r p o t e n t i a l s 

a r e s h o w n in F i g . 6 . 7 . T h e i n i t i a l c a t h o d i c c u r r e n t c o r r e s p o n d s t o d i s s o l -

u t i o n o f t h e n u c l e i f o r m e d a t t h e p r e p u l s e o v e r p o t e n t i a l , w h i c h a r e n o t o f 

s u f f i c i e n t s i z e to b e s t a b l e a t t h e g r o w t h p o t e n t i a l ( t h e c r i t i c a l r a d i u s 

b e i n g d e p e n d e n t o n o v e r p o t e n t i a l ). 

T h e i n i t i a l i-t* f o r m o f t h e t r a n s i e n t s , i n t h e c a t h o d i c s e g m e n t , 

s u g g e s t s t h e g r o w t h o f t h r e e - d i m e n s i o n a l n u c l e i , f o r m e d i n s t a n t a n e o u s l y , 

in h e m i - s p h e r i c a l d i f f u s i o n z o n e s . T h e r e l a t i o n s h i p b e t w e e n c u r r e n t a n d 

t i m e f o r t h i s s i t u a t i o n h a s a l r e a d y b e e n g i v e n . I n f u l l t h i s e q u a t i o n i s , 

2 3 3 / 2 h i = 8 N F M C D t o 
2 % 

p T 7 

w h e r e , M = M o l e c u l a r w e i g h t 

C = C o n c e n t r a t i o n 

p = d e n s i t y o f m a t e r i a l d e p o s i t e d 

N = N u m b e r o f n u c l e i f o r m e d i n s t a n t a n e o u s l y 
o 

I t c a n b e s e e n t h a t is t h e o n l y p o t e n t i a l d e p e n d e n t q u a n t i t y in t h i s 

e x p r e s s i o n a n d t h e r e f o r e a n y p o t e n t i a l d e p e n d e n c y o f t h e g r o w t h t r a n s i e n t s 

m u s t b e d u e to t h e v a r i a t i o n i n N w i t h g r o w t h p o t e n t i a l ( i . e . a l t h o u g h 

a l a r g e n u m b e r o f n u c l e i a r e f o r m e d in t h e p r e p u l s e , t h e f r a c t i o n o f t h e s e 

w h i c h a r e a l l o w e d to g r o w f u r t h e r i s d e p e n d e n t o n t h e g r o w t h p o t e n t i a l ). 

If t h e g r o w t h o v e r p o t e n t i a l is i n c r e a s e d d u r i n g a n a c t u a l 
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t r a n s i e n t , t h e c u r r e n t a l s o i n c r e a s e s . A g a i n , t h i s c a n o n l y b e e x p l a i n e d 

o n a d i f f u s i o n c o n t r o l l e d g r o w t h m o d e l if i n c r e a s i n g t h e p o t e n t i a l c a u s e s 

m o r e n u c l e i to f o r m o n t h e ' u n c o v e r e d ' p a r t s o f t h e e l e c t r o d e . 

I n p r i n c i p l e , N a t t h e v a r i o u s g r o w t h p o t e n t i a l s c o u l d b e 

H. 
c a l c u l a t e d f r o m i - t p l o t s a t d i f f e r e n t p o t e n t i a l s . 

C A S E 3. 

N u c l e a t i o n p r e p u l s e o f 3 m s , g r o w t h p o t e n t i a l b e t w e e n 8 a n d 2 0 m V . 

I n t h i s c a s e , t h e i n i t i a l a n o d i c c u r r e n t i s r e s t r i c t e d to v e r y 

s h o r t t i m e s , a s a n i n c r e a s i n g f r a c t i o n o f t h e p r e f o r m e d n u c l e i b e c o m e 

s t a b l e a t t h e g r o w t h o v e r p o t e n t i a l . T h e i n i t i a l p a r t o f t h e t r a n s i e n t i s 

d e s c r i b e d b y i o t t ^ . E x a m p l e s o f t h i s a r e s h o w n i n F i g . 6 . 8 , ( t h e X Y 

r e c o r d e r c o u l d n o t r e s p o n d to t h e a n o d i c d i s s o l u t i o n c u r r e n t a t v e r y s h o r t 

t i m e s ). 

I n s o m e c a s e s w h e n n u c l e a t i o n p r e p u l s e s w e r e e m p l o y e d , t h e f o r m 

o f t h e g r o w t h t r a n s i e n t s w a s m o r e c o m p l i c a t e d t h a n t h a t s h o w n in F i g . 6 . 8 . 

F i g . 6 . 9 s h o w s e x a m p l e s o f t h i s t y p e o f t r a n s i e n t o n t h e |l00[ p l a n e . A n 

i n i t i a l p e a k is f o l l o w e d b y a r i s e in c u r r e n t . T h e c h a r g e a s s o c i a t e d 

w i t h t h e p e a k c a n b e s e e n to b e f a r g r e a t e r t h a n a m o n o l a y e r a m o u n t ; 

e . g . f o r t h e t r a n s i e n t a t I S . O m V i n F i g . 6 . 8 , a b o u t 7 m C c m ~ ^ . H e n c e it 

c a n n o t b e e x p l a i n e d b y t h e g r o w t h o f a t w o - d i m e n s i o n a l l a y e r . U n f o r t u n a t e l y 

a t t h e p r e s e n t t i m e , t h e n u m b e r o f e x p e r i m e n t s p e r f o r m e d in t h i s a r e a 

h a s n o t b e e n s u f f i c i e n t l y l a r g e to e s t a b l i s h t h e c r i t e r i a w h i c h d e t e r m i n e 

w h e t h e r o r n o t t h i s t y p e , o r t h e s i m p l e i - t * b e h a v i o u r is o b t a i n e d . It 

m a y b e t h a t s m a l l v a r i a t i o n s i n s u r f a c e p r e t r e a t m e n t a r e i m p o r t a n t . 

T h e e x p l a n a t i o n f o r t h i s e f f e c t is p r o b a b l y r e l a t e d t o o r i e n t -
113,114 

a t i o n e f f e c t s . A c c o r d i n g to P a n g a r o v , t h e o r i e n t a t i o n o f i n i t i a l l y f o r m e d 

n u c l e i i s d e t e r m i n e d s o l e l y b y t h e w o r k o f t h e i r f o r m a t i o n w h i c h is a 

f u n c t i o n o f t h e o v e r v o l t a g e o f m e t a l d e p o s i t i o n . 

I n t h e p r e s e n t c a s e , w h e r e t h e e x p e r i m e n t a l t r a n s i e n t s c a n b e 



2 4 0 . 

F i g . 6 . 8 C u r r e n t - t i m e t r a n s i e n t s f o r p o t e n t i a l s t e p s f r o m + 3 0 0 m V to t h e 

o v e r p o t e n t i a l s s h o w n , f o l l o w i n g a m o n o l a y e r p r e p u l s e o f I s a n d a n u c l e a t i o n 

p r e p u l s e o f 3 m s a t - 9 2 . 8 m V , f o r l e a d d e p o s i t i o n o n t h e |lll| p l a n e . 

S o l u t i o n , 5 0 m M P h f C H ^ C O g i g / 0 . 5 M H C I O , . 
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d i v i d e d i n t o t w o s e c t i o n s , a n i n i t i a l p e a k o r p l a t e a u f o l l o w e d b y a r i s e , 

it is p o s s i b l e t h a t t h e f i r s t f e a t u r e c o r r e s p o n d s to t h e g r o w t h o f 

c e n t r e s w i t h o r i e n t a t i o n d e t e r m i n e d b y t h e n u c l e a t i o n o v e r p o t e n t i a l . 

I f , f o r a g i v e n s u b s t r a t e , t h i s i s n o t t h e m o s t f a v o u r e d o r i e n t a t i o n a t 

t h e g r o w t h o v e r p o t e n t i a l , t h e r a t e o f l a t t i c e g r o w t h w i l l b e s l o w a n d 

c o r r e s p o n d i n g l y t h e c u r r e n t w o u l d r e m a i n a t a l o w v a l u e . A s t h e c e n t r e s 

o v e r l a p , t h e c u r r e n t w i l l d r o p c o r r e s p o n d i n g t o t h e d e c r e a s e d a r e a 

a v a i l a b l e f o r g r o w t h . T h i s w i l l p r o d u c e a p e a k in t h e i - t t r a n s i e n t . T h e 

g r o w t h p o t e n t i a l s i n F i g . 6 . 9 a r e s u c h h o w e v e r , t h a t f u r t h e r n u c l e a t i o n 

c a n o c c u r a n d t h e s e c e n t r e s w i l l h a v e t h e p r e f e r r e d o r i e n t a t i o n f o r 

g r o w t h a t t h a t p o t e n t i a l . T h i s s e c o n d n u c l e a t i o n s t e p w i l l c a u s e t h e 

c u r r e n t to r i s e a g a i n , c o r r e s p o n d i n g to n e w c e n t r e s f o r m e d o n t o p o f t h e 

i n i t a l l a y e r o f d i f f e r e n t o r i e n t a t i o n . T o d a t e , t r a n s i e n t s o f t h e t y p e 

s h o w n i n F i g . 6 . 9 h a v e o n l y b e e n o b t a i n e d f o r t h e j l i o } a n d |lOO[ f a c e s . 

I t is p o s s i b l e t h a t i t is o n l y in t h e c a s e o f t h e {ill} s u b s t r a t e t h a t 

t h e p r e f o r m e d n u c l e i d i c t a t e a g r o w t h f o r m a t t h e l o w o v e r p o t e n t i a l , w h i c h 

is t h e m o s t s t a b l e o n t h e llllj- f a c e . H o w e v e r , f u r t h e r w o r k in t h i s a r e a 

is n e c e s s a r y b e f o r e d e f i n i t e c o n c l u s i o n s c a n b e m a d e . 



CHAPTER SEVEN: CONCLUDING REMARKS, 
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The work described in this Thesis has answered several of the 

unresolved questions pertaining to U.P.D. which were mentioned in Chapter 

2. For example, there seems no doubt that the multi peak nature of the 

voltammetry observed on polycrystalline electrodes corresponds to depos-

ition on the different crystal faces in the surface. In the absence of 

chemical polishing, such effects would be most readily discernible on the 

hardest of the noble metals e.g. gold and platinum, whose surfaces are 

most resistant to mechanical deformation from alumina polishing. Much 

of the previous work in U.P.D., especially on silver electrodes, is of 

dubious significance due to inadequate surface preparation. 

There is also no doubt that the final form of the monolayer in 

each case, is a two-dimensional crystal plane, distorted to an extent 

depending on the surface structure of the substrate. In the present 

examples, direct evidence for nucleation, in the form of well defined 

rising current-time transients, could only be obtained when the rate of 

the electron transfer/ lattice incorporation step was reduced by complex-

ing agents. Nevertheless the results have shown conclusively that nucleation 

and crystal growth processes do occur in the underpotential region. 

In the present work, interaction parameters have not been determined 

for the surface coverage-potential relationships on the different crystal 

faces. An interaction parameter greater than or equal to four is usually 

. j . . 115 
recognised as implying crystal phase formation. It is essential however, 

to consider the effects of substrate structure on the properties of the 

monolayer phase, and the concept of a limiting interaction parameter for 

an adsorbed layer, derived for featureless surfaces, is of dubious signif-

icance when applied to solid surfaces. It is probable that microelectrodes 

would give even sharper voltammetry peaks than observed in this study, as 

surface heterogeneity effects would be less important. Future work in this 

direction should enable the effects of surface heterogeneity, and substrate 

distortion of the monolayer, to be resolved. It is only then that interaction 

parameters can be treated quantitatively and analysed in terms of the 
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interactions within the layer. 

In conclusion it should be said that more time spent on the 

improvement of surface preparation procedures, plus the utilisation of 

monocrystalline substrates, seems essential for the study of any reaction 

w h e r e s t r u c t u r a l interactions w i t h t h e electrode are i m p o r t a n t . 
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A P P E N D I X . 

1. I N T R O D U C T I O N . 

T h e m o d e l u s e d to s i m u l a t e t h e o p t i c a l b e h a v i o u r o f a t h i n m e t a l 

l a y e r o n a m e t a l l i c s u b s t r a t e c o n s i s t s o f a t h r e e p h a s e s t r a t i f i e d s y s t e m , 

a m b i e n t ( s o l u t i o n ) p h a s e / m e t a l l a y e r / s u b s t r a t e m e t a l . E a c h p h a s e is 

a s s u m e d to b e h o m o g e n e o u s a n d i s o t r o p i c and to h a v e u n i q u e o p t i c a l p r o p -

e r t i e s i n d e p e n d e n t o f i t s c o n t a c t w i t h t h e o t h e r p h a s e . T h e o p t i c a l 

p r o p e r t i e s o f e a c h p h a s e c a n b e r e p r e s e n t e d b y t h e r e f r a c t i v e i n d e x . 

I f t h e a m b i e n t p h a s e is n o n a b s o r b i n g , i t s r e f r a c t i v e i n d e x w i l l b e r e a l 

( n ^ ) . B o t h t h e m e t a l f i l m a n d s u b s t r a t e m e t a l h a v e c o m p l e x r e f r a c t i v e 

indices on account of their light absorption p r o p e r t i e s , a n d respect-

i v e l y . 

= * 2 - 1 ^ 2 

^ 3 = ^ 3 - i k , 

w h e r e , n ^ a n d n ^ a r e t h e r e a l c o m p o n e n t s o f t h e c o m p l e x 

r e f r a c t i v e i n d e x , 

a o d , i i s t h e s q u a r e r o o t o f - 1 , 

k g a n d a r e t h e i m a g i n a r y c o m p o n e n t s o f t h e c o m p l e x 

r e f r a c t i v e i n d e x . 

A l t e r n a t i v e l y , t h e o p t i c a l c o n s t a n t s c a n b e e x p r e s s e d a s t h e d i e l e c t r i c 

c o n s t a n t ^ , 
X 

- i « " 
X X X X 

• 2 7 w h e r e , e = n - k 
X X X 

* = 2 n k 
X X X 

2. T H E R E F L E C T A N C E E Q U A T I O N S . 

T h e r e f l e c t i v i t y o f a n y m u l t i p h a s e s y s t e m is g i v e n b y t h e s q u a r e 

o f t h e m o d u l u s o f t h e F r e s n e l c o e f f i c i e n t d e s c r i b i n g t h a t s y s t e m , 



R = r 

246, 

2 

This coefficient is defined as the ratio of the complex amplitudes of 

the electric field vectors of the reflected and incident beams in the 

incident phase, and its value is a function of the polarisation state of 

the incident beam and of the angle of incidence in the incident phase. 

54 

A multi component system is treated by determining the Fresnel coefficient 

at each interface and from these calculating the coefficient for the total 

system. 

For the general case of non-normal incidence, it is useful to 

define, for the phase j, the angular dependent quantity g^, as 

O a 2 . 2 . . 
g. = n.cosG. = ( n. - n_ sin 8.) 
J J J J 1 1 

where 8 is the angle of incidence in the ambient phase with refractive 

index n^, whilst nj is the complex refractive index of phase j. In the 

event of phase j being absorbing Gj is a complex angle. The Fresnel 

coefficients for the interface between the two faces, j and k, are then 

given by. 

" s . j k • f 

/ \ / \ / \ / \ 

*p,jk 
/ \ / \ / \ / \ 
= k S j + C j S k 

for light polarised perpendicular (s) and parallel (p) to the plane of 

incidence and where p , e. and ^ are the magnetic permeabilities and 
J K J K 

dielectric constants of phases j and k respectively. 

For a three component system (ambient(1), thin film(2) and 



2 4 7 , 

absorbing substrate(3)), the Fresnel coefficients become, 

^ 8 . 1 2 3 ° ' s , 1 2 " ) 

1 1 2 - f . ) 

f p , 1 2 3 • ' p , 1 2 + f p , 2 3 e % P ( - 2 i B ) 

1 * f p . 1 2 - ' p . 2 3 * * 9 ( - 2 i S ) 

w h e r e g is t h e p h a s e c h a n g e o f t h e l i g h t d u r i n g o n e t r a v e r s e o f t h e 

thin phase(2) and is given by. 

6 = Z n n g d c o s G g 

w h e r e d i s t h e t h i c k n e s s o f t h e t h i n f i l m ( 2 ) . 

Now, 

^ " *123 " = ^ 2 3 - 1 = I r^23 

^ 1 3 

' 1 3 

^ 1 2 3 * ^ 1 2 3 - 1 

*13 * ^13 

w h e r e t h e s y m b o l * d e n o t e s c o m p l e x c o n j u g a t e . A n e x a m p l e o f a t y p i c a l 

c o m p u t e r p r o g r a m m e is i n c l u d e d . 



COMPUTER PROGRAMME FOR THE THREE LAYER MODEL. 

MASTER DEPOSIT 248. 
C CALCULATION OF DELTAR/R FROM EQUATIONS OF MCK AND ASPNES 

COMPLEX N 1 , N 2 , A 1 , A 2 , A 3 , A 4 , S 1 , S 2 , S 3 , R 1 2 , R 2 3 , B 1 , B 2 , Z , R 1 Z 3 , 
1 R 1 3 , P 1 2 , P 2 3 , P 1 2 3 , P 1 3 

REAL LAMBDA 
SO F0RMAT(31H LAMBDA DELTAP DELTAS) 

W R I T E ( 2 , S 0 ) 
C 
C SET DATA 
C 

P l * 3 , 1 4 1 5 9 2 6 5 3 8 9 * 
A N 1 = 1 . 3 3 4 
AK IsQ .Q 
N l»CMPLX(AN1 ,AK1 ) 
8 = 1 0 , 0 * 1 0 , U * * ( " 1 U ) ^ 

c 
75 R E A D ( 1 , 1 0 0 ) L A M B D A , A N 2 , A K 2 , E C 1 , E C 2 , 
100 ;ORMAT(5FO.O) 

l F ( L A M a O A , L T , O . U ) G O T099 
N 2 a C H P L X ( A N 2 , " A K 2 ) 
ANGLE=4S.O 
A = L A M 8 D A * 1 0 , 0 * * ( " 9 ) 

C 
C CALCULATE REFLECTANCE 
C 

T H E T A = ( 4 N G L E * P I ) / 1 # 0 , 0 
8 ^ 1 * * 2 

A 2 s N 2 * * 2 
A3aCMPLX(EC1, "EC2) 
A 4 M A l * ( ( S I N ( T H E T A ) ) * * 2 ) 
S l = N l * C O $ ( T H E T A ) 
S 2 * C S Q e T ( A Z - A 4 ) 
$3sCSQRT(A3 -A4 ) 
R 1 2 = ( A Z * S 1 - A 1 * S 2 ) / ( A 2 * S 1 + A 1 * S 2 ) 
R 2 3 = ( A 3 * S 2 - A 2 # S 3 ) / ( A 3 * $ 2 * A 2 * S 3 > 
B l 3 ( 4 , 0 * P I * R * S 2 ) / A 
Y=AIMAG(B1) 
X s R E A L ( B l ) 
B 2 * C M P L X ( Y , . X ) 
Z=CfXP(%2) 
* 1 2 3 = ( R 1 2 + R 2 3 * Z ) / ( 1 . 0 + R 1 2 * R 2 3 * Z ) 
R S ( C A B S ( R 1 2 3 ) ) * * 2 
R 1 3 = ( R 1 2 * R 2 3 ) / ( 1 , 0 + R 1 Z * R 2 3 ) 
S=(GAR$ ( R 1 3 ) ) * *2 
D E L T A P a ( R - S ) / S 
P 1 2 = ( S 1 " S ? ) / ( S 1 + S 2 ) 
p 2 3=(S2"S3 ) / ( S 2 + S 3 ) 

P 1 2 3 = ( P 1 2 + P 2 3 * Z ) / ( 1 , 0 + P 1 2 * P ^ 3 * Z ) 
P=(CAWS(P123))**2 
P 1 3 = ( P 1 2 + P 2 3 ) / ( 1 . 0 + P 1 Z * P 2 3 ) 
U = ( C A W & ( P 1 3 ) ) * * 2 
D E L T A S * ( P - Q ) / 0 
W H I T E ( 2 , 5 2 ) L A M B D A , D E L TAP,DELTAS 

5 2 F O R M A T ( 1 H O , F 7 , 0 ' Z E 1 2 , 4 ) 
GO TU 

99 STOP 
E N D 
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