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PREFACE

In the period 1935-1960, work on the kinetics of electrode
reactions was centered principally on the study of the rates and
mechanisms of overall reactions involved in continuous electrolytic
processes, e.g. cathodic H2 evolution, metal deposition and reduction
of organic substances, and anodic processes such as evolution of O

2

or Clz. Although it was appreciated that many of these reactions
must involve intermediates, in some cases present in an adsorbed
state, the study of the electrochemical reactivity of.chemisorbed
species at electrode surfaces did not develop very rapidly until

1960, following the development of electronic potentiostats and
techniques for potentiodynamic (controlled-potential sweep experi-
ments) examination of surface electrode processes by Will and Knorrsg.
The earliest experimental indication of significant coverage of a Pt
electrode by electrodeposited H was reported by Bowden and Rideal46
in their studies of capacitance of electrode interfaces by means of
charging curves. This was followed by the early controlled-current
work of Frumkin and Slyginzﬂ_49 in 1935-36 which must be specially
mentioned as it was the first in which coverage of a platinized Pt

electrode by H was studied in more detail and interpreted in terms

of H chemisorption.

The potentiodynamic method was then applied, especially in
the period 1960-1970, to many reactions often indiscriminately with-
out sufficient, or any, attention to the complex features of the

current-potential behaviour that can arise in surface reactions
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involving chemisorbed electroactive or electro-inactive intermediates.
A theoretical basis is therefore.required to define the kinetic be-
haviour of various model systems so that experimental results on
electrode surface reactions can be both qualitatively and quantita-
tively interpreted in more satisfactory ways. Some theoretical work
has been done previously and is reviewed in Chapter I in the context

of the further original work reported later in this thesis.

It is the purpose of this thesis to present the results of
simulations of kinetic behaviour of a number of types of surface re-
actions that take place at electrodes, and deduce the characteristic
kinetic features of these processes. In most cases, the results of
this approach can be given in exact numerical form and in a few cases

in analytical forms.

Several papers have already arisen in this work and have
been published. Others are in course of publication. Details are
as follows:

(1) Kinetic and Optical Relaxation Studies of Adsorbed Intermediates
in some Electrochemical Reactions, B.E. Conway, H. Angerstein-
Kozlowska, F.C. Ho, J. Klinger, B. MacDougall and S. Gottesfeld,
Faraday Discussions of the Chemical Society, No. 56, 199 (1973).

(2) Computer Procedures in Electrochemical Research: Application to
Instrument Control, Data Processing and Solution of Complex

Kinetic Problems, B.E, Conway, B.V. Tilak, H. Angerstein-Kozlowska,

J. Klinger, in Proceedings of‘the‘Conferenbe-onfUComputers in Chemical

Research and Education", Ed. D, Hadzi, Elsevier Publ. Co.,

Amsterdam, 1973.
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(3) Computer Simulation of the.Kinetic Behaviour of Surface Reactions
Driven by a Linear Potential Sweep - Part I: Model 1-Electron
Reaction with a Single Adsorbed Species, H, Angerstein-Kozlowska,
J. Klinger and B. E. Conway, J. Electroanal. Chem., 75, 45

(1977).

(4) Computer Simulation of the Kinetic Behaviour of Surface Reactions
Driven by a Linear Potential Sweep - Part II: Sequential Reactions
of Adsorbed Species, H. Angerstein-Kozlowska, J. Klinger and

B. E. Conway, J. Electroanal. Chem., 75, 61 (1977).

The work on nucleation-controlled processes.(Chapter X) is
in course of publication. The treatment of surface oxidation reactions
as well as the Chapter ITI, which gives an account of the computational
procedures involved in the numerical simulations, will also be pub-

lished in the near future.
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ABSTRACT

Many electrode reactions proceed at metal surfaces with
the involvement of one or more chemisorbed intermediates. The sur-

face reactions of, or amongst, these intermediates are often complex.

The various types of kinetic behaviour of a selection of
electrochemicallsurface reactions involving species in monolayers
have been numerically simulated for the case where the electrode
potential is linearly varied with time (potentiodynamic sweep method).
The simulation runs were carried out on an IBM 360 Computer, Model 65,
using a simulation language "System/360 Continuous System Modeling
Program - (5/360 CSMP)" developed by IBM. A general S/360 CSMP pro-
gramme capable of solving equations for up to 5 reaction steps in any
given overall reaction mechanism was written. The properties of the

function generator were embodied in a separate subroutine.

In the work described in the present thesis, which deals
with simulation of the kinetic behaviour of various reaction mechanisms,
conditions which give rise to particular and characteristic current-
potential profiles under different "experimental" conditions for the
reaction process in question have been sought. Attention has been
focussed on parameters such as the reduced sweep-rate s/k and the ratio
of the rate constants governing the individual processes in a given
complex reaction mechanism, which in turn give rise to particular shapes
of i-V profiles. It is shown that relative values of electrochemical

and chemical rate constants, k, interaction parameters, g, and standard
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electrode potentials, E°, can be derived using the char;cteristic

kinetic features which are shéwn to be generated by a given reaction
mechanism. Such features are the half-width potentials, AV1/2’ the
peak currents, ip, the coverage of the chemisorbed species up to the

current peak, Qp, ete.

Where appropriate, comparisons of the simulated kinetic be-
haviour derived in the present work have been made with experimental

results for various systems recorded in the literature.

First, the kinetic behaviour of a single step, l-e surface
reaction is treated theoretically as a simple reference case, especially
with regard to: (a) characteristic aspects of its behaviour when
significant attractive or repulsive interactions arise between the
atoms in the electrodeposited monolayer film and (b) formulation of
characteristic features of its kinetic and equilibrium behaviour which ;
provide a reference case for distinguishing the behaviour of other,
more complex reactions. The analytical derivations of characteristic
parameters, derived previously by some other workers only for Langmuir
behaviour, are made more general by extension to cases where two-

dimensional interactions are significant.

For surface processes involving parallel steps in which two
chemisorbed species are involved, it is shown how a "kinetic relaxation
method" can be developed and used for resolution of the behaviour of
the two species when the electrochemical reactions in which they are
deposited or desorbed occur over the same potential range. This method

can be applied when one of the two chemisorbed species behaves more
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"irreversibly" than the other. It is shown how experimental results
for acetonitrile at Pt electrode obtained by other workers in this

laboratory can be treated by this technique.

The potentiodynamic linear sweep method has often been
applied to sequential reactions involving at least one chemisorbed
intermediate species. The simulation calculations were extended to
cases of this kind. The mechanisms which were analyzed involve a
first-order chemical surface step coupled with a simple l-e electro-

" "

chemical process, thus giving rise to either an "ec" or a ce" type

of overall mechanism. Characteristic features of tﬁe kinetic behaviour
derived from the computed current-potential profiles were compared with
those for the simple l-e surface reaction case. Holding of the potential,
especially at the end of the sweep, proves to be of great importance as

it affects the i-V curves obtained on the subsequent reverse sweep in

characteristic ways for these types of processes.

The effects of changing the sweep-rate on the kinetic be-
haviour of a complex reaction having three steps and two chemisorbed
intermediates were determined. The three stages are represented by an
irreversible dissociative chemisorption step followed by two parallel
electrochemical reactions, one of which is considered to be completely
reversible while the other is assumed to be totally irreversible. The
current-potential profiles for such a case are shown to depend not
only on the reduced sweep-rate s/k3, where k3 is the rate constant for
the irreversible electrochemical step, but also on the ratio kl/k3’

where kl is the rate constant for the dissociative chemisorption
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reaction (chemical step). The manner in which various ratios of
initial coverages of the two chemisorbed species determine the kinetic

behaviour characterized by the i-V profiles is noted.

Simulation of a surface oxidation reaction was also attempted
by considering a simple "ec" mechanism, where the chemical reaction
step was assumed to represent a place-exchange process on the electrode
surface; this méchanism is to be compared with the simple l-e direct
electrodeposition reaction mentioned above without a following step.
The experimentally observed behaviour that oxide film growth involving
a place-exchange reaction obeys a direct 1ogarithmi§ law, i.e.,

q Vv In t, where q is the charge or amount of species which has under-
gone the rearrangement and t is the time, could not be accounted for.
Attention is directed to the fact that the direct logarithmic law,
mentioned above, can be mathematically expressed in a more exact way
than the inverse logarithmic law, i.e.,-% V-ln t. The effect of various
holding potentials on the slope of the q vs. 1n t plots is discussed.

A general commentary on this problem and possible models for the oxide

growth behaviour are given.

A further case, in which a Faradaic process is inhibited
by an adsorbed species electrodepositéd in a parallel‘reaction, was
investigated. The effect of changing the applied sweep-rate on the
Tafel behaviour was demonstrated. Methods are discussed for the deter-
mination of the rate constants as well as the values of the two standard

electrode potentials from the profiles of V vs. log 1i.
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Growth of a film can also occur by a nucleation~controlled
two-dimensional mechanism. Since the potentiodynamic method has been
applied experimentally in systems where this type of mechanism could
arise, it is important to characterize its behaviour under linear
potential sweep control and distinguish it from other possible
mechanisms of monolayer growth. Simulations of this nucleation type of
mechanism were'therefore made for the case of a simple l-e electro-
chemical reaction in which film formation occurs by growth from

nuclei on the surface.

The kinetic behaviour of this type of process is compared
with that of the simple l-e surface process involving only chemisorption
in an ad-layer following either a Langmuir or Temkin type of isotherm. ;
Characteristic parameters which are obtained for the two types of
processes are compared and important distinguishing features of the
two reactions which emerge are emphasized. The characteristic para-
meters under various assumed conditions were derived analytically
using the statistical approach first discussed by U.R. Evans in 1945
for non-electrochemical cases. The behaviour under potentiostatic
conditions was also evaluated for comparative purposes since the
potentiostatic method has 6ften been employed for studies of nucleation-

controlled reactions at electrode surfaces.



CHAPTER I

INTRODUCTION

1.1 Origin and Significance of Adsorbed Intermediates in Electrode

Reactions

Since most primary electrode processes involve gain or loss of
an electron, to or from a stable molecular or ionic species, respectively,
a single electron-transfer event would normally produce a radical species
with a free electron spin or a radical ion. With large conjugated
aromatic molecules, such radicals or radical ions are solution-soluble
and have been characterized in aprotic media, e.g., by €.8.r., cyclic-
voltammetry or ring-disc electrode techniques since their lifetimes are
relatively long.

With other reactions involving small ions or molecules, the
intermediate resulting from electron-transfer is often stabilized by

chemisorption at a transition metal where its odd electron spin is

paired with that of electrons in a d-band so that a stable adsorbed

state or "surface compound" results. This is the origin of chemisorbed

intermediates. In most cases of this kind, the chemisorption takes

place in a direct electrodeposition step, i.e., the electron transfer

and the chemisorption processes occur simultaneously through a common

transition state. In some other cases, a normal metal compound is

generated; e.g., with Pb or Hg metal hydrides or metal alkyls are formed.
In the present work, it is the intermediates that are generated

in a chemisorbed state that are of interest. For an overall reaction pro-

ducing an unadsorbed stable product, e.g., HZ’ at least two such events or

equivalent reactions producing a chemisorbed species must occur, followed by

desorptive recombination or further discharge of a species on to an already

- rned
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discharged and adsorbed species. Adsorbed intermediates are hence

widely involved in many electrochemical reactions.

Typical electrode processes which involve participation of
chemisorbed intermediates are the electrochemical gas evolution
reactions such as those in which H2’ O2 and Cl2 are produced. Several
reaction mechanisms have been proposed for each of these processes
involving apprépriate adsorbed intermediates. Only representative
reaction mechanisms for each case will be exemplified as the main
point here is to illustrate the involvement of adsorbed intermediates

in the overall processes.

A well-known example is the hydrogen evolution reaction,

proceeding by the H atom - H+ ion desorption mechanism:

H30++e+M?—‘éMH+H20

followed by

+
MH + H3O + e > HZO + M+ H2+

where M represents a metal surface site and MH the H intermediate
adsorbed on a metal site M. When H is strongly bound to the metal,
as at Pt, full coverage by H can be attained before the reversible-H2
potential is reached*so that H2 evolution occurs on a surface fully
covered by chemisorbed H. 1In this case, the kinetically significant
intermediate in the reaction mechanism shown above may be a form of

H weakly bound on the strongly chemisorbed H layer.

In the case of 02 evolution a proper stoichiometric formu-

lation of the kinetics of the electrochemical reaction requires at

*
This is often referred to as "underpotential deposition'.
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least three steps. A representative example of the reaction mechanism

is the following:

M_+O0H M .OH+ e
oX (0).4

M _.OH+OH + M 0+ Hy0 + e
oxX ox

ZM _0>2M + 0.4
ox ox

2

occurring in alkaline solutions. The OH and 0 species represent the
intermediate adsorbed species on an oxidized surface (Mﬁx) of the metal
since this is normally the situation which arises in anodic oxygen

evolution.

The chlorine evolution reaction on Pt surface in acidic

media occurs in just two steps involving only one adsorbed intermediate:

Pt + C1~ -+ PtCl + e
ads

2 PtCl - 2 Pt + Cl.+4
ads 2

Other types of electrocatalytic reactions involve the dis-
sociative chemisorption of the reactant ion or molecule, followed by
electrochemical and often further chemical reactions of the adsorbed
intermediates., The characterization of the adsorbed intermediates
involved in such oxidations, e.g. of formic acid, methanol and hydro-
carbons, has formed an important part of recent literature on electro-
catalysis and electrochemical surface science. In a number of reactions,
more than one species may be electroactive over the same potential

region, a case that will be dealt with later in this thesis.

Two examples of reaction mechanisms, one for formic acid

and the other for methanol oxidation, shown below, exemplify the
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involvement of adsorbed intermediates in this class of reactions.
(a) formic acid oxidation:

HCOOH + M > M,HCOOH

soln ads

M + M.HCOOH -+ MH + M.COOH
ads ads a

ds
4.
MH - M+ H + e
ads soln
M. CoOH - M+ Co, + H+ + e
ads 2

(b) methanol oxidation (represented as follows):

M
6M + CH3OH > M;bOH (3 sites) + 3My (1 site each)
M
+
MH > H + e+ M
soln
+
M+ H20 - MOH (1 site) + HSoln + e
M\
R.d.s. ~M;COH (3 sites) + 3MOH (1 site each) » 002 + 2H20 + 6M
M

As can be seen, the carbon containing chemisorbed residue
is oxidized by adsorbed OH particles in the rate-controlling step of

the process.

Another example of a reaction mechanism, where adsorbed
intermediates play an important role is the one in which underpotential
deposition of metal atom on a substrate occurs from a metal ion in
solution. A typical example is

++

Pbaq + Au surface - PbadS(Au)(in various distinguishable states)
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At high cathodic potentials, bulk deposition of Pb crystals
on the Pb atom layer occurs by a normal nucleation and growth mechanism,
Underpotential deposition of Pb atoms in this example is analogous to
that of H on Pt, Ir, Rh where an atomic monolayer is deposited, for
example, prior to evolution of bulk H2 at the thermodynamic reversible
potential for the process H+ +es=1/2 HZ' Underpotential deposition
of metal atom ﬁonolayers which can be regarded as a preliminary stage
of overall metal crystal deposition arises when the metal-substrate
bond energy in the monblayer is greéter than the metal-to-metal bond

energy in the bulk crystal which is subsequently formed on the mono-

layer.

The detailed study of adsorbed intermediates in processes
such as those exemplified above is now an active area in experimental
electrochemical surface science. However, since (a) various reaction
Sequences can be involved and (b) various types of adsorption be-
haviour of the ad-species can arise, it is necessary to make detailed
kinetic analyses of various possible reaction schemes and states of
adsorption from a theoretical point of view if the experimentally

observed behaviour is to be at all well understood.

1.2 Dependence of Rates of Electrode Reactions on Electrode Metal -

Solution Potential Difference

Reactions at electrode surfaces, since they involve a trans-
fer of charge, are dependent on the metal-solution potential difference,

A@. The role of A@ in equilibrium processes at electrode interfaces
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is defined by the Nernst relation while in rate processes involving
a net anodic or cathodic direction of reaction, A@ modifies the free
energy of activation according to the Tafel relationl’2 which in

exponential form can be written in a general way as

1 = zFk c,:+ exp(F¥BABF/RT) (1-1)

for a simple charge-transfer process

Ai +e-=>B (1-2)

occurring at a net rate i/zF mol s_l cm_2 corresponding to a current-
density, i( A cm_z). B is a barrier symmetry parameter2 corresponding
to an electrochemical Brgnsted factor3 and M) is taken negative for the
cathodic direction of a reaction such as (1-2). 1In (1-1) and (1-2), the
role of free electrode surface area, and either chemisorption of the
product B or of a corresponding reaction intermediate, has not yet

been specified. These important factors will, however, be dealt with

in detail subsequently as they form the main basis of the subject

matter of this thesis.

The kinetics of electrode reactions are normally studied
either (a) by recording the influence of electrode potential (measured
with respect to some reference electrode) on the reaction rate (con-
trolled potential method) or (b) by measuring the changes of potential
accompanying adjustment of the current-density to various values
(controlled current method)., Under steady-state conditions, these
methods are referred to by the well-known terms "potentiostatic' and

"galvanostatic", respectively. These methods apply to the study of



electrode reactions that can occur in a steady or continuous way,
e.g. electrochemical evolution of gases such as H2, 02, Clz, metal

plating, anodic metal dissolution,

An important class of electrode reactions, however, involves
only the deposition or dissolution of atoms at surfaces up to a cover—
age of a monolayer (or several layers) before some overall continuous
reaction takes place., The study of such reactions cannot be made by
steady-state techniques since only a small quantity of charge (e.g.
ca. 220 ucC cm—2 for a monolayer of electrodepositgd adsorbed H) is
required to complete a monolayer. Thus, experimental methods required
for studies of electrode "surface" reactions are necessarily of a
transient or non-steady-state type so that the course of the reaction
leading to deposition or dissolution of monolayer quantities of
material can be followed. Such techniques require observation, on

relatively short time scales, of either:

(a) the time-dependence of currents resulting from a
response to a changing potential ("potentiodynamic" or "potential-

step" techniques); or

(b) the time-dependence of potential resulting from passage

of charge under controlled current conditions.

Method (a) has some experimental advantages over method (b)
since the time-dependent potential function applied to the electrode
can take several convenient and accurately controlled forms: (i) a
potential-step (_J ) (ii) a linear potential-sweep (_/ ) or a

repetitive sweep (A/\) [M"eyclic voltammetry"] and (iii) a sinusoidal



function (~" -alternating voltage). Method (a) is also, in some
ways, a more fundamental technique since it is the "independent"

variable A® that is modulated rather than the rate i/zF.

The linear or repetitive potential-sweep methods are
especially useful for the study of electrode surface processes for

reasons which will be discussed below.

1.3 Application of the Potentiodynamic Sweep Method to Studies of

Adsorbed Intermediates and of Reaction Mechanisms at Electrode

Surfaces

It is convenient first to classify electrode reactions into

two main types:

(1) Simple redox reactions not involving chemisorbed inter-
mediates, e.g. Fe(CN)g_ + e = Fe(CN)g— where the immediate product

of an electron transfer step is a stable species in solution; and

(i1) More complex reactions where the electron transfer
step is followed (or preceded) by some chemical step or a second
electrochemical step, e.g. in the gas evolution reactions. As
mentioned in Part 1.1, such reactions involve either

(a) an adsorbed intermediate
or

(b) a solution-soluble reactive intermediate as in a
number of organic electrochemical reactions. Steps in the latter type

of reaction are often diffusion~controlled.



In the last 20 years, the potentiodynamic sweeé method has
been frequently employed to stﬁdy the kinetics and mechanisms of many
anodic and/or cathodic electrochemical reactions. In this work, the
method has been usefully applied to the study of diffusion-controlled
simple and consecutive reactions of types (i) and (ii) (b) as well as
to elucidation of the nature and the behaviour of intermediates formed

in reactions of'type (ii)(a).

In the latter type of reaction, it is quite common that one
or more adsorbed intermediates are involved. The surface concentra-
tions of such intermediates are in most cases potenﬁial dependent.

The formation of a layer of intermediates requires passage of Faradaic
charge in proportion to changes of coverage in the layer and is
potential dependent; the charge involved can be experimentally

measured with substantial accuracy.

Only in the case of diffusion-controlled reactions in which
a simple redox step is involved4 or in cases where solution-soluble
intermediates are produceds-7 have the results obtained by the potentio-
dynamic sweep method been quantitatively analyzed for selected cases.
In the case of reactions involving chemisorbed intermediates, where
application of the sweep method is especially convenient, the inter-
pretation of the experimental behaviour leaves much to be desired
especially in the case of consecutive surface reactions involving more

than one adsorbed intermediate.

Here the application of the sweep method to diffusion-

controlled reactions will first be reviewed briefly and then the previous
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work on surface reactions involving chemisorbed intermediates will

be examined in greater detail.

1.4 Diffusion-Controlled Processes

1.4.1 Processes without involvement of adsorption

Electrode processes can be diffusion~controlled when the
rate-constants for the electron transfer and other steps (where
applicable) are large and/or when reactant concentrations are small
so that mass-transfer rates are comparable with reaction kinetic rates,
In cases of multi-step reactions not involving chemisorption, diffusion
of solution-soluble intermediates (e.g. radicals or radical ions) is
an important aspect of the kinetics of diffusion-controlled electrode

reactions.

The use of a voltage sweep method employing a periodic rapid
linear change of potential with time ("oscillographic polarography')
was developed first by §eink8 in the late 40's for study of diffusion-
controlled processes occurring at mercury electrodes. In his paper
he derived exact mathematical equations for such reaction conditions
and compared the predictions of these equations with experimental
results. The difference between ”diffusion—cont;olled" and "kinetically-
controlled” currents, which can be easily distinguished, was stressed

and fully discussed.

The mathematical expressions for more complex reactions,

where a chemical reaction Step was assumed to precede, to follow or to
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catalyze a reversible or irreversible charge-transfer step with which
it was coupled, were developed by Nicholson and Shains’6 and Nicholson7.
The detection of solution-soluble electroactive intermediates was also

9,10

discussed « A numerical method was developed by Nicholson and

Shains’6

to solve the partial differential equations with the appro-
priate boundary conditions for each reaction mechanisnm considered, and
thus they were able to compute theoretical current-potential profiles
for each case under different "experimental" conditions. Comparison

of the theoretically predicted behaviour with that observed for given
experimental systems made it possibles’6 to determine the reaction
mechanism through a set of diagnostic criteria whicﬁ the authors
developed, such as changes in peak currents, ip, half-widths potentials,

AV, , ,and the ratio of anodic to cathodic peak currents as a function

1/
of sweep-rate. Their mathematical approach consisted of solution of
the boundary value problem, which arises in any case of diffusion at
a boundary plane, by means of an integral equation discussed elsewherell_l3,

rather than by using the Laplace transform technique8 which is feasible

only for the simplest cases.

Theoretical calculations similar to those of Nicholson and
.. 3,6 - . 14,15
Shain were reported by Saveant and Vianello a few years later;
they derived general diagnostic criteria for any type of chemical re-
action (mot just first-order) which accompanies a single electron trans—
fer. Determination of rate constants of the chemical reactions in
question from polarization curves was discussed as well. Theoretical

current-potential curves for all the cases considered were calculated.

ot
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This section is concluded by a tabular summary of other
work on diffusion-controlled processes studied by the linear potential

sweep method and other perturbation techniques (see following page).

1.4.2 Coupled diffusion and adsorption processes

Important cases arise when either the reactant, the product
or both, are a&sorbed on the electrode, so that surface reactions
coupled with diffusional mass-transport and reaction, occur. The
theory of stationary electrode polarography for cyclic voltammetry
conditions has been extended in a number of papersz_s—28 to these cases,
where a species may be adsorbed on the electrode. Correlation of the
theoretical with the experimental parameters makes it possible to
develop diagnostic criteria for the reaction kinetic behaviour expected
under various conditions so that an unknown system can be kinetically
characterized by studying the variation of the current-peak shapes and
peak currents as a function of sweep-rate and bulk reactant concentra-
tion. For example, in the presence of a weakly adsorbed species, the
polarograms exhibit an increase of peak currents relative to those for
absence of adsorption. If, however, the material is strongly adsorbed,
a separate adsorption peak may occur just before or just after the
normal peak for the electron-transfer reaction. Such peaks are called
"pre-peaks" and "post-peaks", respectively, and originate because
Faradaic currents can arise from the adsorbed layer of reactant as well
as from reactant transported in the diffusion-layer from the bulk

solution.
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TABLE 1-1

Summary of Other Recent Theoretical Work on Diffusion-

Controlled Processes under Linear Potential-Sweep Control

Author Deséription Ref. No.

D.H. Evans Completely reversible heterogeneous 16
electron-transfer reaction followed

see also see also 17

M.L. Olmstead
et al.

K. Kontturi
et al.

Ruzi® and
Feldberg

Grennes and
0ldham

see also
0ldham and
Spanier,
and Oldham

by an irreversible chemical reaction,
which can be either first or second
order.

Kinetics of diffusion-controlled
processes such as e, e.c. and
catalytic reactions were solved
analytically using nonlinear per-
turbation functions.

Previously developed techniqueslg’20
were applied to diffusion phenomena
at the growing mercury drop elect-
rode, assuming that the mercury

drop is a perfect sphere.

The technique of semi-integral
analysis was developed for diffusion
processes and verification of this
theory in relation to appropriate
experimental results was discussed.

18

21

22

see also 23
and 24
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25,26 derived equations and theoretical

Wopschall and Shain
current-potential profiles for éuch adsorption and diffusion pro-
cesses, where currents from an adsorption layer at the electrode sur-
face are included. In the simplest cases, Langmuir type isotherm

29,30

behaviour is considered (e.g. )} for the various adsorbed species

but more complex isotherms are usually required to represent the

adsorption realistica11y31-34. In the work of Wopshall and Shain, the

3,6,11-13 was again used to solve the boundary

integral equation method
value problems. All possible combinations of either weak or strong
adsorption of reactants and products were considered and diagnostic
criteria determined for each case. Various experimeﬁtal cases were

also considered26’35.

One of the most thorough mathematical treatments of diffusion
processes was given by Feldberg19 who developed elaborate computer
programmes for different types of reaction mechanisms. He pointed out
that analytical mathematical expressions relating all the important
terms, such as current, potential, time, concentrations of reactant
and product and kinetic parameters are very difficult, if not im-
possible, to obtain and evaluate. It was for this reason that he
developed a comprehensive computer- -programme for the main types. of
reaction sequence. The programming language employed was ''FORTRAN"
and the required inteprations were performed by the well~known method
of finite difference336_39. This treatment was developed further by

Feldberg20 who discussed in detail diffusion processes involving multiple

electron transfers and adsorption of either reactant or product, or
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both, occurring simultaneouslyzo. Current-potential curves for
representative cases together with those for adsorption according to
Langmuir or Temkin type isotherms, where applicable, were shown and

general criteria governing such reactions were discussed.

It is to be noted that pure "surface" processes, (viz.
deposition and dissolution of monolayer quantities of species at
electrode inteffaces) which form the main topic of the original
calculations to be presented later in this thesis, are rarely diffusion-
controlled except at rather low reactant concentrations because the
quantity of material required to form a monolayer is always very small,
ca. g 1015 atoms cm_2 or = 1.66 x 10_9 mol cm_z. Thus, in a 1 M
solution, this quantity of chemically reactive material can be supplied
by 10—6 cm3 of solution, i.e. per cm2 from an 100 X lamina of
solution near the electrode interface. The mean diffusional trans-

port time from such a lamina is of the order of a mere 0.1 us.

1.5 Electrochemical Surface Processes Involving Monolayer Formation

and Dissolution

Much of the most interesting recent work in electrochemical
surface science has involved study of the deposition and dissolution
of monolayers of species such as H, metal atoms, and OH and O species
at noble metals. The species involved are often, in a formal chemical
sense (though not necessarily in a kinetic mechanistic sense), inter-
mediates in some overall multistep electrode reaction, e.g. H2, O2
evolution or in the case of metal atoms, metal crystal phase formation

as has been described in Part 1.1.
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If these types of processes are compared with'diffusion-
controlled ones, the principai difference is that the concentrations
of reactants and/or products at the electrode surface do not signifi-
cantly change, as has been stressed above, and are usually identical
with concentrations of the same species in the bulk solution. From
the mathematical point of view of simulating the kinetic behaviour of
such reactions, e.g. its current-potential profiles as a function of
Sweep-rate under potentiodynamic sweep control, the calculations are
radically simplified when it can be assumed that diffusion of the
soluble electroactive reactant species does not limit the rate of

the surface reaction to be studied.

1.5.1 Studies of adsorbed intermediates

As has been mentioned earlier, many electrochemical re-
actions occur in more than one step, thus giving rise to adsorbed
intermediates which then undergo further chemical or electrochemical
reactions to produce a final, stable product. In most electrochemical
processes where adsorbed intermediates are formed, the potential plays
a characteristically important role in addition to the reactant con-
centration and temperature in determining the surface coverage of an

intermediate.

1.5.1.1 Langmuir isotherm and adsorption at electrodes

In the simplest case corresponding to the Langmuir isotherm:
(a) The free energy of adsorption of the species is potential-dependent

and, as a consequence;
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(b) The coverage of the species in going from a bare sﬁbstrate sur-
face to one with full monolayér coverage, is potential dependent in a
well-defined manner.

Also

(c) The free energy of the adsorbed laver depends only on some con-
figurational function of sites occupied, i.e. fractional coverage @,
and does not involve lateral interaction effects, i.e. KI below is a
true thermodynamic equilibrium constant, independent of the value of

coverage.

In these cases, the electrochemical adsorption of a species

B arising from a reactant A in solution according to a process such as

M 4+ A ——El> MB + e ¢9)

- eB) Cy GB

where A is a charged species, is determined by an electrochemical

adsorption isotherm of the Langmuir form:

)
B AVF
o, = Xp ¢y e Ry (1-3)

B

where AV is the difference of electrode potential at any GB from the
standard potential30 corresponding to GB = 0.5, and KI is the chemical
equilibrium constant for surface reaction (I) related to the standard
free energy AGE of reaction (I). Other symbols in eqn. (1-3) have
their usual significance. Langmuir adsorption conditions are defined
In practice, this is not

by independence of K. on coverage, 6

I B*
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usually the case, as will be treated in more detail subsequently.
The statistical-mechanical basis for the Langmuir isotherm is well-

known40 and serves to define its limitations.

1.5.1.2 Temkin isotherm

In many cases of real systems, condition (c) in Section 1.5.1.1
no longer obtains because KI depends on coverage on account of (a)
lateral interactions and/or (b) variation of the standard free energy
of adsorption with coverage due to intrinsic heterogeneity of the

surface.

The quantitative treatment of factor (b) above was given by
Temkin who based his treatment of adsorption on experimental evidence,
taken both from gas-phase adsorption studies and from electrochemical
kinetics, that chemisorption energies often varied linearly with
coverage. Temkin proposed a model in which the surface was regarded as
being made up of a distribution of small patches, with adsorption on
each being characterized by a Langmuir isotherm but with an independent
and progressively changing KI value. It was shown experimentally that
the heat of adsorption, AHads’ usually decreases numerically with in-
crease of coverage, 6. The relation between AHads and © was shown to
be approximately linear at intermediate values of 6 (i.e. 0.2 <8 < 0.8),
It is therefore possible to write an equation for the standard free
energy, which decreases linearly with increasing surface coverage 6,

as follows:
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*

AGe =.AG9=0 + gRTO (1-4)

Although the "g" parameter in Temkin's isotherm is associated
with intrinsic heterogeneity of the surface, a similar relation arises
empirically in Frumkin's adsorption equation34 and from the induced

41

heterogeneity model of Boudart — based on electronic interaction

effects at the adsorbate/adsorbent interface.

The Temkin adsorption isotherm can be written for an electro-
chemical process of type (I) under equilibrium conditions in the

following form [cf. eqn. (1-3)]:

o

- AVF. - -
T, = K, ¢, exp( RT) exp( gog) (1-5)

At intermediate values of coverage and for sufficiently

e
large g, i.e. when the term I:g—-% 1 and its variation with GB is
B

small compared with that of the exp(—gGB) term,the equation (1-5)

can be reduced to

. VF
exp(geB) = K, c, exp(éif (1-6)
which upon rearrangement gives
_LAVE 1 -
8y = =" RT + = In (KI CA) (1-7)

*The direction of the effect of the gRTO term in this equation is such
as to make the apparent standard free energy of adsorption AGs less
negative or more positive with increasing © if there are lateral
repulsion effects in the ad-layer, i.e. for g taken positive. 1In the
case of interaction effects, g is related to the activity coefficient
for species in the ad-layer in terms of coverage 6. In the case of
intrinsic heterogeneity, g is an empirical parameter which measures
the distribution of adsorption energies as a function of sites
occupied over the intermediate coverage range 0.2 < 9 < 0.8, approxi-
mately.

_.;“’.“Z.T.ii.‘.‘;::ﬂ:
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and ¢, values, the coverage tends to

Hence for constant KI A

increase linearly with increasing potential difference AV (contrast
the Langmuir case of low QB where GB tends to increase exponentially
with AV) and increases logarithmically with increasing KI or ) values
at constant potential difference AV (cf. rearranged eqn., (1-3) for the
case of the Langmuir isotherm). Although Temkin's isotherm has been
applied to the.behaviour of many electrode processes, it should be
noted that in recent years it has been found (in fact by the potentio-
dynamic sweep method) that chemisorption at electrodes often
occurs in a range of discrete states with different:binding energies

rather than with a continuous range of energies of adsorption.

From an electrochemical point of view, an important feature
of equation (1-3) or (1-5) relating GB to AV is that a characteristic
equilibrium value of GB between 0 and 1 exists for every value of
potential as the adsorbed layer is deposited or removed, provided that
the kinetics of the deposition or desorption process are such that
electrochemical equilibrium is maintained. Cases where the equilibrium
is disturbed when the deposition or desorption process is driven fast

will be considered subsequently.

There are three important and distinct reasons for the
decrease of heats of adsorption with increasing surface coverage,
which have been recognized for electrosorption as well as gas-solid

adsorption:

(a) a priori heterogeneity, e.g. due to polycrystallinity,

occurrence of edges, (steps), kinks, grain boundaries,
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etc., in the surface;
(b) induced heterogeneity41 (or work function effect);
(c) mutual interactions of adsorbed species, e.g., due to

surface dipole-dipole repulsions or electronic effects.

A priori heterogeneity is inevitably present in all poly-
crystalline metal surfaces used as electrodes and, even on single-
crystal planes, some residual steps and kinks in steps, as well as

thermal defects at finite temperature, will be present.

If the adsorbed species is immobile, heterogeneity will not
be detectable by observation of a coverage~dependent heat of adsorption,
since sites of varying energy will be filled at random and the measured
heat of adsorption will be an average value. For the initial stages
of mobile adsorption, on the other hand, the particles will preferen-
tially tend to populate regions of highest adsorption energy at a
heterogeneous surface and, in this case, local lateral interactions may
then be significant as well and themselves depend on the heterogeneity

effects.

A second cause of the fall in heats of adsorption with in-
creasing coverage has its origin in the corresponding progressive
change in the work function of the surface. The relevant theory was
originally developed by de Boer42 to interpret the fall in (exothermic)
heats of chemisorption with coverage. Boudart41 developed another
approach which may be called the "dipole double-layer model" in which

the decrease in heat of adsorption with increasing coverage was
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related to changes in the eleptronic work function & of the metal

due to adsorption. There is good evidence that the change in the free
energy of adsorption is proportional to the change of ¢ due to chemi-
sorption and thus a linear variation of the heat of adsorption with
coverage is predicted as an approximation (dipole depolarization at

high 6 causes deviations from linearity).

The third main cause of the fall in heats of adsorption
with increasing coverage arises from mutual interactions of the
adsorbed species (surface dipole~dipole and van der Waals forces).

When surface diffusion is possible, the particles will distribute
themselves at optimum distances on a homogeneous surface and the inter-
action energy at a given coverage will be an average value determined

by 6.

If the decrease in the apparent standard free energy of
adsorption were attributed to nearest neighbour ion-ion or dipole-
dipole repulsions alone, the apparent standard free energy of adsorp-
tion should fall off linearly with 91/2 or 93/2, respectively, rather
than with 6. It should be remembered that the 91/2 and 93/2 relation-
ships can only arise if the discreteness of surface sites is not con-—
sidered, i.e., if it is assumed that the distance r, between ions or
dipoles on the surface can vary continuously with 6. Moreover, an
adsorbed layer of ions is probably associated with image charges,
thus leading fundamentally to a dipole-dipole type of interaction, as

well. It can be shown that such interactions on a set of discrete

adsorption sites lead to an interaction term proportional to 6 and,
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hence, to a linear fall of the free energy of adsorption with in-

creasing 0.

If a distribution of heats of adsorption is introduced, this
can also lead to falling of-—AHads with coverage, if the film is mobile,
then a Freundlich-type isotherm results. It is, however, beyond the
scope of this ;hesis to consider this type of isotherm while other
types, such as the BET, are not relevant, Further discussion of

43,44

these isotherms may be found in standard texts, e.g., and in a

. 45
recent review .

1.5.1.3 Methods for determination of coverages of both

electroactive and electroinactive adsorbed species

at electrodes

As mentioned earlier, the behaviour of intermediates in
electrochemical reactions was always of interest to electrochemists
even before the voltage sweep method became widely used as a tool for
such studies. It is useful to review briefly some other frequently
used methods to study the behaviour of chemisorbed species at

electrodes.

In studying adsorbed species at electrodes, it is necessary
to distinguish whether the particular species is electroactive, i.e.,
easily participates in a charge-transfer reaction such as (I) (p.17)
or electroinactive. The methods for electroactive intermediates will
be discussed first and are based on direct observations of electrical

effects which are associated with changes of coverage on the electrode.
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(a) Galvanostatic "charging"

In this method the electrode is first maintained at a con-
stant potential* at which the coverage of the electrode is to be
determined. When equilibrium at this potential is attained, the
electrode is then subjected to a constant current pulse and the
resulting potential-time transient is recorded. This method was
first used by Bowden and Rideal46 who studied the capacity of the
double-layer in this way. Later this method was used by other workers

for studying hydrogen adsorptionzﬂ-'50 and for oxygen coverage at

electrodesSl’sz.

(b) Potentiostatic step method

In this method, a rapid change of potential is applied to
the electrode, usually from a potentiostat and the resulting time-
dependent "relaxation" current is recorded. This is the current
associated with changing the coverage of the electrode by whatever
electro-active species can be generated or desorbed over the potential
range of the applied potential step. The corresponding charge required
to oxidize or reduce the adsorbed species is simply the area (fidt)

under the recorded transient current-time curve.

(c) Other methods used less frequently

These methods include:

(i) recording of open-circuit potential decay curves;

* .
The -potential must be one at which no overall evolution of an
electroactive molecular product, e.g., 02, H2, Cl2 is occurring,
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(11) recording of coulostatic or charge~step potential

transients, and

(iii) a.c. bridge methods where the electrode capacitance

is measured as a function of potentia153—55.

Detailed descriptions of these methods are given elsewhere,

56-58
e.g., .

(d) Linear voltage sweep method

This technique will be discussed in more detail separately
later in Section 1.5.1.4 as the analysis for this method forms the

main basis of the original work reported in this thesis.

The second class of adsorbed species often encountered in
electrode reactions are electro-inactive intermediates, i.e., those
that are not themselves directly deposited on or desorbed from the

electrode surface in an electron transfer step. A widely used method

for studying intermediates of this kind is to employ any of the methods

detailed above, first in the absence and then in the presence of the

given electro-inactive component. The extent of its coverage may then

be deduced indirectly by considering: (i) the extent of blocking of
hydrogen adsorption sites which the electro-inactive species occupy
as compared to the extent of hydrogen adsorption when such (usually
organic) species are absent, (ii) the charge required for oxidative
desorption of the intermediate, e.g., at a Pt electrode, as compared
to the oxidation charge for the metal surface itself when the chemi-

sorbed organic species are absent.
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1.5.1.4 Voltage sweep method applied to studies of

adsorbed intermediates

The linear voltage sweep method is now oné of the most widely
used techniques for studying electrochemical reactions involving either
adsorbed electro-active or electro-inactive intermediates. The potential
is usually varied linearly with time at some known rate and the current
is recorded as a function of potential. If the sweep-rate is changed
periodically in sign, so that the V-t relation is triangular, the
method is referred to as cyclic voltammetry. Experimentally, the
sweep-rate can be varied from about 1 mV sec-'l or less up to several

hundred Vv sec-l.

The basis of the method is as follows: currents for an
electrode surface process such as M+ A > MB + e (reaction (I), p.17)

when occurring anodically are represented by the equations

1= 2Fk, (1-8;)c, exp(BAGF/RT) (1-8)

and

Ry
1

= zFk_;6; exp(-(1-B)APF/RT) (1-9)
for the back reaction of (I), where A@ is the metal/solution potential
difference and B(=1/2) is a Brdnsted or enexrgy barrier symmetry factor

> “ < ->
for the charge-transfer process. The net current i =i - iori=4 -1
is measured as a function of the time-dependent A@ in the potential
sweep. For a surface process such as deposition or desorption of B,

> “

to or from a monolayer limit, i or i are not continuous and can only

>
be observed by some transient technique; thus, (Fig. 1-1) i + O as
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> T <
QB *1and i > 0 as GB » 0 and A is small. Generally, i or i is a
function of potential V in the sweep as V is varied linearly with
> “
time at a sweep-rate s = dV/dt. The time~dependent current i or i or

their difference is denoted as i. Then coverage QB attained at any

potential in the sweep is
o, = f—l—d—t (1-10)

where Q is the charge for forming a monoclayer of B. Introducing
s = dV/dt for the sweep experiment enables eqn. (1-10) to be re-

written as

_ | iav , ~ _ [ iav . _
9B = f s (for adsorption) or GB = eB,in f 6—; (for desorption) (1 11)

Coverages are hence evaluated from the integral of the i-V profile
generated by application of the potential-sweep to the electrode

where V = V;, % st where V., is the initial potential in the sweep.,

Alternatively, since i = dgq/dt in general, where dq is the

element of charge passed by the current i in time dt, i can be written

TTd T wda T v s (1-12)

dq/dV has the nature of a capacitance associated with the electrode
process, CTot’ i.e., i = CTots' CTot is made up of a double-layer
charging component and a component arising from the potential-dependence
of coverage GB of the surface by B. The latter is the so-called ad-
sorption pseudo-capacitance for B, C= qu/dV. Thus, CTot = Cd.l. + C.

Since GB and qp are related by GB = qB/Q for any coverage < 1, i is a
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*
linear function of s as follows:

dGB
i= Cd.l.s +Q (av— s = Cd.l.s + Cs (1-13)
An important feature of the potentiodynamic method is that the profile
of i with changing potential at the rate s (=dV/dt) hence gives

directly dQB/dV which is the differential coefficient of the electro—

chemical isotherm for adsorption of A in the process (I). The double-
layer charging contribution Cd 1.S in eqn. (1-12) can usually be sub-

tracted from i by calculation or from other experimental data.

It should be mentioned that in a number of cyclic-voltammetry
experiments, the interpretation of results is often more complicated
than for (I) because currents for both the overall Faradaic reaction
and for surface charging processes occur over the same potential range;
also, reaction mechanisms occurring at electrode surfaces are often by
novmeans as simple as (I). The advantages which this method has lie
in the possibility of accurate and rapid measurement of the behaviour
of complex reactions at electrode surfaces. An important limitation
of the potential sweep method applied to the study of surface processes
has hitherto been that quantitative interpretations of experimental
results have been difficult to make because the method has lacked a
rigorous theoretical treatment for non-diffusion-controlled surface
processes in the non-steady state (see Section 1.5.2), especially for
cases of sequential.surface reactions which are often of greatest interest

experimentally,

* B
Pure surface processes are distinguished by this relation from
diffusion-controlled ones for which currents are proportional to sl/2,
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It is the aim of work to be described in this thesis to
show hbw at least a number of relatively simple surface reactions can
be investigated by this method and the results interpreted quantita-
tively. Also a number of general kinetic criteria for distinguishing
various types of surface pProcesses can be derived, as will be dis-

cussed in later chapters.

1.5.1.5 Experimental studies of some systems using the

Ppotentiodynamic method and interpretation of

the results

The potential sweep method was first applied to non-diffusion
controlled surface processes by Will and Knorrs9 in the early 60's.
This method was experimentally elegant and rapid, and enabled informa-
tion to be obtained on processes involving electrochemical adsorption
and desorption of chemisorbed species at electrode interfaces. In
most cases, the application of this technique has evolved around
studies of hydrogen and oxygen sub-monolayer films on the noble metals,
especially Pt. More recently it has been applied to the study of metal

atom monolayers and chemisorbed organic molecu1e360—62.

Will and Knorr59 described the principles and applications
of the triangular voltage sweep method and gave experimental results
on formation and removal of adsorbed hydrogen and oxygen layers on
platinum electrodes. They concluded that hydrogen is adsorbed and
desorbed reversibly, except at high sweep rates (s » 50 Vv sec—l),

whereas oxygen deposition and removal always occurs irreversibly,
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Similar conclusions also follow from much earlier work47—49’63 using

galvanostatic charging.

(1) Hydrogen adsorption

The general features of H adsorption and desorption behaviour

on Pt electrodes are as follows:

(a) the species is adsorbed and desorbed from the electrode
reversibly except at high sweep rates, where irreversible behaviour
sets in;

(b) the multiplicity of peaks observed in the current-
potential profiles cannot be attributed to adsorption of hydrogen on
to sites of intrinsically different adsorption energies, since
multiplicity is maintained on well prepared single-crystals64;

(c) the peaks in the i-V profiles cannot be the result of
some follow-up electrochemical reaction, because no such reaction
involving formation and removal of adsorbed H can be envisaged and

no diffusion process is significant, e.g., into the lattice, as at Pd.

(ii) Adsorption of oxXygen species

The nature and extent of adsorption of oxygen species at Pt,
and the mechanisms of oxide formation and reduction, are much more

complicated than those for adsorption of H. The features of the be-

haviour of oxygen species at Pt are:

(a) the overall i-V profile for an ancdic followed by a ;

cathodic~going sweep is characteristic of an irreversible process;
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(b) the initial stages of oxidation of Pt and other noble
metals involve an almost reversible stage of OH electrosorption;

(c) the OH species deposited below a monolayer take up
various geometrical sub-lattice arrangements on the surface;

(d) as more and more OH species become adsorbed, the current-
potential profiles start to show features corresponding to an irreversible
pProcess, even below the potential where higher oxides can be formed;

(e) it can therefore be concluded that some kind of chemical
transformation, which gives rise to hysteresis, must be occurring;

(f) a place-exchange type of mechanism, such as that proposed
by Lanyon and Trapnell65 for oxygen adsorption on noble metals, seems

to be the best explanation for the observed hysteresis.

Electrochemical formation and reduction of surface oxides
on platinum has been studied recently using both the linear sweep
voltammetry66, and optical and impedance techniques67. The new experi-

67

mental results66’ confirm the general conclusions mentioned above.

(iii) Chemisorption of organic species at electrodes

In electrocatalytic reactions, co-adsorption of organic
intermediates (which may be either electro-active or inactive) with
OH, O or H species may often arise. Then the current-potential pro-
files in potentiodynamic studies may change drastically from those
associated with reactivity of OH, O and H depending on the organic

- R . 68-73
specles present in the electrolyte. These differences enable

quantitative information to be derived on the state and coverage by

chemisorbed organic species at noble metal electrodes.
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Electrosorption effects which arise when electro-active

nitriles are chemisorbed at platinum electrodes in the "double-layer"
and "hydrogen" potential regions have been studied by MacDougall

et al?O and Angerstein-Kozlowska et a1.6l in this laboratory. Cyclic
voltammetry experiments over the hydrogen region in the presence of
chemisorbed acetonitrile showed that hydrogen chemisorption is sub-
Stantially, but not completely, blocked by the adsorbed acetonitrile,
CHBCN is found to be reactive in the chemisorbed state but no solution-

soluble species are generated in cyclic voltammetry.

Kinetic and optical relaxation techniques'using the potentio-
dynamic sweep method, with faster sweep modulation were treated by
Conway et al 74. They described a relaxation method, which is useful
for distinguishing processes where two different electrochemisorbed
species, electro-active over the same potential range, are involved.

Theoretical simulations of this situation, described later in this

thesis (Chapter V), were made and reported in ref. 74,

Studies of adsorption effects for non-diffusion-controlled
conditions in polarography were made by Laviron and Riollet75,

76’77, and by Laviron and Vallat78. The systems were studied

Laviron
experimentally both by classical polarography and cyclic voltammetry.
The results obtained from the two techniques were compared and treated

in terms of theoretical calculations (to be discussed in Sections 1.5.2.1

and 1.5.2.2) which Laviron developed in other papers79-87.
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1.5.2 Kinetic studies of various reaction mechanisms by the

potential-sweep method

1.5.2.1 Theoretical treatments of a simple l-electron

electrochemical reaction

The first theoretical treatment for an electrochemical sur-
face reaction was made by Eucken and Weblus88 for transients in H
deposition and by Bockris and Kita88 for metal deposition. Conway
and Gilead131’32’89 gave a detailed treatment for l-e surface pro-
cesses at equilibrium where adsorbed species obeyed a Langmuir or
Temkin type isotherm. In this work, an attempt was made to establish
both qualitatively and quantitatively a set of diagnostic criteria
which characterize the behaviour of the l-e surface reaction. Although
no current-potential or pseudocapacitance-potential curves were simu-
lated for the potentiodynamic sweep method, most of the diagnostic
criteria for a quasi-reversible l-electron electrochemical surface
reaction for both Langmuir and Temkin types of isotherm were
derived. The diagnostic parameters, which were determined in a series

of papers31’32’89

include values for maximum current, ip, maximum
capacitance, Cp, potential at the maximum current, Vp, coverage of the
adsorbed electro-active species at the maximum current, ep, and the
width of the potential Vf at a given fraction f of the maximum value
of capacitance Cp. Usually £ = 0.5 is taken and this width is then ;
called the "half-width potential", AV1/2' Although Conway and Gileadi ;
did not simulate the current-potential curves directly from the !

differential equations for the rates of the l-e electrochemical re-

. 1 , .
action, they performed the evaluatlons3 at various potentials and
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thus derived the adsorption pseudocapacitance as a function of
potential and © for different g values in the isotherm [eqn. (1-5)]

for equilibrium electrochemical adsorption conditions.

The conclusions of the theoretical calculations were applied
to various reactions, e.g., oxygen evolution31 and H-recombination
at Pt31.

In a further development of this work, Gileadi and Conway32’89

derived the pseudocapacitance-potential/and-coverage, relations for an
electrochemical adsorption protess coupled to a following desorption
step under steady-state, in distinction to quasi-equilibrium, condi-
tions. The electrochemical adsorption behaviour was derived for
various degrees of displacement of the equilibrium in the electro-
sorption step and characteristic relations were obtained for the
following reaction mechanisms:
. . s . 89
(1) discharge followed by atom-atom recombination 3
s . . ., 32,89
(ii) discharge followed by ion-atom desorption H
(iii) discharge followed by first-order decompositionsg.

It was not until 1966, in a paper by Srinivasan and Gileadigo,

that the behaviour of the l-e surface reaction (I)

k
M+A\—kl—" MB + e (1)
-1

(treated in the earlier papers for equilibrium and steady-state con-~

ditions) under linear potential sweep control was theoretically

analyzed, They considered three cases which can arise in reaction (I):
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(a) complete equilibrium; (b) total irreversibility (back reaction
neglected) and (c) a general case of quasi-equilibrium where the for-
ward and backward rates are comparable but not equal, so that the

backward reaction cannot be neglected.

For cases (a) and (b), expressions for all the important
diagnostic parameters were derived analytically, e.g., for peak
current, ip, peak potential, Vp, and coverage at the current peak, ep.

For case (c) analytical solutions to the problem cannot be obtained.

The main kinetic features of the l-e reaction (I) under
linear potential sweep conditions were derived in this work and the
transition from equilibrium to complete irreversibility in the electro-
sorption reaction was evaluated in terms of the form of i-V profiles
for various sweep rates.

The authors used the following equation to express the

current as a function of changing potential for reaction (D).

L= 0l (1-6) expBD) - k) 6 exp(- LBE) (1-14)

where kl and k_l are the forward and reverse specific rate constants
and GB is the fractional surface coverage by adsorbed species B. Since

the potential is varied linearly in time such that

qc = S = constant (1~15)

V= V,n + st. (1-16)
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If it is assumed that B = 0.5, then eqn. (1-14) can be simplified to

. \'/ \
i= Q[kl(l-OB) equ;) - k—lGB exp (~ BD] (1-17)
where »
_ RT  2RT
b = T (1-18)

By examining the behaviour over a range of sweep-rates and
taking appropriate values for the rate constants kl and k-l’ Srinivasan
and Gileadi90 were able to generate a family of pseudocapacitance-
potential curves (C-V) such that all three reaction conditions could
be recognized, i.e., for equilibrium, quasi-equilibrium and irreversible
behaviour. In their treatment of the l-e surface reaction, Srinivasan
and Gileadi limited their calculations to the case of g=0 (no inter-

actions-Langmuir case).

The most important part of their work was case (c) where it
was demonstrated that simply on account of change of sweep-rate it is
possible to obtain simulated curves for quasi-reversible and irreversible
conditions as well as for the transition from reversibility to
irreversibility in the reaction. The important conclusions were (a)
that the sweep-rate range where the change from complete reversibility
to complete irreversibility occurs is indicated by a change of shape
of the i-V profile; and (b) that the i-v profiles depend not only on
the sweep-rate, but rather on the ratio s/k1 where kl is the rate
constant of (I)." It is this ratio which indicates in what range of
values s must be in relation to k1 in order to be able to distinguish

all three regions (reversible, intermediate and irreversible) as the



sweep-rate is changed and to observe the characteristic change of

peak shape and position.

In the plot of Vp versus log s, the position of the curve
was shown90 to depend on the values of both k1 and k—l' It is possible,
however, for the curves to be normalized noting that the values of kl
and k—l contain an exp. term involving E°, the standard potential for

30. It would then have been possible to have

the surface process
drawn a single master Curve, in terms of a normalized and reduced
variable, that would be independent of kl’ k—l and E° values, This
will be showm in Chapter IV; a similar treatment was given by

79,80,85-87

Laviron » for this generalized case.

Srinivasan and Gileadi concluded that the theoretical analysis
of potentiodynamic sweep method could be extended to cases where the
apparent standard free energy of adsorption varies with coverage
[i.e., g # 0 in eqn. (1-4)] corresponding to Temkin type adsorption.
They claimed that for such conditions only numerical solutions could
be obtained. This is true for the simulation of C-V profiles, but it
will be shown in Chapter IV that the characteristic parameters ip, Vp,

Gp and AVl/2 may in fact be derived analytically for both reversible

and irreversible conditions.

A general treatment for the derivation of capacitance-
potential curves for the l-e surface reaction when the activation energy
is assumed to vary with coverage, GB’ was given by Hale and Greefgl.
Rather than the convenient Temkin case where the activation energy E

for the deposition process is regarded as changing linearly with
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coverage GB, they proposed an grbitrary function where E* is repre-
sented as a power series in coverage. Using this type of function
they solved the differential equation for reaction (I) analytically
for both reversible and irreversible conditions and applied the

results to the case of behaviour of adsorbed hydrogen on noble metals.,

Experimentally, two principal peaks are observed under
certain conditions (actually in dilute acid solutions four peaks can
be experimentally resolved, e.g., on Pt64). Then with only one charge
transfer reaction with adsorption they were able to simulate C—=V pro-
files having two peaks, simply because the interaction parameter was
described in terms of a polynomial in integral powers of 6. A Taylor

series polynomial of the third degree was taken having the following

form:
a262 a393
f(e) = ale + T + 3T (1-19)

Depending on the parameters a1, 3, and ag they were able to produce

C-V profiles having two peaks, the separation and height of which
depended on the particular set of the parameters chosen, as shown in
Fig. 2 of ref. 91. It seems, however, improbable that the four well
resolved hydrogen peaks which are observed at noble metals would
correspond to just one electrochemical reaction (i.e., with a single~
valued standard free energy of adsorption) for which high orders of
interactions would be required to account for the multiple peaks. It

is more realistic to presume that multiple peaks for hydrogen adsorption

originate because there are different energy states available on the
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metal surface or because different states are generated, e.g., by
d-orbital splitting, as the surface is progressively occupied up to

QH -+ 1,

Stonehart, Conway and Kozlowska92 reviewed the problem of
solving the kinetic equations for electrochemical surface processes
under linear potential~sweep conditions and extended the calculations
of Srinivasan and Gilead190 to include not only the interaction para-
meter g arising from heterogeneity and/or interaction effects of
adsorbed species, but also cases where reaction orders for the surface
Process differing from unity could arise. The various cases can be
distinguished by examination of the half-widths of i-V profiles, the
dependence of the i-V profiles on sweep-rate and the effect of sweep-

rate on the peak-current and the peak-potential Vp.

It was found that symmetry of the cathodic i-V profiles for
oxide film reduction at Pt depend on quantity of the surface oxide
being reduced. The possibility that the asymmetry of the cathodic i-v
profiles originated from ohmic potential drop (see Section 1.5.2.4) in
the oxide films on Pt, Rh or Pd was also considered theoretically in
this workgz, but the behaviour predicted for such effects was shown to

be inconsistent with the shape of the experimental i-V curves at Pt,

Most of the theoretical calculations for surface processes

-87 who treated

. . , 79
made in recent years have been carried out by Laviron
cases where no diffusion occurs during the sweep, i.e., the reactive
species are adsorbed. This work is of great value, even though some

of his published ideas were reported earlier by others3l’32’89—92.



- 40 -

He has calculated and derived equations for current-potential

79,85 80,85 l-electron

curves for both reversible and irreversible
electrochemical reactions in linear sweep voltammetry for cases where
the reactant and product of the electrochemical reaction may both be
strongly adsorbed on the surface. This work originated from studies
on the influence of adsorption of reactant and/or product of the
electrochemical reaction on polarographic currents at Hg. Calculated
i-V profiles for reversible or irreversible processes, obtained for
conditions of no diffusion of either the reactant or product, were
the same as those derived earlier by Conway and Gileadi31 and by

Srinivasan and Gileadigo. The theoretical equations describing these

79,80,85

current~potential profiles were derived and a useful generalized

function was presented79’80. A thorough review of adsorption effects
in a simple l-electron electrochemical reaction in polarography and

in linear potential sweep voltammetry, when diffusion of species is,

or is not, significant, was also published by Lavironss.

Later, Laviron extended his initial theoretical treatment of
the simple l-e reversible reaction by including lateral interaction
effects on the surface86’87. He considered that the apparent activa-
tion energy changes linearly with changing surface coverage 6, i.e.,
Temkin adsorption behaviour applies. It seems that Laviron was unaware
that this treatment for the simple electrochemical reaction with inter-
actions between the adsorbed species, following the Temkin isotherm,
had already been dealt with and the results of such calculations pub-

lished in almost identical form by Conway and Gileadi31 about 12 years

earlier. Most of the contlusions reached by Laviron are identical
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with those given by Conway,.Gileadi and Dzieciuch93 and Conway and
Gileadi31 earlier. Laviron, using "his" theoretical conclusions for
the case when interactions between adsorbed species are significant,
was then able to explain some anomalies in experimental polarographic

results75_78 on the basis of the interaction effects mentioned above.

1.5.2.2 Theoretical treatments for more complex reaction

mecﬁéniéms
Use of the linear potential sweep method is not restricted,
in electrochemical surface studies, to the case ofil—e surface pro-
cesses such as have been discussed above. In recent years, various
workers have started to consider more complex reaction sequences.
For such cases, diagnostic criteria for the kinetic behaviour of
surface processes having various mechanisms must be derived and any

characteristic behaviour, which differs from that of the l-e surface

process, must be deduced.

Most of the complex reactions considered have been those
where a certain type of chemical reaction either precedes or follows
an electrochemical one. Reactants and/or products of one and/or both
of these steps are assumed to be adsorbed on the electrode surface,
according to a given isotherm governing the behaviour of the adsorbed

species.

A theoretical study of the peaks generated by the potentio-
dynamic sweep technique for the case where a reversible electrochemical

reaction is followed by a chemical reaction of a given type was made
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81-85 94 .
by Laviron and by Koutecky and Hanus - The mathematical treat—
ment was given for three cases, as follows:

(a) dimerization of the intermediate product of the electrochemical

81’84’85, adsorbed on the electrode surface;

reaction
(b) coupling, where an adsorbed reactant and the intermediate product
of the electrochemical step (also adsorbed on the electrode) react
together yielding another product82’84’85;

(c) the adsorbed intermediate produced in the electrochemical reaction
Step undergoes an ordinary first-order reaction yielding the final

product83—85.

These cases are represented by the following reaction

Schemes:
(a) 0+ ne=>p§ 3 (b) O + ne s===pR : (c) 0+ ne==pR
k k k
2R —S> p 0+R—Sp R—Ss p

In each case, it was assumed that the electrochemical re~
action is completely reversible(and both the reactant and the product
of this reaction are strongly adsorbed on the electrode surface)as
indicated in (a), (b) and (c) above. The adsorption of both species
was assumed to be rapid and to obey a Langmuir isotherm. The chemical
reaction (following the electrochemical step) was considered to be the
rate-determining process (i.e., no backward reaction in this step was
considered in each of the cases discussed). The product of the é
chemical step for all three cases was also assumed to be strongly

adsorbed, so that the number of molecules which may diffuse away from
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the electrode is negligible in comparison with the number which remain
adsorbed at the electrode surface and react. Equations for the current-
potential profiles were derived and analytical solutions obtained for

all three cases.

It should be mentioned that the elegant analytical solutions
that can be derived for some of these cases can only be obtained if
the electrochemical step in the sequence is at all times taken
(unrealistically) to be reversible, and no back reaction in the chemical
Step is considered (often an unlikely condition). This, therefore,
introduces severe restrictions in the applicability of the treatments
presented which can be avoided by more general numerical computations.
The kinetic behaviour found for these cases usually depends on the
extent to which the chemical steps in (a), (b) and (c) can proceed
(with the electrochemical step at quasi-equilibrium) in the time elapsed
corresponding to the relative duration of a sweep, measured by the

ratio (s/kc)_l, where kc is the rate constant of the chemical step.

The shape of the i-V profile, the variation of Vp and ip as
a function of the ratio s/kc were investigated by Laviron. The current—
potential profiles for the above reaction mechanisms appear at pro-
gressively more negative potentials with increasing s/kc ratio. This
is to be expected, since for smaller s/kc ratios, the chemical reaction
can proceed more significantly during the time of the sweep. The
opposite is true for high s/kc values. Under these conditions, the
time elapsed during the sweep is too short for any significant extent
of chemical reaction to occur so that the i-V profile for an ordinary

l-electron electrochemical surface reversible reaction is exhibited.
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The shape of the ijV profile when s/kc is small, depends on
the reaction mechanism considered. For reaction sequence (a), the
profile remains symmetrical, but the half-width decreases from 90.6 mV
to about 47 mV for n=1 and the value of ip increases to twice the
limiting value it would have when kc = 0, as s/kc decreases, At the
same time, thg value of Vp shifts 30 mV (for n=1) more anodic per
decade of s/kc which must be small enough for the curves to be past
the transitional region, which spans about 6 decades, corresponding

to significant or insignificant participation of the chemical step.

For reaction mechanism (b), the current-potential profile
does not change shape as s/kc is changed and remains symmetrical;
thus, the value of AVl/2 does not vary and is equal to 90.6/n mV, the
value for the reversible l-e surface reaction. Only the magnitude of
the current maximum varies and it decreases to half the value for the
normal peak, i.e., when kc = 0. The transitional region spans three
decades only as compared to case (a) and the shift of VP, for

sufficiently small values of the ratio s/kc, is 60/n mV per decade.

Reaction mechanism (c) gives rise to i-V curves which become
less and less symmetrical as the s/kc ratio decreases; also the half-
width decreases from 90/n mV to 66/n mV at the same time. The peak
current increases about 1.47 times (4 e_l) from the value of ip, cor-
responding to kc = 0, over about 4 decades of s/kc which represents
the transitional region. The shift of‘Vp for low values of s/kc is

60 mV for n=1 per decade of change of s/kc.
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The peak of the back reaction current for the three reaction
mechanisms depends on the same parameters as those for the forward
peak and on a new parameter, the initial potential of the reverse
sweep. For very high s/kc ratios, an anodic current profile appears
and is the mirror image of the cathodic one. As the s/kC ratio
diminishes, thg height of the anodic peak decreases until no current
is observed, provided that the initial potential of the reverse sweep

is negative enough.

Methods for evaluation of the chemical rate constant for
the cases considered were described and the appropriate equations were
derived. It was pointed out that it is the absolute value of the ratio
of the backward peak current to the forward peak current, together with
the applied sweep~rate, which allows the value of the chemical rate

constant, kc’ to be evaluated.

The most important characteristic features of these reaction
mechanisms which allow distinctions to be made between the different

cases, can therefore be summarized as follows:

(i) the effect of the ratio s/kc on the peak shape and the peak
current; |
(i1) the dependence of the peak potential, Vp, on s/kc;
(iii the shape of the peak for the reverse process and its dependence

on s/kc and the initial potential in the reverse sweep.,

The case where a reversible electrochemical reaction is
followed by a chemical reaction, the product of which desorbs

irreversibly from the surface thus regenerating free surface sites, was
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dealt with by Baticle et algé. They assumed that the chemical reaction
causes only liberation of free surface sites, previously occupied by
the species resulting from the preceding electrochemical reactioen,
without any other chemical change occurring. The activity of the
regenerated sites was considered unchanged. Interactions between the
adsorbed species, or heterogeneity of the electrode surface, were
assumed to be negligible, so that the conditions corresponded to

Langmuir adsorption.

From the theoretical calculations, the simulated current-
potential profiles for a range of sweep-rates were obtained and com—
pared with the behaviour of an ordinary electrochemical reaction, i.e.,
when the rate constant for the chemical step is zero. The effects of
changing sweep-rate on the current maximum, ip, and on the potential
for the maximum current, Vp, were evaluated. The theoratical equations
for obtaining ip and Vp were also derived and the limitations of these
equations discussed in detail. The effect of sweep-rate on the current-—
potgntial profiles for this reaction mechanism, and the conditions under
which the current peak is or is not seen, were also mentioned in this

work.

Since the above "ec" type of surface reaction can occur
during the early stages of oxidation of metals, extensions of this type
of treatment were made by introducing additional sequential electro-
chemical reaction step596 where each, or both, reactions could be
followed by a chemical dissolution processg7. In the former paper9 s

Baticle et al, considered first the behaviour of two successive
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l-electron electrochemical reactions, without any chemical reaction
present; under trianéular voitage sweep conditions: In their calcu-~
lations; it was assumed that adsorption is fast and there are no
interactions between the adsorbed species (Langmuir conditions). 1In
each oxidation process, there is an irreversible step which determines
the rate of the overall reaction. It should be mentioned that these
authors96 conéidered a mechanism where the transfer of the first
electron in each of the overall reactions is the rate~determining

step with subsequent electrons (in their mechanisms) being transferred
reversibly. Equations, corresponding to the two éteps of irreversible
transfer, were solved numerically and the overall current-potential
profiles, as well as the profiles corresponding to individual electro-

chemical reactions, were generated.

The case where each oxidation process may or may not be
associated with a simultaneous chemical dissoclution of the surface
oxide formed was also dealt with by Baticle et a197. Four reaction
models were considered and, in each, a different reaction sequence
involving the steps of chemical dissolution of surface oxides, was
considered. Equations, for the four cases considered, were solved
numerically and characteristic current-potential profiles were

demonstrated for each case as a function of sweep-rate.

A case where a chemical reaction precedes the electron
transfer reaction has been considered by AlquiéLRedon et a198. Using
the hydrogen (HZ) oxidation reaction as an example, they simulated
the capacitance-potential curves for a second-order chemical surface
reaction (dissociative chemisorption of H2 giving 2H thus re~

. . 2 ,
quiring a‘(l—eH) term in the kinetic equation) coupled with a
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simple charge-transfer reac;ion (Hads -> H:q + e), using the appropriate
set of differential equations and solving them numerically. Analytical
solutions were obtained for two limiting cases: (a) when the electro-
chemical reaction is in quasi-equilibrium or (b) when it is completely
irreversible; Exact e#pressions for ip and Vb, as a function of sweep-
rate,were derived and it was shown how a first-order chemical reaction

can be distinguished from a second-order one.

1.5.2.3 Application of theoretical treatments to oxygen

‘adsorption on noble metal electrodes

The theory of two successive l-electron transfer steps96 in

cyclic voltammetry and its application to electrochemizal oxygen
? deposition on the platinum electrode was discussed by Applebygg’loo.
He reviewed and extended equations describing a single, l-electron

electrochemical reaction under both reversible and irreversible con-

ditions for Langmuir and Temkin isothermsgo’92 to cases involving

multiple step reactionsgg. In particular, two irreversible successive
electron-transfer reactions were assumed, viz.,, Pt + H20 - PtOH + H+ + e
and PtOH - PtO + H+ + e and the conclusions reached were then applied

to the problem of formation and reduction of adsorbed oxygen films on

Pt in acidic media. Equations for the above two electrochemical charge-
transfer steps were derived. Appleby assumed that the Temkin terms in
the kinetic equations depend on the total coverage which was shownlol

to be unsatisfactory; this is because in most cases only a shift, on

the potential scale, of the i-V curve corresponding to the second




T ——
PreanE R e AT

Bl 40 oo

RN U5 W it e ot e e

- 49 -

electrochemical reaction, results. Also, its shape is always that

correspondlng to the Langmuir term The coverage exponent in the rate
9

equation was written ? in terms of total coverage and the g factor as

follows

g(6, + 6, - 0.5) (1-20)

but it is unclear what the significance of the 0.5 term is in his

representation.

In order to derive a C-v profile which looks like the
classical broad, almost flat-topped pseudocapacitance profile for
OXygen adsorption, the value of g in the first reaction forming PtOH,
which would have to be used, is near 40. However, this value is much
too high even for an adsorbed organic species. It seems that the
author did not appreciate this point for he concluded that: "The
difficulty with this interpretation is that the calculated peak shape
does not exactly reproduce that experimentally observed, e.g.,66’102,
which shows a dip following an initial peak." He therefore suggested
that the rate constant for the first reaction should be made coverage-
dependent, e.g., due to place exchange65 where surface rearrangement
occurs. The resulting simulated C-v curve shows a peak followed by a
dip, but the shape of the anodic curve is still far from that of the
experimental curve, which is comprised of more than two peaks. Never-

theless, Appleby concluded that these simulated peaks show many of

the features of the experimental curves.

A similar theoretical analysis of the cathodic i-V curves

was also given. In order to explain the cathodic reduction behaviour
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where hysteresis is exhibited, the second anodic electrochemical re—~
action corresponding to formation of “Pt=0" from "Pt-OH", was assumed
to be in quasi-equilibrium, but with a standard electrode potential

for the surface process30 more cathodic than that corresponding to the

first oxidation step. This is necessary if the appearance of two
cathodic peaks (representing the two single-electron steps, which are

not normally oBserved) is to be avoided.

In a later paperloo, Appleby discussed other models which
were proposed to account for the anodic oxidation process on noble
metals, especially platinum. He concluded that thé model he had pro-
posed99 seems to be the best one, since it 1s consistent with the
experimental data obtained. However, the proposed models of Tilak,

Conway, Kozlowska and Sharp66’lo2

where three superimposed peaks,
respectively corresponding to half-coverages of sub-lattice states
"Pt4OH", PtZOH" and "PtOH", seems to be a more realistic one because
it can explain the experimental curve for anodic oxidation of Pt much

66,102

better. This model will now be discussed in more detail.

Theoretical calculations which enabled simulation of current-
potential curves for formation and desorption of the oxide layer on
; . 102,103
platinum to be made were reported by Tilak, Conway and Kozlowska .
These calculations gave agreement with the experimental current~potential
curves better than the ones derived by Applebygg’loo. The observed i-v
profile can be quite accurately simulated by computer calculation

assuming three sub-lattice stages corresponding to occupancy of the Pt

substrate lattice in the ratios PtAOH, Pt20H and PtOH on the (100)
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plane or PtBOH, Pt20H and PtOH on the (111) plane. Kinetic equations
for this model were set up and solved by a standard backward finite-

difference integration technique36—39.

Even though Tilak et al.lo2 were able to simulate the
potentiodynamic i-V profiles for the anodic and cathodic processes
involved in Pt surface oxidation and reduction, respectively, a compli-
cation in their calculations is that different sets of differential
equations must be used for simulation of anodic and cathodic profiles
on account of the change of state of the oxide film due to place-
exchange rearrangements65. In fact, the latter précess occurs both in
the anodic and cathodic reactions and it is this '"chemical® reaction
which gives rise to hysteresis, and should also be taken into consi-~
deration when the equations for the anodic reaction of oxidation of
the Pt surface are set up. Further discussion of this problem will be
given later in this thesis. It should be pointed out that this re-
arrangement process can be indirectly observed experimentally and was

shown to depend logarithmically on time104’105.

. . . 102
Despite the above mentioned complications, these authors

were able to simulate both the anodic and cathodic i-V profiles. The
calculated anodic i-V profile, obtained with a proper set of Temkin
parameters g and an appropriate set of standard electrode potentials30
for each reaction step in the sequence, matched very closely the
actual experimental curve. However, at relatively high potentials the
simulated anodic currents fell in comparison with the experimental

behaviour because no further degree of oxidation beyond "PtO" was

considered.

Bohinies
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The explanation of the cathodic i-V profile for reduction

{ of the Pt surface still, however, leaves much to be desired. Remaining

questions which need to be answered are:

(1) the significance of the apparently single* cathodic
peak.
(ii). the movement of this peak to less positive potentials
in i1-V profiles for reduction of more highly oxidized platinum surfaces.
(iii) the Tafel slopes for the reduction processes expressed

as de/d log s.

It was shown that the observed single cafhodic peak can be
represented kinetically in terms of a two-stage reduction of the re-
arranged "OPt" to Pt via an "OHPt" state. From the theoretical
calculations, it is apparent that when the surface standard electrode
potential, E°®, for "OPt" is less positive than the one corresponding
to "OHPt", then only a single peak is obtained. (Two peaks are

9

observed when E° ) cf. 9. To get a narrow single peak, the

> E°
OPt OHPt
process of reduction of "OPt" species to "OHPt" must be in quasi-
equilibrium and reduction of "OHPt" to bare Pt surface must be the
rate-determining step. A Tafel slope of 40 mV is obtained when the
above conditions are assumed and this was observed by Gilroy and
Conway104 experimentally. However, the 40 mV slope was later found to

be a special case since slopes between 20 and 40 mV can be observed,

depending on the oxidation state of the Pt surface.

* . ,
At low temperatures and high sweep-rates,reversible and irreversible
components of this peak can be resolved corresponding to the initially
deposited OH and place-exchanged OH and O species at Pt.
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It seems, from the above, that the kinetic theory of forma-
tion and reduction of surface oxides; not only on Pt but other noble
metals (e;g.; Au; Ru, etc.); as well; discussed by Tilak et al;102
enables a bétter understanding of the real reaction mechanisms which
are involved in electrode surface oxidation to be gained. However,
further improvements to the theoretical calculations and more refined
assumptions regarding the reaction mechanisms in question are still

needed to provide a better account of the experimental behaviour.

1.5.2.4 Theoretical studies of effects of resistance on the

current-potential profiles for a surface process

In potentiodynamic sweep experiments, the possibility of
ohmic resistance being developed in an electrochemical cell, when a
potential between two electrodes is applied, is a common problem.
This effect arises especially at high sweep-rates when currents are
large. Even though electronic instruments have been developed to
compensate for ohmic resistance, they cannot completely eliminate its
effects. Thus any uncompensated cell resistance affects the shape of
current-potential curves obtained in an experiment. A matter of
special interest here is when such ohmic effects arise because of
resistance of a surface film itself.

Recently, de Tacconi et al.106 and Calandra et al.107 des-

cribed mathematical treatments of current-potential profiles obtained
by means of the triangular voltage scanning method for a simple first-
order electrochemical reaction, when ohmic resistance of the electro-~

chemical cell was included.
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De Tacconi et al.106 presented a complete derivation of
current-potential profiles for reaction (I)(see page 34) both for
quasi-equilibrium and irreversible conditions when ohmic resistance
effects were significant. The current-potential curves for various
values of ohmic resistance and the resulting shifts of current maxima
and potentials for these maxima were derived for the quasi-equilibrium
and irreversible cases. The general features of the current-potential
curves for these cases are (a) a decrease of the height of current
maximum, ip; (b) a shift of potential corresponding to the ip value
to more positive values; (c) an increase in the ﬁalf—width AVl/2 and
(d) the shape of i-V profiles becoming more asymmetric with increasing
ohmic resistance. When the ohmic resistance is set to zero, the i-V
profile obtained earlier by Srinivasan and GileadigO is, of course,

recovered.

In the latter part of their paper, these authors showed that
the ohmic drop correction depends also on the order of the electro-
chemical reaction; they demonstrated this quantitatively by considering
a second-order electrochemical Process under irreversible conditions,
répresented by the desorption and electrochemical reduction of an

adsorbed species according to the following reaction

2MX+ne§X121-.+2M

The difference between the Current-potential profiles for the first-

order and second-order processes was clearly demonstrated,
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It is to be noted that derivation of kinetic data from i~V
profiles obtained by the p&tential—sweep method will be in error if
ohmic resistance effects are significant. Fortunately for studies
on oxide films on noble metals, these effects are negligible as the
oxide films are usually either good conductors or thin enough for

direct electron tunneling to occur.

In a later paper, Calandra et al.107 extended the treatment of

the ohmic resistance effect106 referred to above to its influence in
the potentiodynamic current-potential profiles fqr a film formation
process, where the change of the ohmic resistance is produced by the
spread of a reaction product as a layer on the electrode surface as
in many anodic dissolution-precipitation Processes, e.g., in forma-

tion of PbC12, HgZClz, etc. This film formation process can proceed

in two stages: first, the solid layer was assumed to spread to constant

thickness across the electrode surface; then an increase of the layer
thickness occurs. The rate equation for such an electrochemical pro-
cess was derived together with equations for the maximum current and
the potential at this current maximum. It seems, however, that the
derivation for the current-potential profiles in this work is not

correct because the rate equation written by the authors did not

contain any exponential term in the potential, as is required for the

. . . 0
case of an ordinary electrochemical react10n9 regardless of whether
ohmic resistance106 is or is not included in the overall measured or
controlled potential, or in the kinetic equation. The derived

theoretical i-v curves107 were compared with experimental results for
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Several systems: (1) formation of insoluble parathiocyanogen on Pt
and (ii) precipitation of a solid cucCl layer during cu dissolution in
aqueous HC1 solution; quite good agreement was demonstrated despite
the fact that the equations used were not ¢f the correct form, as

mentioned above.

In'an earlier paper by Goldberg and Bard108, the effect of
solution resistance in potentiostatic and galvanostatic experiments
was also considered. Simulations of potential-time and current-time
profiles were made for cases where non-uniform current densities

result from high electrolyte resistance.

1.6 Electrochemical Surface Processes Involving Nucleation and

Growth Mechanisms

The possibility that some bProcesses where a surface film is
grown involve a nucleation mechanism must be recognized. Since this
mechanism must be distinguished from that considered earlier where g
monolayer film ig grown by random deposition of atoms or radicals, it
will be useful to review the features of nucleation processes as they

can be involved in surface phase growth.

1.6.1 Nature of nucleation processes

The role of nucleation in electrochemical phase growth pro-
cesses was recognized early by Volmer and co~workers with regard to
, 109,110 .
metal deposition - Various treatments have since followed and

are based on growth of circular-cylindrical and hemispherical elements
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of multilayer surface phases such as arise in anodic formation of
calomel and metal oxides. .Two-dimensional surface nucleation, i.e.,
formation of edges or steps on a plane surface by aggregation of ad-
atoms or ad-ions, is another related kinetic process which must also
be considered. Nucleation provides new sites for crystal building by
aggregation of the initially deposited adsorbed species. Near the
reversible pbtential, a sufficient number of growth sites may be
spontaneously present due to intrinsic defects, that a low growth rate
can be sustained. However, nucleation and growth becomes a much more
probable process at higher overpotentials, where the surface concen-
tration of deposited ad~atom species (nuclei) caﬁ become much in-
creased. The embryonic nuclei, i.e., the nuclei of radii less than
the critical radius, may be regarded as forming and breaking up con-
tinuously, until they reach the critical size, when a favourable
fluctuation will cause them to grow indefinitely. The critical free
energy of formation of nuclei, which is characterized by a "nucleation
overpotential', thus contributes to the free energy of activation of

the deposition process.

The investigation of nucleation-controlled growth of electro-
deposits cannot conveniently or practically be made by steady-state
techniques. A.C. impedance and potentiostatic pulse methods have

therefore been employed in previous experimental work, e.g., 111,112.

The forms of potentiodynamic current-potential (i-V) profiles
for surface processes involving random electrochemical adsorption and

desorption of species up to monolayer coverage, as in underpotential
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deposition, which arise in response to a potential-s&eep linear in
time, are of general interest (see Section 1.5.2). The question
arises as to what will be the potentiodynamic response of a two-
dimensional surface process when the kinetics are controlled (a) by
growth from nuclei which already exist initially on the surface and/or
(b) by growth from, and simultaneous generation of new nuclei. The
two~dimensional surface process can be deposition of a species up to
a monolayer (and sometimes beyond) or desorption of a species, e.g.,
in reduction of a surface oxide by an "hole" mechanism. Thus oxide
reduction or electrochemical oxidative desorption of metallic mono-
layers may in some cases proceed by a nucleationlmechanism in which

holes are formed and then grow across the monolayer.

A number of models for both two- and three-dimensional
nucleation and growth processes have been considered. Avrami was one
of the first who derived a general mathematical analysis of the geo-
metrical problems arising in the kinetics of phase growth and, in
particular, when a series of spheres grow from nuclei and eventually
overlapll3. Avrami's mathematical analysis and ideas on nuclei forma-
tion and growth in electrocrystallization were recently reexamined by
Rangarajan from a probability point of viewll4. Mathematical deriva-
tions for both monolayer and multilayer formation using the pro-

babilistic approach were given. It should be pointed out that multi-

layer formation was assumed to proceed as a cascade process.

The method of solution for two- and three-dimensional

nucleation and growth problems, based on the concept of "additivity of
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expectation", was discussed in detail by EvansllS. He also considered
that the expanding circles. or spheres resulting from growth at nuclei,
eventually overlap and the growth then continues only at the remaining
perimeters of the non-overlapping parts. The concept of "expectation"
has proved useful115 in providing a fast mathematical solution of
otherwise quite difficult problems. In this treatment, the probability
that a certain representative point on the surface remains uncovered is
equal to the fraction of the remaining free surface; this probability
can also be expressed by Poisson's formula. The "expected" number of,
€.g., circles which would pass over the above meﬁtioned representative
point in a given time is obtained by averaging the "expected" number
after an infinite number of countslls. Treatments of crystal grain~
size of metals and development of surface films of corrosion products
on metal surfaces were given by Evans115 in the light of his models.
Hudson116 applied similar ideas to the treatment of supersaturation
phenomena involved in the two-dimensional condensation of adsorbed

gases and in particular to the kinetics of such processes.

Recently, Milchev and Stoyanovll7 considered "classical"
and "atomistic" models for the formation of the crifical nuclei in
electrolytic nucleation. The "classical" model uses macroscopic
quantities such as overpotential, overall work of formation of nuclei,
for characterizing the critieal nucleus and the number of atoms in it,
whereas the "atomistic" model does not employ macroscopic values but
rather uses the microscopic properties of the individual atoms which

are contained in these critiecal nuclei. The available experimental
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data on electrolytic nucleation on the basis of both of the above
models was interpreted both qualitatively and quantitatively. The
authors indicated that the quantitative treatment of the experimental
data would conform closer to the atomistic model of nucleation, rather
than to the classical model. However, it was pointed out that the
equations arising from classical theory also appear to be applicable,

especially in the cases of nucleation at low degrees of supersaturation.

1.6.2 Review of relevant previous work

It is of interest to review several of the more important
papers which have been published in recent years on nucleation mechanisms
in electrode processes. As mentioned above, most of the experimental

work has been done by potentiostatic pulse techniques.

Fleischmann and Thirsklll discussed in detail the theory of
the growth of multilayer deposits on electrodes and how such growth is
controlled by at least two different rate constants, which are potential
dependent. The two rate parameters correspond to the nucleation rate
constant and the rate constant controlling the subsequent crystal
growth. Theoretical derivations of equations for one-, two-, and
three-dimensional growth have been made for the potentiostatic pulse
case. The experimental results obtained for electrodeposition of PbO2
on a Pt surface and of AgCl on an Ag electrode were compared with the
predictions of the theoretical treatments mentioned above and were
explained in the light of these derivations. For two-, and three-
dimensional cases, growth by expansion of cylindrical and hemispherical

elements of the surface phase was assumed, respectively.
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In a later paper118 the same authors gave a complete
mathematical derivation and eéuations for both two-dimensional and
three-dimensional growth either from a constant number of nuclei or
from a number of nuclei which increases with time even though the
potential is held constant. Equations for the special case where it
is assumed that the crystal can grow only to the height of one mono-
layer was also.considered together with the possibility of overlapping

between the growing centres.

Simulation of electrochemical growth of three~dimensional ;
nuclei under diffusion conditions in a potentiostatic pulse was made
by Davison and Harrisonllg. An exact analytical solution for current
growth of instantaneously nucleated right-circular cones, including
their possible overlap, was given. This model was then extended to
the case where diffusion is also included. A method for comparing
experiment and theory was also discussed in this paper.

The anodic behaviour of mercury in hydroxide ion solutions
was studied by Armstrong et al 120. The current versus time profiles
for formation of HgO on Hg in basic media were shown to depend on the
overpotential. At low overpotentials, only a monolayer or mercuric
oxide was formed whereas at higher overpotentials, a current peak
corresponding to multilayer formation and having an area under the
curve which depended on the overpotential applied, was observed.
These authors showed that the i-t profiles which corresponded to
formation of only a monolayer, i.e., at low overpotentials, arise due

to progressive two-dimensional nucleation. For the multilayer peak,
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it was assumed that the growth occurred in three-dimensions through

development of an array of right-circular cones. The equation for

current as a function of time for this type of growth was derivedlzo.

The transient and steady-state responses of electrodes under
conditions where two-dimensional nucleation in electrocrystallization
is rate-determining were considered by Armstrong and Harrisonlzl.

Both potentiostatic and galvanostatic conditions were treated and the
appropriate kinetic equations derived. The conclusions from their
work were that evidence for two-dimensional nucleation must be sought
from transient experiments, especially under potentiostatic conditions,
since the steady-state response for metal deposition does not give rise
to any characteristic features when the formation of two-dimensional

nuclei is rate-determining,

Recently Armstrong and Metcalfe122 simulated the current-
time behaviour for nucleation on successive two~dimensional layers
(cf. Kaischew and Budevsk1123) under potentiostatic conditions.
Numerical integration was used to perform the calculations for nuclea-
tion and growth up to the first 50 layers. These authors showed that
the current-time transient for layers beyond the tenth would be close
to a Gaussian function. The overall i-t profile is seen to give a

constant current which is independent of time for these layers.

Two-dimensional nucleation in electrocrystallization,
especially of metals, has been thoroughly treated by Kaischew and
Budevski123. In their review, the theories of crystal growth on per-

fect and imperfect planes are discussed in detail. Following a
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theoretical discussion, these authors give experimental evidence for a
two-dimensional nucleation méchanism for growth of a silver deposit on
perfect crystal planes. When screw-dislocations are present on the
surfaces, these affect the crystal growth and dissolution so that
experimental deviations from perfect two-dimensional nucleation be-
haviour is observed. Electrolytic phase formation or the heterogeneous
nucleation in électrocrystallization of metals was also discussed.

An experimental verification of the basic relationship of this theory

is also mentioned.

Toschev and Mutaftschiew124 studied the open-circuit dis-
solution of the oxide film which covers a platinum electrode in the
presence of nitric acid. The electrolytic nucleation of mercury on a
single-crystal platinum surface served as a method for the study of the
state and the behaviour of the electrode surface. The activity of the
Pt electrode with regard to the nucleation process was found to in-
crease with increasing concentration of the nitric acid and of the

time of treatment of the electrode.

Experimental aspects of nucleation-controlled growth were
inveétigated for the case of electrodeposition of Pd on carbon electrodes
by Bell and Harrisonl25 who used both the potentiodynamic and potentio-
static techniques. They showed that the formation of nuclei depends
on the applied potential, as would be expected. From the potentio-
static transients, these authors deduced that the electrodeposition of

Pd gives rise to progressive nucleation and growth in three dimensions.
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In a very recent paper, Gilroy126 treated the logarithmic
time-dependence of growth of very thin layers (1-2 monolayers) of
: oxide on Pt electrodes in terms of a nucleation mechanism based on

equations derived by Fleischmann and Thirsklls. In a number of other

respects, the behaviour of the surface oxide at Pt is more consistent

with random deposition of OH and 0 species rather than with a

! nucleation and growth process so that his treatment requires further

examination.

Metal deposition on amalgam surfaces was studied by Harrison
and Thompson127 and they attempted to establish whether two-dimensional
or three-dimensional nucleation and growth occurs on the amalgam when
Pb, Au and Cd are deposited. The technique used, again employed
potentiostatic pulses. Their conclusion was that all three metals are
deposited on Hg by a three-dimensional nucleation and growth mechanism.

Morcos investigated the electrochemical nucleation of Hg on
graphite electrodes galvanostaticallylzs. This technique,. however,
does not seem to be very ideal; this is because the overpotential
changes nonlinearly with time for various fixed current densities so
that the rates of growth and formation of new nuclei vary with over-
potential. Hence, determination of the rate constants for the two
distinct processes (i.e., the nucleation and the growth steps) becomes
exceedingly complicated. For the potentiostatic case, the overpotential
is kept constant and in the potentiodynamic sweeps where the over-

potential varies linearly with time, it is much easier to determine

these rate constants.
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Electrochemical nucleation from molten salts was investigated
by Hills et a1129. Using cyciic voltammetry, potential-step and
chronopotentiometric methods, these authors were able to study the
electrodeposition of silver on Pt electrodes from solutions in the
molten nitrate eutectic NaNOB—KNO3 and showed that deposition of the
metal is controlled by nucleation processes. To investigate the
kinetics of thé nucleation step, the double-pulse potential-step
method was used. Similar results were obtained for systems such as
silver on platinum or graphite when the electrodeposition occurred

from aqueous solutions.

The frequency-dependence of electrode impedance for two-
dimensional.nucleatioﬁ and growth was considered by Armstrong and
Metcalfelso. Current~time profiles for the potentiostatic case which
arise after applying a small perturbation in the form of a change in
either or both the nucleation rate and the rate of growth of the
circles, were simulated for development of a monolayer. The behaviour
of the multilayer case was obtained simply by a recurrence relation-
ship. To obtain the impedance frequency response, a Fourier transform
of the potentiostatic transient signal was utilized.

Some other relevant papers which have appeared in recent
yearsl3l_135 have treated nucleation and growth both from the experi-
mental and theoretical points of view. The experimental results
obtained for the various systems studied were treated on the basis of

various theoretical models previously proposed which have been

reviewed earlier.
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CHAPTER II

SUMMARY OF THE AIMS OF THE PRESENT WORK

In the foregoing review of previous theoretical work on
electrochemical surface processes, including that done earlier in

this laboratory3l’32’89

» it has been shown that the most extensively

treated case is that for the l-e surface process involving a single

adsorbed species. For certain conditions, the way the behaviour of

such a process is modified when coupled with a cheﬁical step in

various ways has also been treated, but mainly froﬁ the polarographic
79-87

point of view and with severe restrictions regarding reversibility

of the steps.

In the new work to be described in this thesis, it has been
the aim to provide numerical computations leading to simulation of
the electrochemical kinetic behaviour of various reaction mechanisms
and/or conditions, e.g., of reversibility or irreversibility of the
steps, for which analytical solutions to the kinetic problems cannot
be obtained. It has been considered desirable to present the con-
clusions of these calculations in terms of characteristic behaviour
which can be deduced for various reaction schemes and the consequent
kinetic criteria which can be used for their identification when the
appropriate experimental behaviour is examined. This is an important
aspect of the way the conclusions from the calculations will be

presented.
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Important conditions which will be examined are: (a) the
transition from reversible to irreversible behaviour and (b) the effect
of lateral interaction in the layer of adsorbed species characterized

by an appropriate parameter of the electrochemical adsorption isotherm.

Applications will be made to several cases of experimental
interest, e.g., (a) the difference of behaviour of metal atom deposi-
tion in a monolayer (underpotential deposition) and in electro-
crystallization involving nucleation and growth (overpotential
deposition); (b) the behaviour of surface oxide films on noble metals
where deposition of an adsorbed layer of OH or O species is followed
by a chemical rearrangement step so that reduction from the rearranged
state of the surface oxide film is thus not the reverse of the
electrodeposition step; (c) the behaviour of surface reactions when
chemical steps are coupled with the charge transfer step and occur

before or after it in the overall reaction sequence.

In Chapters IV to X new theoretical work will be presented

on the following types of reactions:

(1) 1-e surface process with a single adsorbed species
(treated as a "reference" case);
(ii) Two parallel l-e surface reactions;
(iii) Coupled chemical and electrochemical steps;
P
(iv) Dissociative chemisorption step coupled with
p -~
parallel electrochemical reactions;

(v) Surface oxidation reactions;
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(vi) Inhibition of a Faradaic reaction by an adsorbed
species (e.g., surface oxide) electrodeposited
in a parallel reaction;

(vii) Nucleation-controlled processes.

In Chapter III, which follows, an account of the computa-
tional procedures involved in the numerical simulation for the

above cases will be given.
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CHAPTER ITI
CALCULATIONS

3.1 Computer Simulation Applied to Studies of Various Electrochemical

Reaction Sequences

It has been stressed in Chapter I that electrode surface
processes can only be studied in the non-steady state, or by pertur-
bation of equilibrium adsorption conditions, e.g., for evaluation of
H or metal atom adsorption. The value of the potentiodynamic method

where the potential is varied linearly with time has been emphasized,

The rates of charge transfer reactions that involve deposition
or ionization of adsorbed species at electrodes, or of more complex
surface reactions, depend directly on coverage of the adsorbed species
and on the applied potential. The kinetics of such processes can be
expressed mathematically by a set of differential equations corresponding
to the appropriate reaction mechanism. These equations are then inte-
grated to give the required solutions (i-V profiles). However, most
of the problems can be solved only numerically’ using computer
simulation procedureslo3’136_l39. Only for the case of the simple
l-electron electrochemical reaction under both reversible and

irreversible conditions, and assuming that the Langmuir isotherm is

followed, can analytical solutions be obtainedgo.

All the simulations were carried out on an IBM 360, Mvdel 65

computer, using a "System/360, Continuous System Modeling Program" -
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(S/360 CSMP) developed by IBM136’137. This is a problem-oriented
programme, designed to facilitate digital simulation of continuous
processes. It provides an application-oriented language that allows
these problems to be formulated directly from either an analogue
block diagram representation or a set of ordinary differential
equations. A basic set of functional blocks, with which different
components of a continuous system may be represented, is included in
136,137 . .
the S/360 CSMP programme » a@s will be discussed in a later
; 140,141 X .
section. Most FORTRAN statements allowing non-linear and
time-variant problems of considerable complexity to be handled readily
. . 140,141
are accepted by this programme. FORTRAN subroutines may also
be included. Input and output data are handled using application-
oriented control statements136 (see Sections 3.3.1.2 and 3.3.1.4).

136,137 are statement sequencing

and a choice of integration techniques141 of which there are sixl36’137

The main advantages of this programme

and, if none of the integration methods satisfies the user, he can
supply his own integration procedure. In sorted sections, structure
Statements may be written without any order, since S/360 CSMP will
sort them automatically to obtain a proper representation of the

physical system to which the problem is addressed.

About 95% of this application program is written in FORTRAN
: 140,141
using the FORTRAN IV (Level G) as the source language . S/360
Assembler Language is used for the rest of the package, whose operations
are not readily performed in FORTRAN. The whole package is set up in

such a way that the user's programmes as well as the calculations must
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employ single~precision, floating-point arithmetic, even though the
programmes of the application package use double-precision arithmetic,

where needed.

3.2 Runge~Kutta Integration Method (RKS)

Various methods are available for iterative integration of
first-order ordinary differential equation5136’138’141 such as are
generated in non-steady state electrode-kinetic problems. A method
of starting the solution or solving the equation completely is to
re-express the integration function in a form equivalent to a Taylor
series so that the solution is obtained with an accﬁracy corresponding
to a certain number of terms in the series. Also, it is very useful
to obtain the terms in such a series by using a weighted sum formula
of the kind employed in a numerical integration., The fourth-order

136,138,139,141 fulfils these requirements and also

Runge-Kutta method
has the useful advantage that the integration interval At can be readily
changed. The Runge-Kutta procedures are single-step ones, i.e., they
do not require any past history of values, unlike other methods, e.g.,
the Milne fifth-order predictor-corrector, Simpson's rule, the trape-

136,138,141

zoidal rule, etc. which are based on the integration of

equal-interval interpolation formulae.

The Runge-Kutta technique was applied to the numerical

solution of equations such as

dQB
i=29Q i (3-1)

SEREAR
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where QB is the coverage by sPecies B deposited in a l-e surface
Process (see Chapter IV), M + A -~ MB + e, Q is charge for deposition
of a monolayer of B and

dQB

T - f(t,QB) (3-2)
The method enabled values of QB to be evaluated at different times

t as well as different potentials, V, since V = Vin * st.

The fourth-order method gives a new GB j+1 value in relation
3

to QB i at the present time tj in the integration according to
e =0 +£(>\ + 2%, + 22X +>\‘) (3-3)
B,j+1 B,j 6 Yo 1 2 3
where
A = f(t,, o_ . 3-4
o = £(t5s 8 ) (3-4)
At At Ao
AL = f(tj + =, eB’J + ) (3-5)
At A
3 At 1
A, = f(tj + =, eB’j + ) (3-6)
A3 = f(tj + At, eB’j + At }‘2) (3-7)

and j represents a stage in the iterative solution. Knowing initial
values of QB and time t, it is therefore possible to calculate the
next value of GB at a given new time value tj+l(=tj + At) using

eqn. (3-3).

The Runge-Kutta procedure is normally stable and self-
starting, since only the functional values at a single previous point

are required to obtain a value of GB ahead. Furthermore, it is easy
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to change the step size At at any step in the calculations, which isg
of great importance since it is desirable to minimize errors. On the
other hand, each step requires evaluation of the right-hand side of
the system four times [eqn. (3-2)], which is a great disadvantage
compared with other methods having the same accuracy, since it is
time-consuming, particularly if the expression for the first deriva-
tive is compliéated. A substantial disadvantage of the method is
that neither the truncation errors nor estimates of them are obtained
directly in the calculation procedure, Therefore, control of accuracy
and adjustment of the step siZe At is made by compa;ison of results
obtained by both the Runge-Kutta and Simpson's rule integration

136

methods . The defined interval, At, is automatically reduced to

satisfy the following condition.

] -
t+At

<1 (3-8)
AE + RE |et+AtT

where GS is gt+At calculated by Simpson's rule, and AE and RE are
the absolute and relative errors, respectively, which are assigned
in the calculation procedure (see Section 4 - execution control state-

ments) and correspond to the particular integrator value.

The theory, given here only for a single first-order dif-
ferential equation, can readily be extended to a system of such
equations. The extension, from one equation to a system, can be
achieved by treating GB as a vector in the calculation, rather than
a single integrator variable. For the reaction mechanisms considered

in this thesis, the RKS method was found to be efficient and did not



- 74 -

give rise to any kind of oscillation in ©'s (see subroutine INITTH),
but in some cases, however, especially for the more complex reaction
mechanisms, a very small oscillation in current, i, still occurred
(see subroutine PEAKS). It should be mentioned that this oscillation
was observed, if it happened at all, only for reversible reaction con-~
ditions. For irreversible cases, no oscillation in the solutions for

i occurred.

3.3 Description of the Developed Programme Used in the Simulations

A general programme for solving up to § électrochemical
and/or chemical reactions both in parallel and/or in series using
appropriate sets of differential equations was developed. A re-
presentative overall programme for a simple l-electron electrochemical
reaction is shown in Appendix I. The main features of the whole pro-
gramme will be described using this representative case. It should be
mentioned that flowcharts used for developing this programme are not
included in the thesis as it is inconvenient to have this volume of

material published in the thesis.

The overall programme consists of the main pProgramme,
written in $/360 CSMP language, and 8 subroutines written in FORTRAN.
It is the CSMP programme which constitutes the major part of the
overall programme as it embodies the important tasks of calculations,
i.e., primarily solving a particular set of differential equations
which represents a given reaction mechanism. The tasks of the sub-
routines are only secondary ones, as will be discussed and explained

in the appropriate sections.

Ll
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CSMP programme

he CSMP programme (see Appendix I) can be divided into 7
The first four sections contain data statements, trans-~

rol, execution control and output control statements136

The last three sections represent initial, dynamic and terminal

segments of

question.

the modelling technique for solving the problems in

3.3.1.1 Section 1

In the first section, the size of the variables is defined

by determining the appropriate length of the vectors of all the para-

meters needed in the calculations using the DIMENSION statements.

Since the majority of the vectors have dimension 5 this means that

only up to 5 differential equations may be solved simultaneously.

Also included in this section are the list of all the integer para-

meters used

mainly as counters or flags, and all the numerical values

of constants which remain unaltered and are not changing variables

from one run to another. The former are listed under the translation

control statement FIXED, because otherwise all the variable names

assume real

(floating-point) valuesl36, The latter are contained in

the data statement CONST together with the numerical values. These

variables include constants like the Faraday constant, "FC", the value

of B, "BETA"

neph (in °K)

» and the values of universal gas constant, "R", temperature,

» and the charge for monolayer deposition, "CPCM".
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3.3.1.2 Section 2

The second section includes all the variable parameters,
i.e., those which could be changed from one run to another one and
from one reaction Sequence to another. Dimensioned variables are
included in the TABLE data statement. This permits data stored in
such a one~dimensional array to be identified in structure statements
by the location of the data in that array. This statement must appear
together with STORAGE, the translation control Statement, which deter-
mines which variable will appear as a one—dimensional array and how
long the array is (see Section 3.3.1.1). Data contained in the TABLE
include forward rate constants, "FRC", backward rate constants, "BRC",
standard reversible electrode potentials, E°, for the surface pro-
cesses, designated "ER", the number of electrons transferred in each
step of the reaction sequence, "EN", the interaction parameters, g,
designated "G", and the sign of the differential equations, '"SIGN",
(+1 or -1) depending on whether the equations refer to the rate of

increase of product or decrease of reactant, with time.

The INCON data statement includes the parameters characterizing
the initial conditions which govern a particular reaction mechanism.
The parameters are: (a) "IDIR", which indicates whether sweep is going
first in the anodic direction (+1) or cathodic direction (-~1);
(b) "NDIM",which represents the number of differential equations to be
solved; (c) "NPRL" tells how many parallel reactions occur first,
before any other reaction does and (d) "THI n" give the initial cover-

ages of all the adsorbable intermediate species '"n" at time t = 0,

e e s o
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The PARAM data statement contains all the values pertaining
to a given run. Sweep-rate values are designated "SR" and the initial
potential from which the sweep is started is symbolized by "VIN".
Both anodic and cathodic potential limits in the sweep experiment are
named "VAEND" and '"VCEND", respectively. The value of the flag "ICOUNT"
determines whether the sweep is done only in the forward (ICOUNT = 1)
or both the farward and backward (ICOUNT = 2) directions. The latter
applies if the multiplication constant, "CMULT", which multiplies the
sweep-rate "SR" to give a new value, is negative. This then means
that the sweep is done in both forward and backwara directions and the
turning occurs at a potential "VCUT". If, however, the value of "CMULT"
is positive, but not 1, then it indicates that the sweep-rate is
changed during the forward sweep at "VCUT", and no backward sweep is
performed. Another important counter is the parameter "THOLD", which
determines whether holding at a given potential is (+1 or -1) or is
not (0) done. If the holding is performed, distinction must be made
between holding in the anodic (+1) and cathodic (-1) direction. The
holding potential is designated "VHOLD" and the length of holding is

signified by "THOLD".

3.3.1.3 Section 3

The third section is the MACRO function called "SOLVE".
This type of function of S/360 CSMP is a very powerful feature of this
language. Using the basic functions which are available in the $/360
CSMP package, it is possible to build much larger functional blocks.

It should be mentioned that a MACRO function may be used any number
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of times during the simulation calculations, and hence this function

operates as a subroutine in ordinary FORTRAN languagel40’l41.

It is in this section that the appropriate set of differential
equations, corresponding to a given reaction mechanism, is defined and
integrations are performed (see Appendix I, Section 3, for l-electron
electrochemical reaction). The variables, which are of interest in
the present work, as well as for further calculations, are defined in
the output part of the MACRO translational control statement card.

These variables appear to the left of the equals sign on that particular
statement card. "THET 1" to "THET 5" are the coverages and "DER 1" to
"DER 5" represent the derivatives, or the rates, which are defined as
the differences between forward and backward rates of the individual
reaction steps in a given reaction mechanism, multiplied by either the
Faraday constant or the charge for monolayer formation depending,
respectively, on whether a continuous Faradaic or pseudo-~faradaic
process is considered. The terms "DF n'" and "DB n" correspond to the
forward and backward rates of the n'th reaction, respectively. The
overall rate corresponding to the n'th species is represented by "DTH n",
which upon integration gives the value of the n'th adsorbed species

"THET n".

3.3.1.4 Section 4

All the execution and output control statements are embodied
in Section 4. The execution control statements are used to specify

certain items relating to the actual simulation run, e.g., integration



method, integration interval, allowable errors for integrator outputs,
etc. Items such as printing and/or print-plotting or cross-plotting
the variables, which are of interest in the data output, as well as
printing a title at the top of each page of printed output, are

embodied in the output control statements.

The execution control statements are: (1) METHOD, (2) TIMER,
(3) FINISH, (4) RELERR, (5) ABSERR. The output control statements are:

(1) RANGE, (2) PRINT and (3) TITLE.

(1) Execution control statements

(1) METHOD - this label specifies a particular inte-

gration technique to be employed in the simulation. §/360

CSMP has seven different integration methods embodied in the
package. It is possible to use a user-supplied integration
subroutine as well, if it is desired. All the calculations

for all the reaction mechanisms studied involved the RKS
integration technique which is the standard, fourth-order
Runge-Kutta method with variable integration interva1136-l39’l4l.
In order to assess the error which results in the integration,

a Simpson's rule integration technique is used for compari-

136-138,141
on

s . The Runge-Kutta procedure was discussed in

more detail in Part 3.2 (see page 71).

(2) TIMER - this card specifies the values of system

variables. It should be mentioned that the specifications
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of the system variables are automatically adjusted by the

programme, if necessary, to ensure a consistent relation-

ship between run time, output intervals and integration

interval. The system variables that can appear on the

TIMER card are:

(a)

(b)

(c)

1))

(e)

(3

"FINTIM" - which defines the maximum value of the
independent variable and which must be specified
for each and every simulation.

"DELT" - defining the step size of the independent
variable. It is possible for the pProgramme to
adjust this parameter in order to satisfy the
integration error when using the RKS method.
"DELMIN" - which specifies the minimum integration
interval that is allowed for the RKS method, which
is, as mentioned above, a variable-step integration
technique.

"PRDEL" - showing the step size required for the
Ooutput printing.

"OUTDEL" - which essentially performs the same
task as "PRDEL", but is used when cross-plotting

or print-plotting is required.

FINISH - this feature allows the user to define

additional terminating conditions for integration besides

the "FINTIM" specification. Using this card it is therefore

possible to stop a run when any dependent variable reaches
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Or crosses some specified limit even before the value of
"FINTIM" is reached. It is also possible to terminate a
run when two dependent variables are equal or the difference

between them changes sign.

(4) RELERR - this card allows a relative error for
each integrator output to be defined., It can be used only
witﬂ integration routines (RKS and MILNE), where the inte-
gration interval is allowed to vary in order to satisfy the

error limit5136’141.

(5) ABSERR - this control statement is very similar
to the previous one but controls the absolute rather than
the relative errors. It was shown in eqn. (3-8) that the
maximum allowable error for each integrator is given as the
sum of the permissible relative and absolute errors. It
must be mentioned that absolute error dominates when the
integrator value approaches zero and relative error takes
over as the integrator output value grows in magnitude.

Further details of this point were discussed in Part 3.2.

(ii) OQutput control statements

(1) RANGE - this label is used to obtain the minimum
and maximum values of the specified variables reached during
a simulation run, together with the values of the independent

variable corresponding to these minima and maxima.
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(2) PRINT - this card specifies all the éependent
variables whose valués are to be printed at each "PRDEL"
interval, together with the independent variable (time),
during the simulation. All the variable names are printed
in print-out headings. Since PRINT control card is used
with real numbers only, it is necessary to equate any
integér variables the printing of which might be of
interest, to real variables first, and only then to request

the printing of such variables.

(3) TITLE - the statement appearing on the TITLE
card will appear as a heading at the top of each page of

printed output.

3.3.1.5 Sections 5~7

The Sections 5 to 7 represent the entire simulation programme
and each section corresponds to a different segment, i.e., INITIAL,
DYNAMIC and TERMINAL. These three segments describe the computations
to be performed before, during and after each simulation run, res-—
pectively, and they represent the highest level of the structural
hierarchy. 1In the individual segments the user has an option to have

the structure statements sorted automatically.

3.3.1.6 Section 5 - INITIAL segment

Frequently a simulation involves initial conditions or para-

meters which can be expressed in terms of more basic parameters and
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the computation needs to be performed only once before the simulation
run, rather than repeatedly dﬁring the run. It is the function of
the INITIAL segment to be used exclusively for computations of these

initial condition values.

It is in this section that terms such as b (b = %%b (see
also Chapter I, P.36), initial coverages for reversible reactions
(see Section 3;3.2 for detailed explanation) and different switches
and flags are set before the actual simulation is performed. It is
in this section that "PRDEL", "OUTDEL" and "DELT" are properly defined.
They are defined in such a way that the printed increments of changing
potential rather than time are constant, because it is the potential
which is the important variable in the simulations, and of course in

the electrochemistry, as will be seen in later chapters.

3.3.1.7 Section 6 - DYNAMIC segment

DYNAMIC segment represents the nucleus of the continuous
simulation system for solving the differential equations that con-
stitute the dynamics of a given model. This segment is the most
extensive one, as it contains all the differential equations, which
are defined in the MACRO function "SOLVE" (see Section 3.3.1.3), to-
gether with all other calculations required during the run. It is in
this section in which values of individual currents, total current,
total pseudocapacitance, coverages and total coverage of the surface
as a function of potential are calculated. In the latter part of this

segment, values of total pseudocapacitance and corresponding potential
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are stored in order to obtain computer graphical outpug of pseudo-
capacitance~potential (C-V) ﬁrofiles. This graphical output is used
only for a preliminary look at the results. Also, call to a sub-
routine which determines both maxima and minima of C-V profiles is
performed. Finally, another subroutine, which acts like a function
generator, is called and tests on the termination are done, together
with other mathematical tasks embodied in this subroutine, as will

be explained in more detail in Section 3.3.3.

3.3.1.8 Section 7 - TERMINAL sepment

The TERMINAL control card allows calcul;fions which are to
be done only at the completion of the run, to be performed in this
section. Calls are made to four different subroutines, which perform
the tasks of printing all the parameters used for a given run,
plotting the graphs of C-V profiles and reassignment of the initial

pParameters which may have been changed earlier in the calculations.

The individual supplied subroutines will be discussed in

more detail in the following Sections.

3.3.2 Subroutine INITTH

This subroutine is called from the INITIAL segment of the
CSMP programme. The purpose of this subroutine is to redefine the
initial conditions for coverages, originally set in Section 2
for reversible electrochemical reactions as well as the initial cover-

ages in the chemical reactions which are assumed to be at equilibrium.
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The main reason for redefining the initial values of coverages is that
some difficulties may arise for reversible electrochemical processes,
In the case of reaction (I) (see Chapter IV), for example, the value
of GB decreases as the initial potential Vin is taken more and more
negative. Initially, SB values were taken as zero, or very near zero,
but subsequent integration gave unstable solutions with current, i,

and GB values oécillating for potentials V > Vin during the simulation
of the anodic potentiodynamic sweep. Also, in some cases, divergence
of GB resulted, since the computation accuracy demanded in GB was 10—6.
This led to the conclusion that GB must be known exéctlx for a given

Vin value. Knowing that for a reversible electrochemical reaction

de
the derivative-ag— must be zero in order to preserve the equilibrium
condition, it was possible to determine the exact value of © for

B,in

a given Vin value using the equilibrium equation. More generally, the
equilibrium method may be applied to the situation where the interaction
parameter in the adsorption isotherm is not zero (eqn. (1-5), Chapter I).
However, for a given Vin value, an iterative procedure having a general
form ej+l = f(ej) must then be applied where j represents the j'th
iteration being performed. When the difference between the left and
right-hand-side was less than a preset error, the value of eB,in was
assumed to be correct.

For irreversible electrochemical and/or chemical reactionms,
high precision in initial GB values is not any longer required and it
is sufficient for the case of reaction (I) to assume the initial

coverage GB in to be zero for a sufficiently negative value of Vin'
b
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No oscillations or divergence in current values, i, or coverages GB

at different potentials V greater than Vin then arise.

The latter part of the subroutine, "ENTRY RENEW", which is
called from the TERMINAL segment, resets the counters and the initial
coverages to their original values appearing on the data statement

cards.

3.3.3 Subroutine FCNGEN

Subroutine FCNGEN is called from the DYNAMIC segment of
S/360 CSMP programme and it embodies the general properties of a
function generator. The subroutine consists of three parts. The
first part performs the potential-holding operation for a given time
specified by parameter "THOLD" at a given potential "VHOLD". It
should be mentioned that the printing increment is changed during
holding to 1/10 of "THOLD" so that only 10 intermediate times are
recorded during holding. The second part tests whether the original
sweep is in an anodic-going or cathodic-going direction and performs
the reversal of sweep; it also changes the sweep-rate while still
going in the original direction or in the reverse direction, at a
given potential "VCUT". The values of "PRDEL" and "OUTDEL" are
adjusted in such a way that the potential increment (taken as 1 mV)
remains always the same. The third part determines if the potential
during the sweep is within the limits of imposed anodic and/or cathodic
potential settings and, if the changing potential reaches either of
the limits, the calculation is terminated (this corresponds to the

"IEND" flag being changed from 0 to 1).
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3.3.4 Subroutine PEAKS

In more complex reactions, more than one adsorbed inter-
mediate can arise. Then corresponding component currents can be
generated. TFor such cases, both anodic and cathodic overall peak
currents, together with the values of individual currents at these
peaks, potentials at which the overall peak currents occur, and total
and individual coverages of the adsorbed intermediates up to the over-
all peak currents are determined by means of the subroutine PEAKXS.
This subroutine may also be used, of course, for a simple surface
process involving only one adsorbed species. The programme is quite
a simple one. The determination is dome by comparing a previous value
of current with a present one. If the previous current value is
greater than the present one for an anodic-going sweep, a peak is
recorded. Similarly, if the previous current value is smaller than
the present one for a cathodic-going sweep, a cathodic current peak
is registered (cathodic currents are taken negative). For more com-
plex reactions, individual component current maxima and the potentials
at which they occur, together with the coverages up these potentials
for the individual species, are also recorded in the same manner as
described above. As this subroutine is not a perfect one, it does not
guard against possible small oscillations, especially for more complex
reaction mechanisms under reversible conditions. As the peaks are
determined by comparison between two adjacent current values as
mentioned above, false "peak" is then recorded. It is then necessary

to check the complete output for such a run to find the true peak
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maxima. This is not very difficult because most of the oécillations
occur at the beginning or the eﬁd of the current-potential curves,
i.e., at the feet of the curves. However, for simpler reaction
mechanisms, this subroutine is adequate and provides the user with
correct results; no problems are encountered if oscillations do not

arise.

3.3.5 Subroutine PRINT

Subroutine PRINT is used when it is desired to obtain tabular
print output at other times than those specified by the system variable
"PRDEL". This subroutine is called from the DYNAMIC.segment of CSMP
programme, subject to logical tests. It is used only when the reversal
and/or change of sweep-rate are performed (see Section 3.3.3), because
in the vincinity of the above mentioned changes, the values of current
might rise or decrease too drastically for them to be observed in the
regular print output times. Hence, using this subroutine, better
trajectory profiles of i~V or C-V curves are obtained in the regions

where sweep-rates are changed.

3.3.6 Subroutine QUTPUT

This subroutine, which is called from the TERMINAL segment
of the CSMP programme, causes all the necessary parameters pertaining
to a given run to be printed in tabular form. Values such as forward
and backward rate constants, standard electrode potentials for surface

processes, g-parameters, anodic and cathodic potential limits, initial
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potential and sweep-rate used ip the run, defined in the data state-
ments section, are printed out. The results for the total current
peak maxima, as well as the individual current peaks, together with
the appropriate values of potentials and coverages determined in the
subroutine PEAKS, are also recorded. If a change of sweep-rate ox
holding is performed during the run, additional parameters "CMULT",
"VCUT", "IHOLD", "VHOLD" and "THOLD" and their numerical values will

also be printed.

3.3.7 Subroutine PLTDET

The purpose of subroutine PLTDET, which is also called from
the TERMINAL segment of the CSMP programme, is to determine the
standard maximum and minimum limiting values of x and y axes. This
is done only for graphical purposes. In this way, all the printed
graphs of the C-V profiles from different runs are normalized and
can be directly compared. Different graphs thus have the same x and
y scales or have simple multiples of a given set of x and ¥y ranges,
which are defined in this programme. The calculated minimum and
maximum values of x and y from the data which are to be plotted are
determined and then fed into the next subroutine, which does the

plotting on these optimized x,y scales.

3.3.8 Subroutine GRAPH

Subroutine GRAPH causes graphs of pseudocapacitance versus
potential (C-V) to be printed for each run performed. The curves are

represented by stars (*), each of which represents a point on a given
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C~V profile. Minima and maxim; for both x and y axes are taken from
subroutine PLTDET and utilized to calculate and print the scale
indicators. It should be pointed out that the graphs printed by this
subroutine were used just to see the rough shapes of the profiles and
for comparison with the curves obtained under different conditions
(e.g., different sweep-rates, rate constants, E° values, etc.). TFor
publication purposes, the graphs were plotted precisely on graph

paper using digital output values obtained in the given run.

3.3.9 Subroutine UPDATE

The structure statements defined in Sections 5-7 of the
S/360 CSMP programme, which constitute the whole simulation procedure,
must be converted into a FORTRAN subroutine. This translation is done
automatically, internally and a generated FORTRAN subroutine UPDATE
results. It is only then that this subroutine is compiled and executed
together with all the other subroutines mentioned above, as well as
with the selected integration routine (RKS) to accomplish the simula-
tion. As the INITIAL, DYNAMIC and TERMINAL segments were discussed
already, it is not necessary to try to explain this subroutine because
it is just the translation of these three segments defined in the

S/360 CSMP portion of the programme.
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CHAPTER IV

MODEL_1-ELECTRON ELECTROCHEMICAL SURFACE REACTION

WITH A SINGLE ADSORBED SPECIES

4.1 Introduction

In the present chapter, the model l-e, first-order surface
31,90 .
process where free metal surface sites M available at a relative
surface concentration (1—93) react with molecule A from solution to

form a chemisorbed species MB on the surface (coverage GB), viz.

(cf. Chapter I, p.34)

kl
M + A \——-—“~—>k1 MB + e (D)
-1
(1-93) cy GB

will be examined as a reference case, especially with regard to effects

of lateral interact::i.ons:ﬂ’g3

within the adsorbed layer of B on M on

the kinetic behaviour of reaction (I). It is assumed that no diffusion
limitations arise in (I). Examples of reaction (I), or its cathodic
equivalent, are the deposition of H from H3O+ or H20, of metal atoms
such as Pb, Cu from their ions and of OH or O species from water.

Usually reaction (I) involves displacement of a proton since the

chemisorbed species B are normally not charged.

The response of this l-e electrochemical surface process to

a linear potential sweep is considered for the cases where the adsorption
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of the electroactive species both does and does not involve an
appreciable (linear) variation of energy of adsorption with coverage,
characterized by the coefficient g [see Chapter I, p.19, eqns., (1-4)

and (1-5)], arising from interaction and/or heterogeneity effects.

Procedures are derived for evaluating the characteristic
parameters, especially the g factor controlling the adsorption iso-
therm, for electrochemical surface processes involving electrodeposition
of an ad-species up to a monolayer or stripping of monolayers or
partially covered surfaces. Most of the cases considered refer to an
irreversible surface process but the transition from reversibility to
irreversibility, first investigated by Srinivasan and Gileadigo, is
evaluated for some cases with respect to the value of g involved in
the adsorption behaviour of the ad-species. In the reversible case,
the relationship of the current-potential profiles to the adsorption

31,32

pseudocapacitance, previously evaluated » 1s considered.

4.2 Calculation Procedure and Values of Parameters

All the simulations were carried out on IBM 360, Model 65,
using an IBM application programme "System/360 Continuous System
Modeling Program" - (S/360 CSMP). Details of this programming language
and the integration procedure, together with all the supplied sub-
routines, were discussed in Chapter IIT (see also Appendix I for the

actual programme).

All the calculations in this chapter, as well as in others,

were made for Q, the charge for generating monolayer coverage of B in
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reaction (I), taken as 220 uC qm-z, as for H on Pt. The symmetry
factor, B, for charge transfer was taken as 0.5 as supported experi-
mentally56 for reaction (I) when B is H. For convenience, cA is taken
as 1 mol 1-1. It should be pointed out that the solution concentration
of any soluble species considered in this and other chapters will
always be taken as a standard value of 1 mol l_l, unless otherwise

stated.

The values of the other constants used throughout all the
calculations and for all the reaction mechanisms described in this

thesis are:

F - Faraday constant (96490 Coulombs/mol)
R - gas constant (8.314 J mol.-l K—l)

T - temperature (298.15 K).

4.3 TFormulation of Kinetic Equations

For reaction (I), the basic equation for the current density,

i, as a function of potential V in the sweep at a rate s = %% is

-_Ofé_ [k! (1-e.) A - (1-g)ge) -k . o - &+ ggo )] (4-1)
=05 = Ak ey p) eXP (T - (1-8)gdy -1 ®p ex¥P(= 73 + Bgby

\j t
where kl 1

k_l, thus defining a standard equilibrium condition for which the

and k_l are the rate constants and k! is taken as equal to
coverage is 0.5 at the standard electrode potential, E°, with

) = 1 mol 1-l (see below). The modulating potential, AV, is given by

= - ° = + - o -
AV =V - E Vin +* st - E (4-2)
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_RT _ _RT__ _ 2RT e '
and b 5F - (I-B)F - TF° (B = . 0.5); E° is the standard electrode

. 0 . X
potential for the surface process3 » which has been taken in all
*
calculations arbitrarily as zero , unless otherwise stated. Vin is
the initial potential in the sweep and g an interaction parameter

(cf. ref. 93) in the electrochemical adsorption isotherm for B:

¥

1:§£'= K; ¢y exP( RT) exp (- g8;) (4-3)

which follows from eqn. (4-1) when i=0, writing the equilibrium
k'
constant KI = El— = 1. As mentioned previously (see Chapter I, p.19)
-1

positive values of g correspond to repulsion in the chemisorbed layer

and negative ones to attraction.

de
From eqn. (4-3), after suitable rearrangement, J can be

evaluated as

dSB exp(- AVE + 9 )
I A T
dt = VF (4_4)
[exp(-—+ g9)+K ] + K; Agexp( =7 T 898p)

noting that AV as £(t) is given by eqn. (4-2).

By conventional operations the peak potential Vp at the

current maximum, ip, is readily obtained as:

T In(K. ¢,) + 5= RT

; —3—}-,- L) *op 8+ E (4-5)

<
1

and

* .

This simply provides a basis of reference for expressing coverages
and currents as a function of potential, and in the irreversible case,
for expressing peak potentials on a relative scale,




Fs

i = RT(htg) (4~6)
respectively., Also
_ OF _
% = Rt (4=7)

The eqn. (4-7) corresponds to the maximum adsorption pseudocapacitance

* 31,32
C given by Cp ='§2-, previously evaluated™ ’~“,

The irreversible case involves only one main term of
eqn. (4-1) depending whether a deposition or film-stripping process

is involved. The case where the rate equation [eqn. (4~1)] can be

written
i=0q s _ Q k! ¢, (1-6.) expl[2Y - (1-8)g0. ] (4-8)
dt 1 % B’ EXPL €%

is considered. Differentiating this equation with respect to time

t to obtain ip and Vp and noting that the current will be a maximum

when
dBB ] (1—93) s/b (4-9)
dt 1+ (1-B)g(1-85) °
i.e., for the condition 5= = 0, it is found that
(1-e, )
. S B,p
= 4~10
pTh I+ A-med-e, ) (4-10)
sP
where GB P is the coverage at the peak potential. The potential Vp
3

corresponding to ip is obtained from eqns. (4-8) and (4-10) as

= 5 _ - - - ° -
vp =b 1n K b b In [1 + (1-B)g(1 eB’p)] + b1 B)geB,p + E (4-11)

s
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where
k, = k! c (4-12) "

An expression for GB P’ which can only be evaluated
E]

numerically by an iterative method, is

exp[-(1-8)g(1-8, )] n
= - - >P - [‘(l‘B)g] - n_
GB’p =1 - exp{- T T (1‘3>g(1‘93’p) L -~ [(1 eB,p) 11} (4-13)

the derivation of which is given in Appendix II. Eqn. (4-13) was
used to check the value of eB,p obtained from the ngmerically inte-
grated eqn. (4-1). Comparisons were satisfactory for g %X 10 but for
g > 10, convergence problems arise in the iterative evaluation of eB,p
from eqn. (4-13).

For the Langmuir case, g = 0, GB P reduces to the simple
3

result

2] =1 - exp(-1) = 0.63 414
B,p *P ) ( )

obtained by Srinivasan and Gileadi90 for an irreversible l-e electro-

sorption process under Langmuir conditions.

The current maximum ip and the potential Vp at which it

occurs are obtained by substituting 6 from eqn. (4-13) into eqms. (4-10)

B,p
and (4-11), respectively.

*For reactions such as (I), which are driven by a linear potential
sweep, s/k' would have the units of V mol 1-1 taking c) in mol 17+,
Since in all the calculations, cp was taken for convenience as 1, k'cA
will be written as k; where k; is another constant equal in magnituée
to kjc, when cp is unity. It is convenient to include this "standard"
concentration with k, whenever appropriate so that kl and k_; then have
the same units ’(sec™l, noting that Q is a charge per cm2) and s/k for
both the backward and forward directions of the process then have the

same significance and the same units (V).
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Derivation of an equation, which proves that the C-V profiles
for the irreversible l-e electrochemical surface reaction under Langmuir
conditions, i.e., g = 0, are identical in form and independent of the
sweep-rate s [so long as the process remains irreversible, i.e., (see
below) when s > So’ the limiting sweep-rate for reversible behaviour]

and Vp value, is given in Appendix IIT.

4.4 Current-Potential Profiles for the l-e Surface Reaction when

Lateral Interactions are Absent (g = 0)

Solution of eqn. (4-1) for absence of lateral interactions,
g = 0, i.e., for Langmuir conditions in eqn. (4-3), gives rise to the
familiar i-V profiles shown in Fig. 4-1 (cf. ref. 90), which for

reasons of convenience are represented as usual (cf. refs. 31,32,90)

de
in terms of the adsorption pseudocapacitance C(= % = %-EEED as a
function of potential.
While the form of such profiles is well—known3l’56’80’90’93,

it may be useful to emphasize that the peaked shape of these current-
potential relations arises from the opposing tendencies for the reaction

to exponentially increase its rate as potential is raised but be

decreased in rate as the free-surface 1—GB decreases as the coverage

of B increases towards a monolayer [1—8B factor in eqn. (4-1)]. A
similar argument can be made for the reverse direction of (I) as the
coverage of B becomes zero at sufficiently large potentials in the

opposite direction.
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Fig. 4-1 Series of C vs. V profiles for reaction (I) for various s/k values show

from reversible to irreversible behaviour when parameter g
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Generalized plots of the kinetics can be given by relating
the C vs. V behaviour to a reduced sweep-rate s/k*. Then for reactions
such as (I) having any rate constant k, a common behaviour can be
represented. For convenience, in order to avoid overlap of the C-V
profiles, those for the cathodic-going sweep would be plotted in a
180° rotated position, i.e., below the potential axis in the Figures
to be shown beléw and in other chapters as well, i.e., as they would

be recorded in measurements of current, i,

As can be seen from the results of the computer calculations
and from Fig. 4-1, the electrochemical surface reaction (I) is
reversible for ﬁ-s 10—2. Practically, it can be considered totally
irreversible from E—> 1.

The main quantities characterizing the behaviour shown in
Fig. 4-1 are plotted in Fig. 4-2 as a function of reduced sweep-rate,
log f@ the characteristic parameters are (a) the peak potential Vp,
(b) the peak pseudocapacitance Cp and (c) the half-width AVl/Z’ i.e.,
the potential span across the curve at half the peak current93. As
can be seen, the plot of Vp vs. log E-(Fig. 4-2) is equivalent to a

Tafel relation for the surface processlo4 with a slope equal to the

Tafel slope 2.3b.

As will be shown in a forthcoming paperl42, this gives a

useful way of characterizing the reversibility of a surface process

*
In the graphical representation of the results, the kinetic be-
haviour is shown as a function of s/k values which are equivalent
either to s/k1 or s/k_l (see eqn. (4-12) and its footnote).
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by extrapolating a plot of Vp gg. log s to the reversible potential

for the process and thus deriving an extrapolated sweep-rate, S50

which is analogous to an exchange current density, io. Correspondingly
Cp can be plotted (Fig. 4-2) against log %-illustrating the transition
from reversible to irreversible behaviour in Fig. 4~1 for reaction (I)
as = increasesgo. The peak C values decrease towards a limiting value

as

k
% is increased while the C-V curves of Fig. 4-1 become asymmetrical

in shape with Vp occurring at GB(=9B p) = 0.63 instead of at 0.5 as
3

for the reversible case. The change of shape of the peak with in-

s
k

(Fig. 4~2) which, for the limiting cases of reversible and totally

creasing is reflected (cf. ref. 93) in the change of AVl/2 value
irreversible conditions, assumes, as C also does, two different

constant wvalues.

It is useful to mention here that when reaction (I) is com~
pletely reversible, the cathodic sweep is a mirror image of the anodic
one throughout the C vs. V profile, i.e., at all values of GB (Fig. 4-3a).
With increasing s, as the process is driven more irreversibly, the
peaks shift in the direction of the sweep: anodic to more positive
potentials, cathodic to more negative potentials and an increasing
separation between the peaks for the forward and backward directions
develops (Fig. 4-1 and Figs. 4-3a-d below). The development of
irreversibility can also be seen when the direction of sweep is reversed
Prior to completion of the monolayer in the forward anodic sweep
direction; then (Figs. 4-3b,c) the current does not immediately change

to that for the cathodic overall C-V profile corresponding to reduction
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of the complete monolayer, 6, = 1, so that a lag develops in the

B
reversed C vs. V profile until, in the completely irreversible case,
a series of displaced independent reverse current profiles are
generated (Fig. 4-3d). It was shown in previous experimental

work61’74

how this behaviour is useful for distinguishing the res-
ponse of co-adsorbed H and acetonitrile on Pt in terms of their
kinetic relaxation characteristics and for deriving their relative
extents of coverage on the electrode. This will be discussed in more

detail in Chapter V. Similar applications were made74 to distinction

of reversible and irreversible species in Pt surface oxidation.

An important feature of the family of curves in Fig. 4-34
is that the C vs. V profiles generated on the reverse sweep all have
identical shapes and thus the same AVl/2 values, and have their maxima
at the same potential, Vp. This is simply a consequence of reduction
of different quantities, GB’ of B generated in the preceding forward
sweep taken to different potentials as shown in Fig. 4-3d. The pro-
files are all determined by the same function (eqn. (4-1) with g = 0)
(cf. ref. 31) and only differ by a scaling factor determined by the Q
value which, for the series of reverse sweep curves is given by Q for
the monolayer times the values of QB attained at the potential at which

the reduction begins on the reversed sweep.

A summary of the characteristic parameters for the kinetics
of the l-e surface reaction for g = 0 is given in Table 4-1. Experi~
mental verification of these characteristic features, e.g., Vp vs, log s
plots, the change of ip/s with log s and the half-width, Avl/Z’ was

1

recently made experimentally by Kozlowska and Conway 42 for one of the

states of H adsorption at Pt.
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Table 4-1. Characteristic Quantities for Reaction (I) (g = 0 for

the adsorbed layer of B) under Potential-Sweep Conditions

C_(=i_/s) AV 0 dv_/d log 2
Parameters P P -2 1/2 B,p P k
(Farad cm ) ) W)
Value for reversible -3
conditions : 2.14%10 0.091 0.50 0
Value for irrevey-. -3
sible conditions 1.57x10 0.126 0.63 0.118

4.5 Effects of Lateral Interactions (g # 0) in the Chemisorbed Layer

The existence of lateral interactions between the chemisorbed
species on the surface, i.e., for g # 0 in the isotherm [eqn. (4-3)],
has the effect of changing the aspect-ratio of the C vs. V profiles,
making them lower and broader as g > 0 or sharper and taller as
=4 < g <0 (a singularity arises at g = -4 in eqn. (4-3), corresponding
to two-dimensional phase separation56). Figs. 4-4a,b show C vs. V
profiles for reaction (I) at various s/k values when g # 0; behaviour
for g = -2 and +2 is plotted which is to be compared with that shown
in Fig. 4-1 for g = 0. A series of C vs. V profiles which arise for
various values of g when reaction (1) is behaving reversibly or
irreversibly are shown in Figs. 4-5a and b, respectively. The electro-
chemisorption isotherms, corresponding to various values of g in
eqn. (4-3) and to the profiles in Fig. 4-5a, are shown in Fig. 4-6,
together with the imaginary case for a g value <-4 (cf. ref. 56). The
C as £(Vv) profiles for the equilibrium case (Fig. 4-5a) are, of course,

the differential coefficients of these curves with respect to V.




Fig., 4-4

(a)

(b)

C~V profiles for reaction (I), when the
interaction parameter g = 2, calculated
for various s/k values showing pro-
gression from reversible to irrever-
sible behaviour.

As in (a) but for g = -2
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Fig. 4~5 Plots of the C vs. V profiles for reaction (I)
for various positive and negative g values in
eqn. (4-1).
(a) For reversible conditions;

(b) For irreversibile conditions.
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The dependence of the peak pseudocapacitance on the reduced
sweep-rate, log %3 can also be-observed from Figs. 4-4a,b for g=+2
and -2, respectively. It can be seen that the change in Cp is more
pronounced for negative g values (cf. Fig. 4<4b) than for positive ones
(cf. Fig. 4~4a) as a function of log E-when going from reversible to
irreversible préfiles (cf. Fig. 4-2). As g > 10, it could be
demonstrated that the value of Cp for the reversible pProcess tends to
become equal to that for the irreversible process, i.e., Cp is almost

independent of log Eu On the other hand, as g * -4, the difference

between reversible and irreversible Cp values increases more and more.

AVl/2 as a function of g, for positive and negative g values,
is shown in Fig. 4-7, together with other characteristic parameters of
the C vs. V profiles for reaction (I), such as the coverage eB,p of B
at the peak and the peak potential Vp. Fig. 4-7 also shows the
standard-state coverage, 8°, as a function of g+ As discussed by
Conway, Angerstein-Kozlowska and Dhar30, for g # 0, 6° no longer cor-
responds to the maximum in the C vs. V profile but to the standard
electrode potential E° defined30 for all g values as the peak potential
for reaction (I) behaving reversibly with no lateral interactions
(g = 0). 6° enables E° to be found from experimental c-V profiles i

when g # 0.

As a basis for characterizing the interactions in the surface

layer, the most useful diagnostic parameter is (cf. ref. 93) the AVl/2

value. The value and sign of g are required for two reasons:

(a) for calculating the kinetic parameters of the surface reaction

: .. 142
through eqn. (4-1) or by means of a plot of VP.X§° log~% giving so 4 H
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and

(b) for indicating the eléctrical state of chemisorbed species.

Thus the observed AVl/2 values for the H adsorption peaks

at Pt require zero or small negative values of g which must indicate

that the adsorbed H is not significantly charged. Also, underpotential
deposited Pb species on Au with appreciable ionic character, as proposed
in ref. 143, are.ruled out144 because the observed well resolved multiple
peak structure in the i/s vs. V profile would not arise if even a small
positive value of g due to coulombic repulsion in the adsorbed Pb atom
layer would exist. Thus, positive g would give rise:to much broader

and lower C peaks with consequently more overlap than is observed.

Not only does the value of g determine the half-width of
reversible and irreversible C vs. V profiles (Figs. 4-7) but it has an
important effect on the relative values of Cp as the transition from
reversible to irreversible behaviour in reaction (I) occurs with in-
creasing s/k. This may be shown in two ways: (a) by comparing the
C vs. V profiles of Figs. 4-4a,b for g = -2 or +2 with those of Fig. 4-1
for g = 0 and (b) by plotting AV1/2 vs. log E-for various positive
(Fig. 4-8a) or negative values of g (Fig. 4~8b). For the positive
values of g, AV1/2 increases with s/k but the effect diminishes with
increasing g until, when g approaches 10, little variation remains.
For -4 < g < 0, on the other hand, AV1/2 increases relatively more
strongly and near to -4 continues to vary with log %-over a much wider
range than for the case, e.g., when g = 0. This is actually observed
experimentally for the spike in the C vs. V profile for Pb atom

s . . . 64
deposition and ionization at Au .




Fig. 4-8

(a)

(b)

Dependence of AVl/2 on log E-for various
positive values of g in reaction (I).
As in (a) but for various negative values

of g in reaction (I).
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For sufficiently high s values (s > so), all surface pro-
cesses will behave irreversibly. Then a Tafel type behaviour will be
observed for the currents or peak currents as a function of potential
of a given coverage in the sweep. It is convenient to express peak
currents in terms of s and relate log s to Vb. A Tafel relation is
then derived for the surface process and characterizes its kinetics,

the Tafel slope being de/d log s.

The relative change of peak potential, Vp’ with log %-for
various positive and negative values of g is shown in Fig. 4-9. As
in Fig. 4-8b, it is to be noted that as g is changed‘from -4, through
0, to appreciable positive values (Fig. 4-8a), the tfansition region
for variation of Vp with log E-from reversible to irreversible con-

ditions becomes narrower. For negative g, the reversible behaviour

is approached only over a wide range of log E-values.

The Tafel plots for the surface process are also of interest
in relation to values of g # 0. As discussed in a recent experimental

145 . . . .
paper 4 for the case of surface film reduction, it is convenient to

write the pseudocapacitance as log ilg [cf. eqn. (4-8)] and then plot
~YB

potential V as a function of log %ég—. In the film stripping case
B

this independent variable would be written145 log &éi. Fig. 4-10

shows the Tafel-type relations for g = 0, 4 and 10 for an irreversible
l-e electrochemical surface process involving deposition of an ad-species;

i/s
1_9B

an s/k value of 100 was taken. Beyond log = =5, GB becomes
greater than 0.01 (the lower limit of experimentally measurable GB

values) and deviations from linearity of the Tafel-type plots set in
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increasingly as g > 0. Below eB = 0.01 a common Tafel—tyﬁe line arises
for all g values (except unrealistically high ones). This is as ex-
pected, since the low values of GB, multiplied by g, are then insufficient
to cause significant deviations from "Langmuir" (g = 0) kinetics.

For negative values of g the deviations from the Tafel line would be
expected to occur in the opposite direction than for positive g values.

The other explanations are similar to those discussed for g > 0.

4.6 Sweep Reversal During Formation of the Monolayer

A useful procedure in the study of chemisorbed species at
electrodes which can indicate if g # 0 for the adsorbed layer is to
successively reverse the sweep, in a multisweep experiment, at pro-
gressively more positive or negative potentials, i.e., at progressively
increasing coverages. For reversible conditions (Fig. 4-3a), inde-
pendently of the g factor involved, the reverse curve will always be
a mirror image on the potential axis of the forward curve. For totally
irreversible conditions, however, the reverse C vs. V profile is dis-
placed from the forward profile but, if g = 0, the form of the C vs. V
profile does not change with the quantity of adsorbed species involved;
only the height of the curves increases as more B is desorbed in the
reverse reaction of (I), (Fig. 4-3d). When g > 0, the free energy of
the adsorbed layer increases (apart from its usual 8-~dependent component

9,‘

1—2;) with coverage [eqn. (4-3)], so that the reverse sweep curves

correspond to situations of more, or less, interaction in the surface

RT 1n

film, i.e., the value of gGB corresponding to the initial eB in the

reverse sweep is larger the greater the coverage. From eqn. (4-1), it



Fig. 4-11 (a)

(b)

Simulation of irreversible C-V profiles

(E = 10), taking successive reverse sweeps
from various potentials at which an incomplete
monolayer has been formed in the previous

forward sweep. g is taken as 2.

As in (a) but for g = -2.
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is seen that this will enhance the back reaction current so that with
increasing GB the back reaction current peak appears at more positive
potentials. A similar, but opposite, explanation can be given for the

case of g < 0,

Simulation of the Sweep reversal operation is shown in

Figs. 4-11a and 4-11b for an irreversible example of reaction (I) with
g = 2 and -2, resﬁectively. The point of interest is that the current
peaks on the reversed sweep for wvarious increasing coverages generated
in the forward Sweep, corresponding to the curves marked 1 to 7 on
Fig. 4-11a, thus appear at progressively more positivé potentials when
g = 2 (or generally g > 0) than the single-valued potential (Vf,gﬂo)
for the case of g = 0 (cf. Fig. 4-3d). When g = -2 (Fig. 4-11b) (or
for the general case -4 £ g < 0) the peak potentials in the reversed
Sweep move to more negative potentials in the series of curves 1 to 7

as the initial coverage of B species being reduced increases.

Fig. 4-12 shows a more extreme case of Fig. 4-1la where g

is taken as 10 and a series of ten sweep reversal curves are plotted.

4.7 Summary of the Characteristic Behaviour of a l-e Electrochemical

Surface Reaction

From the C-V profiles for reaction (I) under both reversible
and irreversible conditions, a number of characteristic features of
the kinetic behaviour, depending on the interaction parameter g, may
be derived (see Figs. 4~1, 4~4 and 4-5). It is important to obtain a
series of such profiles ranging from reversible to irreversible be—

haviour for reaction (I). The reversibility and irreversibility of
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the reaction is not determined by the applied sweep-rate, s; but
rather by the reduced sweep-rate, s/k. The kinetic parameters, i.e.,
rate constants ki and k—l and the other parameters such as the
standard electrode potential E° and the value of g, can be deter-
mined from quantities such as Cp, Vp, GB,p and AVl/2 which depend
on 1og§ (see Figs. 4-2, 4-8 and 4-9).

A useful and important technique for study of the chemi-
sorbed species B at the electrode surface is to reverse the sweep
at the end of the anodic C-V profile and also prior to completion of
the monolayer, i.e., before a complete anodic C vs. V pfofile is

generated (see Figs. 4-3a-d, 4-11a,b and 4-12).

From the following, the interaction parameter g may be

evaluated:

(1) The values of AV1/2 corresponding to the reversible and

irreversible behaviour of reaction (1);

(ii) The values of when reactien (I) behaves irreversibly;

B,p
(iii) The shift of the cathodic Vp and the change of the AVl/2
value of a cathodic i-V profile with the coverage esta-
blished at the end of the previous anodic sweep under

irreversible conditions in reaction (1).




CHAPTER V

THEORETICAL SIMULATION OF THE KINETIC RELAXATION METHOD

FOR_DISTINCTION OF CO-ADSORBED SPECIES FROM TWO

PARALLEL REACTIONS

5.1 Introduction

In certain electrocatalytic reactions, co-adsorption of
more than one electroactive intermediate of the type discussed in
Chapter IV may arise. The charge under the overall potentiodynamic
current-potential profile for the adsorbed species may ﬁot then be
used to evaluate coverage by each of the species. A method is pro-
posed for resolution of processes involving more than one electro-
chemisorbed species when the electroactivity of,e.g., two species
arises over a common potential range, and is based on the different
kinetic relaxation response of "reversibly" electrosorbed species
from that for more "irreversibly'" electrosorbed species. In electro-~
catalytic reactions, especially those involving electro-oxidation or
electrochemical hydrogenation, co-adsorption of organic intermediates
with OH, O or H species often arises. Applications to the case of
reduction of adsorbed nitriles at Pt61 enabled a two-stage mechanism

to be formulated.

In this chapter, a new method which provides a basis for
distinction between co-adsorbed electroactive species on an electrode

in terms of the different rates of response of the two (or more)
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species to a potential-~pulse regime, i.e., in terms of the &istinguish—
able kinetic relaxation characteristics which the surface electro-
chemical reactions exhibit, is described. Using this theoretical basis,
simulations of the kinetic relaxation behaviour are made for a two-~
component process. Two anodic electrochemical surface reactions are
considered, one fast and one slow. The former, for example, may

involve chemisorbed H in a scheme such as:

K
Vo & Y NN M+H:q+e [1]

krr,-1
(I1)
MB %‘L’—‘zﬁ MC + e [2]
11,-2
where C represents an adsorbed electroactive molecule?; e.g., a
nitrile61, capable of being reduced to adsorbed B (or further) in an
electron transfer step and B can be reoxidized (cf. ref. 61) back to
C on the surface as in reaction [2] above. Either the B or C molecules
can be assumed to arise from a species in solution and chemisorb in a
non-electrochemical step. Since this chemisorption step is considered

to be very fast and irreversible, it is not taken into consideration

in the calculations in the present chapter. It should be pointed out,

*
It is important to mention at this point in the thesis that one should

not confuse the letter C in this context with the same symbol used for
pseudocapacitance. In the reaction [2] above, the letter C is merely
used as the next letter in alphabetical order to represent the species
originating in the electrochemical reaction, and in other reaction
sequences in the later chapters, originating in either an electro-
chemical or chemical reaction step. It is felt that no confusion can
arise between the two distinct meanings of the same letter thus used.
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however, that reaction [2] involves displacement of a proton as well,
since the chemisorbed species C are usually not charged (see also

Chapter IV, Part 4.1, p.91).

5.2 Theoretical Description of the Kinetic Relaxation Method

The principles involved may be illustrated as follows. 1In
an electrode process involving only the formation or reduction of an
adsorbed species, no continuous Faradaic processes can occur. If,
however, a linear potential sweep is applied, an electrode process will
occur in response to this sweep and give a current-potential (i-v)
profile which normally exhibits a maximum56’90. If, dufing such a
potential sweep, the sweep-rate s is suddenly increased for a short
time from S to Sys the current for a given species will immediately
increase from an initial value il to a new value i2 at a given potential

i i

in the sweep, and the condition 2o E—-will hold if the surface
1 2

electrochemical reaction is a fast reversible one for which

i= Cs (5~-1)

where C is the adsorption pseudocapacitance, as mentioned previously
(see, e€.g., Chapter I, p.27). 1If the electrode process is, however,
not fast in relation to the time scale of the higher sweep-rate 82’
the current i2 will not be able to adjust to the new sweep-rate and
the value 12 will be lower than il-(ZfO. A trailing current profile
will then result for such a slow process (cf. Fig. 4-3).

When a fast reversible reaction component arises together

with a slow one due to a second electroactive species co-adsorbed on
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the electrode, it should therefore be possible to distingui;h their

current contributions in a linear.potential sweep experiment by the

response of the two processes to an instantaneously applied change of

s from a low to a higher value (and vice versa). The equivalent

circuit for this type of situation54’56, involving two electroactive
co~-adsorbed species exhibiting different adsorption pseudocapacitancegl’ss’90
Cl and C, and reaction rate constants (see reaction mechanism (II), p.109)
may be represented as shown in Fig., 5-1. It should be pointed out that

the solution resistance RS is normally small and no overall continuous

Faradaic reaction is considered.

C1 and 02 are the potential-dependent pseudocapacitances cor-
responding to potential-dependence of coverages of the two electroactive
species. l/Rl and 1/R2 correspond to potential-dependent electro-
chemical rate constants for the surface reactions involved and Cd.l. is
the double-layer capacitance. Cl and C2 have potential-dependent,
non-zero values when the coverages 6 of the species concerned are be-
tween 0 and 1 and they will be small for coverages approaching 0 or 1.

A fast reversible component corresponds to a low value of the resistance

R over the potential range of the sweep concerned (and vice versa).

5.3 Calculation Procedure and Values of Parameters

For details about the simulation technique employed, reference

is made to Chapter III and Appendix I (see also Chapter IV, Part 4,2).

It is assumed that there are no diffusion limitations arising

in reaction mechanism (II) in both reactions [1] and [2]. Double-layer



Fig. 5-1

]
) ]
Cz
Equivalent circuit representing two parallel
glectrochemical surface reactions. The two
electroactive co-adsorbed species are assumed to
exhibit different adsorption pseudocapacitances
C1 and C2. ' The potential-dependent electrochemical
rate constants are inversely proportional to the
resistances R, and R,. Cd.l. is the double-layer

1 2
capacitance and R the solution resistance.
s
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factors are considered to be constant and are not included in the
equations to be derived in Part 5.3, except implicitly in the rate

constant values, k.

In the present calculations, the charge for generating over-
all monolayer coverage of the three adsorbed species H, B and C in
reaction (II) was taken as Q = 220 ucC cm_2 as for H on Pt, to simplify
the calculations. in reality, the charge for oxidation of a monolayer
of B need not be the same as that for oxidation of a monolayer of H
adsorbed on Pt. For example, for a 2-e reduction (or oxidation) in
the case of adsorbed nitriles on Pt surface61 the charge for a mono-
layer is 277 uc cm-z. Again, for convenience, the hydrogen ion con-

centration, Cpp> Was taken as 1 mol 1_1 (cf. Chapter IV, Part 4.2).

The values of other parameters, which are kept constant
throughout the calculations, are the same as mentioned in Part 4.2 of

the previous chapter.

5.4 Formulation of Kinetic Equations

The kinetic equations for reactions [11 and [2] of the
reaction mechanism (II) under linear potential-sweep control may be

written as follows:

do, av, av,
- — = — - ' - | | - — 5_2
dc - Kq1,1 8y exp (D) kr1,-1 Cpr (1-6,-0,-6.) exp( B ) (5-2)
do, e, AV av,

2 -2
T3 T d T kqp,p 8 e () - “11,-2 O @ - 9 G
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. .
where k kII,-l’ kII,Z and kII,—Z are the rate constants. The

I1,1°

forward and backward rate constants for a given reaction were taken

= ! =
to be equal, i.e., kII,l kII,—l and kII,Z kII,—Z' Since the
value of Cyt = 1 mol 1_1, it is possible to write™
= 1! -
rr,-1 = Krr,oa St (5-4)

in order to simplify the explanations and descriptions of the graphs

obtained in later parts of this chapter,

The modulating potential, AV, is given by (cf. Chapter IV,

Part 4.3, p.93)

AV =V - E° =V, *st-E° (5-5)
in
where AVl corresponds to the modulating potential referred to the

o

1
to EE. The two values of E° (Ei and EE) may or may not be equal.

standard electrode potential E° for the surface process [1l] and AV

2

The total current density as a function of potential V in
the sweep is the sum of il, the current density for reaction [1], and

i2, the current density for reaction [2], i.e.,
i =i +1i (5-6)

The individual currents are:

dGH
11 = Q(— -d_t— (5_'7)
and
*

For a more detailed explanation, refer to the footnote on p.96.

i




SURLIATIEGNNG T LR U R D T T L 0 Y TS0 2V S0 8 M D Y L R LY N i IR S 2 N e e

- 114 -

deB deC
L, =g =eg (5-8)
Interactions between the same or different adsorbed species
are not considered here, neither are heterogeneity effects. This means
that g is taken as zero. Finite values of g could be taken but the
calculations are then more complex. For the purpose of illustrating
the kinetic effects with two adsorbed species, the above conditions

suffice.

In the calculations it was assumed that the total coverage
QB + GC due to species B and C is 66.7% and the maximum coverage for
adsorbed H can reach only 33.3%. Both species block surface sites

which would otherwise be available for H chemisorption.

5.5 Shapes of Current-Potential Curves in the Kinetic Relaxation Method

Solution of eqn. (5-2), when it is assumed that no species B
and C are adsorbed on the surface, gives rise to the familiar i-v
profiles shown in Figs. 5-2a,b. These profiles can be directly com-
pared with the reversible C-V profiles for a simple l-e electrochemical
reaction, with g taken as zero. The H charge in Figs. 5-2a,b is taken
as 33.3% of 220 ucC cm_2 for the reasons explained in Part 5.4. The
effect of changing the sweep-rate s during potential scanning is
demonstrated in these two figures (i.e., Figs. 5-2a,b). The sweep-
rate s was changed from 0.005 to 0.0l or 0.1 V sec—l, for two different

*
values of kl for the case of hydrogen desorption from the surface of

*For better clarity when writing the rate constants, the abbreviations

in this and other chapters indicating the reaction mechanism in question
are omitted. Thus, krr.1 = ky, kII,-l = k.1, etc. When the necessity
arises for distinction between two or more reaction mechanisms, the
subscripts will be retained.
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the electrode. Change of s results in a rapid readjustment ;f current

to a new, almost reversible potentiodynamic (i~V) profile but the

extent of readjustment depends on s/k1 value as is seen (Figs. 5-2a,b)
for the case of kl = 10 sec_l in comparison with k1 = 100 sec-l. The
former case gives some slowness in the final stages of approach to the
higher overall i-v profile for a complete (uninterrupted) sweep. As

the reduced sweep-rate s/kl is less than 0.01 V (see Chapter IV, Part 4.4)

at all times, reversible or almost reversible i-V profiles will always

result for these chosen conditions.

The combination of current components for desofption of H and
oxidation of species B is shown in Figs. 5-3, 5-4, 5-5 and 5-6 for
maximum GB = 66.7% and GH = 33.3%. E° values are again taken arbitrarily
as 0.0 V in Figs. 5-3, 5-4 and 5-5. Fig. 5-6 shows the current-potential
behaviour for the case where EE value for reaction [2] is 0.05 V more
negative than that for H (reaction [1]). For s = 0.005 Vv sec-l, change
of s by a factor of 20 results in readjustment of the current (see
Fig. 5-3) as in the H case alone (cf. Figs. 5-2a,b). As the potential
is swept beyond the value where the sweep-rate was increased, an in-
flection in the i-V response is generated which depends on the values
of s/k1 and s/kz. Here it is process [2] which responds more slowly
q%; > ﬁzb to potential change than does the more reversible H process
(reaction [1]) so that significant polarization is required to pass
currents for process [2] that are comparable with those for the H
process [1] at a given sweep-rate. Figs. 5-3 and 5-4 show that the

System behaves in the same way when the ratios of the rate constants
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kl/k2 for the reaction [1] compared with the reaction [2], in relation

to the values of s, are the same. .Very little slowness in the final
stages of current readjustment for the fast reaction is seen in Fig. 5-4.
The only difference between the parameters of the two figures is the
different value of s for the smaller sweep. In Fig. 5-3 the sweep is
twice as slow as in Fig. 5-4. Fig. 5-5 shows how the system behaves
when the ratio of the rate constants kl/k2 differs from that of Figs. 5-3
and 5~4. 1In this Fig. 5-5, the slowness even in the H case is already
quite pronounced although the process [1] itself is still relatively

reversible (cf. Fig., 5-2b).

In Fig. 5-6, where E° for process [2] is -0.05 V in comparison

2

to Ei = 0.0 V for reaction [1], more overlap between the two peaks (B
and BH+H) arises, but the resolution of the fast H profile is again seen
as the locus of limits of current response of the fast process to the

change of sweep-rate s (dashed line).

Figs. 5-3, 5-4, 5-5 and 5-6 are to be compared with Figs. 5-2a,b
for the H process alone. The B+H peaks in the four former figures are
of course higher than that for H alone due to the overlap of the currents
for the two processes on the potential scale, particularly between 0.0

and 0.1 V.

The computed i-V profiles provide a good basis for under-
standing the significance of the experimental behaviour of co-adsorbed
*
species as shown in Figs. 5-7, 5-8 and 5-9a,b . The locus in inflection

points distinguishing the kinetics of the reversible from the less

*
These figures were taken from ref. 61 with the permission of the
authors.
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reversible process evidently provides a satisfactory basis for dis-
tinction of co-adsorbed electroactive species (see Part 5.6 below for
more detailed discussion of the experimental results) and enables

their individual coverages to be evaluated.

5.6 Application of the Kinetic Relaxation Technique to Experimental

sttems

The following discussion of the experimental results of
electrosorption of acetonitrile which chemisorbs at platinum electrodes,
uses the results obtained and conclusions reached by Angerstein-
Kozlowska et al.61 to exemplify the use of the kinetic felaxation

*
technique in a real system .

Since the adsorbed CH3CN species, which can be chemisorbed
on Pt without reaction at high anodic potential (¢O.75 V), is itself
electroactive in the adsorbed state in the hydrogen and double-layer
regions (i.e., between about 0.0 to 0.7 V with respect to an hydrogen
reference electrode), the observed current-potential profile in the
H-region cannot be assumed to be due only to deposition or ionization
of H itself. It is therefore important in this case, and also more
generally, to be able to distinguish co-adsorbed H from other adsorbed
organic species that may be reactive in the H-region. Resolution of
the H deposition or ionization, and the acetonitrile reduction or
reoxidation processes, may be made by the kinetic relaxation method
described in Part 5.2 and this case provides a good example of its

application and potential. It should be pointed out that in the

*
This aspect of the present work is published in ref. 74.
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H-potential region direct adsorption of CH3CN from solution occurs

by anodic H-displacement6l.

The typical fast response of a reversible process to a
sudden change in sweep-rate is shown in Fig. 5-7 for hydrogen ioniza-
tion at Pt in the absence of acetonitrile. Change of sweep-rate from
s, = 5 mv sec_1 to s, = 50 mv sec—l at various potentials in the anodic-
going sweep causes én immediate increase of current to a common i-v
profile, corresponding to the profile obtained for an applied con-
tinuous higher sweep-rate s, = 50 mv sec_l (cf. Figs. 5-~2a,b simulated

by computer).

The current-potential profile in the presence of acetonitrile6l
is exemplified in Fig. 5-8. It can be seen that part of the reduction
occurs over the double-layer potential region and is completed in the
H-potential region. It must be stressed that this process is a slower
one and the maximum extent of reduction is only achieved61 by holding

the potential at the end of the cathodic sweep.

Separation of reaction components in the H region can be
achieved by means of the following potentiodynamic sweep .programme. A
slow (e.g., 5 mV sec_l) cathodic or anodic-going sweep in the H-region
was established and then much faster (e.g., 50-500 mv sec_l) cathodic
or anodic sweeps were initiated successively from various potentials

in this region from the slower "guiding" sweep (5 mV sec—l).

Application of the above procedure enables the profiles of
Fig. 5-8 to be resolved into slow and fast reaction component profiles

in both the H deposition (cathodic sweep) and ionization (anodic sweep)
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regions. Fig. 5-9a shows the behaviour obtained when the s&eep—rate
is increased 100 times from 5 mV éec_l while Fig. 5-9b exemplifies
the response when the increase is only 10 times from the same slow
"guiding" sweep. The extent of hydrogen co-~adsorption is calculated
from the integral under the limits of fast current response and the
exact charge on both the cathodic and anodic-going sweeps confirms
this fact. The amount of adsorbed CH3CN species in both the oxidation
or reduction regions is determined by difference from the overall
cyclic voltammetry i-V profile (see Figs. 5-9a,b). From the experi-
mental results obtained, it was shown that about 68% of the surface
Pt sites are blocked by chemisorbed CH3CN while 32% reméin available

for H chemisorption6l.
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Fig. 5-9 (a) Resolution of fast H ionization and acetonitrile processes with

transients at 500 mV sec T taken on a slower anodic sweep of 5 mV sec

(b) Resolution of the fast atomic hydrogen and acetonitrile processes
obtained by initiating faster transients (50 mv sec‘l) on a slower

anodic or cathodic-going one (5 mV sec-l).
(From Ph.D. thesis by B. MacDougall, Ottawa, 1973).
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CHAPTER VI

COMPUTER SIMULATION OF THE KINETIC BEHAVIOUR OF

SEQUENTIAL SURFACE REACTIONS INVOLVING ADSORBED SPECIES

6.1 Introduction

The genefal behaviour of a first-order, l-e surface

reaction
13

k
M+ A e§;*£=é MB + e (1)
I,-1

under linear potential sweep conditions was described in Chapter IV
and the characteristic features were emphasized. In this chapter

it will be shown that other, diagnostically useful, characteristic
features may be developed when the l-e surface reaction is coupled
with a first-order chemical step. Further treatments of more complex

cases will be given in subsequent chapters.

Applicability of a given model mechanism to an experimental
situation can often be inferred from the qualitative features of the
kinetic behaviour; then, for a given mechanism, determination of other
factors such as relative values of rate constants, the value of o * and
values of equilibrium constants can be derived. The methods involved
will be described for three sequential two-step reactions. The relevant
literature on previous electrochemical studies of sequential reactions

involving chemisorbed species was -quoted in Chapter I, Section 1.5.2.2.

*
Here a is the transfer coefficient defined by l-= —E-——gz—r‘
o RT d 1In i

ot e
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The model case of a simple first-order process in which a
species A in solution becomes adsorbed on to free metal sites M pro-
ducing a chemisorbed species B which then undergoes electrochemical
oxidation to another species C *, or vice versa, was investigated.
Three cases of interest arise: (i) a reaction sequence (III), when

species C remains chemisorbed on the surface:

! 1
Mo+ A kIII!lr; MB [1]
II1,-1

k
III,-2

(ii) a sequence (IV), when C is formed from adsorbed B as a solution-
soluble species, thus regenerating free surface sites:
k'

M+ A fﬁll&i=é MB [1]

v,-1
(V)

kry o
MB §=iF=£==5§ C+e+ M [2]

v,-2

(iii) a reaction sequence (V), when the formation of the species B
occurs in an electrochemical step, as in reaction (I), but is
followed by a first-order chemical step on the surface to form
adsorbed species C:

1

M+A\—-':V—VéMB+e [1]
-1
I’

v,2 2]

MB ===—== MC
y,-2

W

(III)

*
See footnote p.109 for detailed explanation.
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The reaction schemes (III) and (IV) represent "ce" types of mechanisms,

while (V) is an example of an "ec' mechanism,

The kinetic behaviour under linear potential-sweep control
of "ec" and "ce" type surface reactions involving chemisorbed species
was evaluated theoretically by computer simulation calculations.
Characteristic features, which arise in comparison with those of the
simple l-e reaction involving deposition of a chemisorbed species, |
will be emphasized. Especially the value of the AVl/Z parameter for
various conditions and the effect of holding the potential at the end

of a sweep on the subsequent reverse sweep behaviour are of interest.

6.2 Calculation Procedure and Values of Parameters

In the present series of computations for the cases of
sequential reactions, the same calculation methods were used as in
previous chapters (Chapters IV and V). Also, all the calculations
were made, if not otherwise stated, for the same conditions as in
Chapters IV and V, viz. kl = k-l and k2 = k_2 in the three sequences.
The standard electrode potential E° for the electrochemical step was
taken as zero, the charge Q to form a monolayer of adsorbed species
as 220 uC cm_2 and the symmetry factor B as 0.5. No diffusion
limitation was considered. The concentration N of A in solution in
all three cases as well as the concentration g of C in solution in

reaction mechanism (IV) are taken as 1 mol l-l.

In the calculations, it has been assumed that both species

B and C, when chemisorbed on M, follow Langmuir isotherms. Criteria




- 123 -

can, however, be developed for detection of significant interaction

effects (g 2 0).

The equations used for computer calculations have been
formulated for the forward sweep going in the "anodic" direction and
the backward sweep in the "cathodic" direction. A change in which
the forward sweep 1s taken as "cathodic" or the backward one "anodic",

is trivial.

6.3 Features of the C-V Profiles that are to be Sought for Characterizing

the Mechanism and Kinetic Behaviour of the Reaction Sequences

It is necessary to calculate a series of C-V profiles for the
dv

various reaction sequences for a range of sweep-rates, s = I which
cover values of s sufficiently small that both the chemical and electro-
chemical reaction steps are maintained almost in equilibrium during

the sweep, to values of s sufficiently large that both reaction steps
are driven to a state of complete irreversibility. (In an experimental
analysis, a similar range of s would be employed.) Then the following
characteristic features of the electrochemical kinetic behaviour can

be considered:

(i) the overall shape of the C-V profile which gives the first
indication of the participation of a chemical reaction coupled
with the charge-transfer process;

(ii) the dependence on sweep-rate, s, of the pseudocapacitance c,

the peak potential Vp, the half-width of the peak, AV1/2’ and

the coverage to the peak, Qp;
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(iii) the presence and type of time effects occurring during holding
the potential constant at’ the beginning or end of a sweep, as

indicated by the C~V behaviour in a following reverse sweep.

6.4 Reaction Sequence (III)

6.4.1 Formulation of kinetic equations

The following equations were used for computation of the
current density, i, as a function of potential, V, in the Sweep at a

sweep-rate s:

de

B 0 -8 - 1 - AV,
T Frrr,y O 08700 T Rppp o O - kppp , 9 e () +
AV
and
e
_C_ AV, _ AV
dt - Mr1r,2 Op exe (- k17,22 8¢ X (=) (6-2)

the current being taken as

dGC
i=Qg3 (6-3)

where GB and QC are the surface coverages of species B and C,

respectively, and Cy is the concentration of species A in solution

. -1 '
in mol 1 ~. kIII,l’ kIII,—l’ kIII,Z and kIII,-Z are the forward and

backward rate constants of the two processes above. The modulating

potential, AV, is given by [cf. eqn. (4-2)]

AV = vin * st - E2 (6-4)
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where E; is the standard electrode potential for the electrochemical

surface reaction, which is related to the standard electrode potential

for the overall reaction by

k'

B® = By + 1% 1n TLLL (6-5)
I11,-1

and other terms have been defined previously. At time t=0, QB was
assumed to be the equilibrium coverage determined by the isotherm for

formation of adsorbed species B and GC was taken as 0,

6.4.2 General form of families of C vs. V profiles

The features, which can distinguish sequence (I1I) from a
simple l-e electrochemical reaction (I), can be seen from Figs. 6-1
and 6-2, In these figures the characteristic changes of the C-V
profiles from reversible to irreversible conditions as the reduced
sweep-rate [S/kI,l for reaction (I) and S/kIII,Z for reaction sequence
(III)] increases are shown for reaction (I) (Fig. 6-1, cf. Fig. 4-1 and
ref. 90) in comparison with the profiles for three different kl/k2
ratios for reaction sequence (ITI) (Figs. 6-2a,b,c). The values of
kl = k—l were chosen so that the chemical step [1] became progressively

more irreversible in relation to the electrochemical step [2].

For reaction (I), as was described in Chapter IV, the peak

pseudocapacitance Cp diminishes with increasing s from its value for

the reversible case (Cp rev ) to a new constant value (c ) for
, .

p,irrev.

the completely irreversible process, the ratio C being

/c_ .
p,rev.’ “p,irrev.
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1.36 for g=0. The change in Cp occurs over about 2 decadeé of s. As

90,92

is well known , the peaks for the reversible and irreversible cases

have characteristic shapes (see also Chapter 1IV).

For reaction sequence (III), the general shape of the C-V
profiles is different and depends strongly on the ratio of rate constants,
kl/kZ' It is found that the following features, characteristic of this
type of reaction éequence, can be distinguished (Figs. 6-2a,b,c):

(i) the anodic C-V profile differs from the cathodic one;

(ii) the ratio Cp,rev./cp,irrev. for the anodic profile
is always larger than for the reaction (I) and depends
on the initial value of coverage, ein; of species B.
The transition of the peak of pseudocapacitance from
reversible to irreversible behaviour can occur over
more than 5 decades of sweep-rate (Fig. 6-2a), or
peaks with different shapes and heights can appear in
the potential range of the reversible peak (Fig. 6-2c);

(iii) a broad peak appears with current tailing off as the

potential increases. For higher s, the tail on the
peak profile becomes longer, eventually being trans-
formed into a limiting current (see Fig. 6-2a, curve
for log %— = 2, 6-2b for log A 0, and 6-2¢ for

2 2
= =2);

=

s

k,

(iv) it can be inferred that if the rate of the chemical

log

step [1] is comparable with that of the electrochemical

step [2] then cyclic voltammetry will change the
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Anodic and cathodic C vs. V profiles for reaction
sequence (III) for various s/k2 values showing
change from reversible to irreversible behaviour

of step [2] for various kl/k2 ratios:

k
(a) i-l— = 10?
2
k
®) ==1
2
k
(c) k—l = 1072
2

Comparison is to be made with Fig. 6-1.
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successive anodic and cathodic C-V profilés until

a condition arises where the same quantity of species B
formed during the anodic-going sweep is removed in the
cathodic-going sweep for a given set of anodic and
cathodic potential limits. It is only then, that

the C-V profile will remain unchanged in further
multisweeps.

In Fig. 6-3 is shown a series of plots of peak C values (Cp)

for reaction (III) as a function of log'ﬁ— derived from plots such as

2
Figs. 6-2a,b and c. Analogous plots for AVl/2 and Gp, the coverage to
the peak potential, are shown in Figs. 6-4 and 6-5. Depending on the
ratio of the rate constants for the chemical (kl) and the electro-

chemical (k2) steps, Cp can assume various values (Fig. 6-3). Two

limiting cases can be distinguished:

(a) when coverage of species B is maintained at its equilibrium value
(Fig. 6-5) under all conditions, i.e., when reaction [1] is

reversible on the time-scale of the sweep, C or C_ ,
psrev. pP,irrev.

will have the same values as for reaction (I) leading to a fully

covered layer (QC = 1);
(b) if step [1] is irreversible on the time-scale of the sweep, CP rev
R .

e and © for reversible or irreversible con-

or Cp,irrev.’ B,p C,p

ditions will have lower values, proportional to whatever initial
value of GB is established at the beginning of the sweep. This

can be seen in Fig. 6-6 for C corresponding to various

p,irrev.

initial QB values equal to 0.8, 0.5 and 0.2. However, the shape
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of the C-V profiles for these conditions and the ratio of
C /C , 1f both C and C can be obtained
psrev. p,irrev. p,rev, p,irrev,

for the same kl/k2 ratio, will remain the same as for reaction (I)

The kinetic parameters for reaction [2] [case (b)] can be
found in the usual way, as for reaction (I), from the plot of
Vp vs. log s. Oqu E; for reaction sequence (III), which will not
be equal to V > as it is for reaction (I), has to be derived in-

p,rev

dependently from (V -V_ )/2, where V and V are the anodic
p,a PsC p,a sC

and cathodic peak potentials, respectively. For reaction [1], kinetic

information can be obtained by following the rate of generation of

species B in step [1] before a sweep is applied. This would be

achieved by measuring the area under the i-V profile resulting from

a fast sweep applied after some controlled time during which species B

is formed. From the equilibrium value of GB, the equilibrium constant

for step [1] can be evaluated.

Another important and characteristic feature of the kinetic
behaviour of reaction scheme (III) is that, in case (b), holding the

potential constant will increase the overall cathodic currents

throughout the following reverse sweep, as well as ip c due to adjust-
3

ment of the coverage 6, in step [1] (see Fig. 6-7). Useful data can

B

thus be obtained from holding experiments.

When steps [1] and [2] have comparable rates, the above

mentioned, unusually broad C-V profiles arise corresponding (Fig. 6-2a,

s

w— = 1; Fig. 6-2b for log i— = -1 and Fig. 6-2c for

2 2

curve for log

F A T,
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log E;-= -3) to the maxima in AVl/2 shown in Fig. 6-4 and)minima of
eB,p (Fig. 6~5). This effect afises because an increasing quantity
of B, electroactive in reaction [2], is generated during the time of
the sweep and converted in reaction [2] to chemisorbed species C.
This produces the broadness of the peak and the tail on the C-V pro-
file which eventually becomes the limiting current, iLim’ referred to
above as is well illustrated in Fig. 6-2b, curve for log E; = 0.

From the limiting current, the rate constant kl can be readily
evaluated. As in the case of step [1] being completely irreversible,
holding the potential at the end of the anodic sweep gives larger

peaks on the reverse sweep due to accumulation of species B at a rate

equivalent to the chemically controlled limiting current of reaction [11].

The value of maximum half-width, AV1/2, depends on the initial
coverage of the surface by species B and increases as the initial value
of GB becomes smaller (Fig. 6-8). This variation of AV1/2 is not to be
confused with that discussed in Chapter IV, where it was shown (cf. also
ref. 93) how the half-width of peaks for reaction (I) is determined by
the interaction parameter g. In fact, the broad peak observed for this
reaction sequence has a quite different shape from that caused by
lateral interactions in the adsorbed layer, as can be seen from a
comparison of Fig. 6-12 with Figs. 4~5a,b in Chapter IV. Due to the
change of GB during the sweep, or on holding the potential constant,
when production of B is controlled by the limiting reaction current
for step [1], the family of C-V profiles for the reversed sweep will

not be 180°-rotated images of the forward-sweep C vs. V profiles
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(compare Figs. 6-1 and 6-2). The case of a totally irreveésible
chemical reaction [1] is the only exception; then, the backward
reaction [2] in reaction sequence (III) proceeds as in the simple l-e
electrochemical reaction (I) but with all currents proportional to the

value of GB established initially.

6.5 Reaction Sequence (IV)

6.5.1 TFormulation of kinetic equations

The kinetic equations used for computation of the C-V

profiles for this reaction sequence (IV) were:

_B_ ., _ _ . AV.
de ~ Frv,1 Ca O78p) -~ kpy 5 8 - kyy ) g exp() +
K! c. (1-6.) exp(- &% (6-6)
1v,-2 ¢ B b
and
de Q AV AV,
. - Q 8Vy v - o BV -

where the rate constant, concentration and coverage symbols are

self-explanatory.

The initial conditions (t=0) were: GB in equal to its
3

equilibrium value for reaction [1] which, for the rate constant ratio

chosen, corresponds to 0.5. The starting potential Vin was selected

so that the equilibrium coverage would not be modified, i.e., Vin = EE.
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6.5.2 General characteristics of reaction mechanism (IV)

For reaction sequence (IV), the following characteristic

k

features (Figs. 6-9 and 6-10), dependent on the rate constants kl, 2

and sweep-rate s, can be observed:

(1)  as long as the electrochemical step is rate-determining and
s/k2 is small, no current peak is developed in i-V profiles
s

(Fig. 6-9, curve for log X
2

these conditions, the current increases and the coverage

= -2 and Fig. 6-10). Under

by the product B of step [1], diminishing slowly, reaches

a steady-state value at all potentials until the iLim is

attained (Figs. 6-9 and 6-10). A Tafel line with a slope of
0.118V may be constructed (Fig. 6-10) from which the kinetic
parameters i° and o of reaction [2] can be calculated in the

usual way. The rate constant kl can then be obtained from

r - 3 . £ - = 1]
the limiting current: iim Q kl’ where kl kl %

(i) peaks are observed (Figs. 6-9 and 6-10) when s/k2 makes the
rate of step [2] comparable with that of the chemical
reaction [1], i.e., as the latter is becoming rate-controlling;
however, the same iLim

The current maximum arises because values of 6_, higher than

B’

the ultimate steady-state value, initially exist during the

sweep for certain values of the rate constants and s/k2

ratio. Behaviour of this kind is observed experimentally in
146

oxidation of HCOOH under anhydrous conditions .

(iii) as in reaction sequence (III), when s/k2 is sufficiently

is eventually attained at high potentials.
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large that the chemical reaction [1] of sequencé (IV) has

no time to supply B species for reaction [2] during the

sweep, a C vs. V profile, for step [2] behaving as an

isolated l-e reaction with pseudocapacitance C values

? depending on the initial GB values, can be obtained
(Fig. 6-9; curves for log E;-= 1l and 2). Then, for this
case, (a) the kinetic parameters for reaction [2] and (b)
the equilibrium constant KIV for reaction [1l] can be

obtained as in the case of sequence (III).

é 6.6 Reaction Sequence (V)

6.6.1 Formulation of kinetic equations

The following kinetic equations were used for computation

of the C-V profiles for reaction sequence (V):

dQB

= ! A AVy B . AV
ar " v,1 0 (0580) e () - ky ) 6y ex(- 5 -

Kv,2 8 = ky. 25 8¢ (6-8)

and

ao
& 5,2 % Ky,a2 O (6-9)

the current being taken as

1= 0lky e, (1-0,-00) exp () -k _j 0y exp(- 2y (6-10)

and 6, were always taken as 0.

For t=0, the initial coverages OB c

CE R  — 51

o .'_2;'
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6.6.2 Features of current-potential profiles obtained

for sequence (V)

For conditions under which the electrochemical reaction (1]

is rate-~determining with step [2] in equilibrium, so that during the
sweep QB always maintains its equilibrium value, the anodic and
cathodic sweep will generate C-V profiles corresponding to the
respective profiies for reaction (I). With reaction [2] totally
irreversible, so that, during the time of the sweep, no change in
the maximum attainable coverage by B occurs, a C-V profile for the
reaction mechanism (V), similar to that for the l-e electrochemical
reaction (I), will be obtained but the values of pseﬁdocapacitance

C will be proportional to whatever value of l—GC exists initially,
Kinetic information can then be obtained for reaction [1] in the

usual way (see Chapter IV).

For reaction [2], kinetic information can only be obtained
when the rates of reactions [1] and [2] are comparable. Under these

conditions, in the forward sweep only, a very slight influence of

reaction [2] can be observed in the reversible or nearly reversible

peak which, due to transformation of species B into C during the sweep,

k
will become slightly higher and narrower, e.g., for E£ = 100,
2

Cp =2.23 x lO3 uF cm'-2 and AVl/2 = 87 mV instead of Cp = 2.14 x 103 uF cm_2

and AVl/2 = 90 mV as expected for reaction (I). No changes can be
observed in the irreversible peaks and the differences in the forward
sweep behaviour are too small to be indicative of the mechanism.

Therefore, no information on reaction sequence (V) can be derived from
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anodic sweeps alone. Features which indicate that an "ec" mechanism
is involved arise from the behaviour in the backward direction of the
sweep which is analogous to that for the forward sweep in reaction
sequence (III). In the backward sweep, the unusually broad peak which
exhibits tailing of the current as the potential progresses in the
Sweep, as seen also in reaction sequence (III), can be observed

(Fig. 6-11 , cathodic curve for log EI = -1) as well as a limiting
current (Fig. 6-11, cathodic curve for log %I = 0). In Fig. 6-11,

the ratio kl/k2 is taken as 1 but similar families of C-V profiles may
be obtained for different kl/k2 ratios. The shape of the broad peak
(Fig. 6-12).

depends, as in the case of reaction sequence (III), on GB in
b

It should be pointed out that if the rates of reactions [1]
and [2] are comparable, multiple sweeps will change both the anodic
and cathodic C-V profiles until the same quantity of species C, formed
from species B in the anodic-going sweep, is converted back to species B
in the cathodic-going sweep; this applies when both anodic and cathodic
potential limits are kept at arbitrary but constant values. A similar

effect arises for reaction sequence (III), as was noted in Section 6.4.2.

Indication that an "ec" mechanism is involved can also be
obtained, of course, from experiments in which the potential is held
at the end of an anodic sweep. Under conditions where the chemical
step [2] is no longer reversible, holding will decrease the overall
cathodic (reverse) sweep currents, as well as the cathodic ip, due to
conversion of electroactive species B to C. This is in contrast to

scheme (IIT) where holding increases the currents in the reverse sweep.
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In order to be able to use such effects quantitatively, the cathodic
sweep has to be fast enough to make reaction step [2] irreversible so
that no species B is formed during the sweep from species C (which

is itself formed during holding). Kinetics of the reaction sequence (V
can then be derived from these holding experiments by means of a plot

di

of log ’“EEJI' vs. time of holding t; thus, the values of k2 and k_

can be determined from its slope

2

Lonu |
]

—(k2 + k_2)/2.303]
and its intercept
[= log ([i) _ol k]

The value of Ei

reaction sequence (III). From Ei, Vp a and s, the values of kl(ki = k_
b}

may then be calculated provided that the electrochemical step [1] is

is obtained as previously described for

driven at sufficiently high s to behave irreversibly. kv 2 can also be
34

obtained, as kIII 1 in reaction mechanism (III), from the limiting
b .

current observed (Fig. 6-11, cathodic curve for log kvs = 0).
1
?

It is to be noted that a step such as [2] is involved in the

65,102

6
Place-exchange process in the oxidation of noble metal 6 but the

conversion of C to A can proceed by a different pathway, thus leading
the hysteresiséG’loz. The place-exchange process and the equations

which govern it will be discussed in detail in Chapter VIII.

)
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6.7 Summary of Characteristic Features of the C-V Profilés of a

Surface Reaction in which a First-Order Chemical Step is

Coupled with an Electrochemical One

From the C vs. V profiles of Figs. 6~2, 6-9 and 6-11, a
number of characteristic features of the kinetic behaviour of the
reaction sequences (III), (IV) and (V) may be derived and compared
with those of reéction (I). This will allow classification of an
unknown reaction mechanism into the above scheme. An attempt should
always be made to obtain, by changing the sweep-rate, a series of
characteristic C-V profiles ranging from reversible to irreversible
behaviour of the reaction. By analysis of the dependence of the main
Parameters Cp, AVl/2 and Vp on log s, the appropriate reaction scheme
can then be assigned and the conditions, which enable calculation of

the kinetic parameters to be made, can be selected.

The following are the general features which indicate the

presence of a complex reaction mechanism:

(1) Different anodic and cathodic C vs. V profiles are observed;
(ii) Changes of the sweep profile with holding time can arise,
depending on conditions;

(iii) Reversible peak potential V

b, rev # E° for the electro-
})

]
o

chemical step, even though the interaction parameter g

Features of individual reaction schemes are:

(a) Reaction sequence (III)

(1) Pseudocapac¢itance peaks always arise.




- 137 -

(ii) A small limiting current can arise when both the
electrochemical and chemical steps have comparable rates.
(iii) Peaks of unusually low aspect-ratio arise for the con-
ditions in (ii), corresponding to a maximum in the
AVl/2 vs. log ﬁ; plot.
(iv) Holding increases pseudocapacitance values throughout

the reverse sweep.

(b) Reaction sequence (IV)

(1) A Tafel region is generated in the i-V profile.
(ii) A chemical reaction limited current always appears.
(iii) Pseudocapacitance peaks arise only when the chemical step

is irreversible.

(c) Reaction sequence (V)

(i) Pseudocapacitance peaks always arise.
(ii) The C~V profiles of the‘reverse sweep but not the forward
sweep are characteristic of this mechanism and exhibit
a low aspect-ratio peak and a limiting current.
(iii) Holding diminishes currents in the reverse sweep when the

chemical reaction is irreversible.
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CHAPTER VII

TR TR RELI

SIMULATION OF KINETIC BEHAVIOUR OF A COMPLEX REACTION

i (THREE STEPS) INVOLVING DISSOCIATIVE CHEMISORPTION

7.1 Introduction

The model case of a "ce" mechanism described in the pre-

vious chapter (VI) for reaction sequence (IV) is extended to a more

complex reaction sequence. A dissociative chemisorption step followed

RIS I ST B ST R e v

——

RN

by two parallel electrochemical reactions, of which one is assumed to

be completely reversible and the other irreversible, will be con-

¥

sidered in the present chapter.

RS

SR

This type of reaction mechanism is a very realistic one,
for it can arise in electro-oxidation of H2 (cf. ref. 98) and simple
organic molecules on metal surfaces which can act as catalysts. An
'example is an organic molecule HOrg, soluble in aqueous medium, which
adsorbs on the electrode surface and dissociates into Hads and Orgads'
It should be pointed out that the dissociated adsorbed hydrogen is
not necessarily the acidic hydrogen atom in a case such as HCOOH but
can be another one originating from other functional groups. The
organic part of such a molecule could then be oxidized irreversibly
and leave the surface forming a water soluble product (CO2 in the case
of HCOOH, CHBOH, etc.). Adsorbed hydrogen produced in the chemisorption
Step can be electrochemically desorbed (Hads = H:q + e) reversibly

from the surface, depending on the applied potential, as is well
known47—49,59_

e e e e
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For the purposes of kinetic simulation, it is assumed that
a species A in solution first be;omes dissociatively adsorbed on to
free metal sites M, producing chemisorbed species B and C (reaction [1],
below), at coverages eB and OC, respectively. These two species are
then regarded as undergoing electrochemical oxidations to solution-
soluble species D and E *, respectively, with different rates and thus
free surface siteé are regenerated. These electrochemical oxidations
are represented by reactions [2] and [3], respectively (see below).

Hence the overall reaction mechanism can be represented as follows:

k'
2M+ A —LLlowm o [1]
MB k‘,’IZ D+e+M [2] Dy
I,-2
ky1,3
MC —YL23 3 Lo sy [3]

It is assumed that the backward rate constants for the
dissociative chemisorption step [1] and electrochemical oxidation
of adsorbed species C to the solution-soluble species E (reaction [3])
are much smaller than their respective forward rate constants, so that
the two reactions are assumed to behave irreversibly. Electrochemical
oxidation of the adsorbed species B to the solution-soluble species D
is assumed to proceed in a completely reversible way with forward

and backward rate constants taken for convenience as equal, i.e.,

%
Here the letter E stands for a chemical species, soluble in solution
and should not be confused with letters E° representing the standard
electrode potentials of electrochemical reactions in question.

s -

I

N T AN T SR 40 T A0 G IS A 3N B AR, e A A SR £ e - » u
+ ar bl 0 N AT 0 e S RN 10 505 S 205 5 A R RO st 2t I



GI ~2" An example of thig type of step is desorptive oxida-
L] .

kyp,2 = k

tion of adsorbed H in many electrocatalytic oxidations.

7.2 Calculation Procedure and Values of Parameters

The results were again obtained by numerical methods using
the computer simulation technique with “System/360 Continuous System
Modeling Program" - (5/360 CSMP). The standard Runge-Kutta Fourth-
order, variable step integration method, discussed in detail in
Chapter III, was used in the simulations, as for all other reaction

mechanisms.

The standard electrode potentials EE and E; for the electro-
chemical surface Processes (reactions [2] and [3]) were chosen (see
Part 7.4) to be 0.0 V and -0.2 V, respectively. The solution concentra-~
tions ) and p of soluble species A and D were taken as 1 mol 1_1 and
concentration, Cpo of species E in solution, was assumed to be so small
and not changing during the reaction (consider, e.g., dissolved CO2
gas) that, in effect, the backward rate of reaction [3] can be neglected.
No diffusion limitations in any of the above reaction steps were con-
sidered in the present work. Both chemisorbed species B and C were
assumed to follow Langmuir isotherms, even though criteria could be
developed for cases where interaction effects (g # 0) are significant.
The charge to form a monolayer by either the species B or C was taken
as 220 ﬁC cm—z, for convenience, but in a real system this assumption
may or may not apply. However, selection of an appropriate value is

always easy. The symmetry factor B was again taken as 0.5.
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7.3 Formulation of Kinetic Equations

For reaction mechanism (VI), the total current density as
a function of potential V in the sweep at a sweep-rate s = g% is the
sum of 12, the current density for reaction [2], and i3, the current

density for reaction [31, 1i.e.,
(7-1)

The individual currents may be written as

ch Q AV2 AV2
i = — ——) - ' - - - ———) -
= F 3 F{F[kVI,Z Og exp(-37) kyr,—2 ¢p (-8 ) exp (- £} (7-2)

and
dey q AV, AV,
3 Far = Flp ky1,3 8¢ e (51 = Q ky1,3 8¢ @ (5O (7-3)

where the modulating potentials for individual electrochemical

reactions are:

AV2 =V - E2 = Vin + st - E2 (7-4)
AV3 =V - E3 = Vin + st - E3 (7-5)

Vin is the initial potential in the sweep and b = E%I (for B = 0.5).
The value of Vin was chosen to be sufficiently negative relative to
the standard electrode potential, E;, corresponding to the reversible
electrochemical reaction [2], that the chemisorption equilibrium pre-
viously established in step [1] and/or [2] remained practically un~
changed. The Vin value was taken as -0.2 V for computational con-

venience only, f
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The coverages GB and GC in eqns. (7-2) and (7-3) were

obtained by integration from the following equations:

—_— ' - - " - —— 1 - - - — -
at " kyr,1 ¢y (1-65-6.) kyr,2 O exp (57 + ky1,-2 p (-850 )exp (- =5 (7-6)

and

do, ) av,
at - M1,1 (1-65-60)" - ky1,3 O exp (53 (7-7)

Two sets of initial conditions were considered:

~

Y

~
|

B,in = 1.0 and ec,in = 0.0

[}

[¢2]
]

(b) 0.5 and BC . 0.5

»in

7.4 Effect of Applied Sweep-Rate on the Current-Potential Profiles

In order to obtain the current-potential curves for the two

cases (a) and (b) discussed below, such that they partly or completely

overlap, it is necessary to choose the rate constants ki and k3

appropriately. It was found that the i-V curves depend not only on

the external variable S, but on the ratio k1/k3 and the E; value as

well. For different values of E2, different kl/k3 ratios and/or

3

different sweep-rate ranges are required to produce i-V profiles in
which the characteristic features of the behaviour of this reaction
scheme are demonstrated. Since, in the present calculations, the value

of the standard electrode potential E; was taken as constant (see
-k

Part 7.2), it was found that the ratio El~= 100 gave good resolution
3

of the two electrochemical processes [2] and [3] of this reaction
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mechanism (VI). It should be pointed out, however, that the absolute
values of kl and k3 depend on the Sweep-rate range employed, because
for a peak to appear at a given potential V referred to E;, the ratio

s/k3 must be constant.

7.4.1 TInitial conditions ~ Case (a)

When the initial condition (a) prevails (see p.142), i.e.,
when the surface is completely covered by species B at the beginning
of the sweep, the following characteristic features (Figs. 7-1 and 7=2)

are observed:

(i) For sufficiently small values of log ﬁ;y no peak in the i-V
(or C~V) profile can be seen (e.g., Figs. 7-1 and 7-2 for
log f— = 0) and current increases continuously until a
reaction limiting current, iLim’ is reached. As the sweep-
rate increases, the peak corresponding to the reversible
electrochemical reaction [2] starts to appear but the peak
corresponding to reaction [3] behaving irreversibly is still
not observed because the chemical process [1] is still
faster than reaction [3]. Again, only a plateau corresponding
to the value of iLim’ which cannot exceed the rate of the
dissociative chemical reaction [1], appears (Figs. 7-1 and
7-2 for log ﬁ; = 1). With further increase of sweep-rate,
the second peak corresponding to the process [3] is observed

(Figs. 7-1 and 7-2 for log E- = 2). The pseudocapacitance
3

peak will shift and decrease in height with additional
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increase of the sweep-rate. The final current, however,

will never drop below the value of iLim for step [1].

(ii) The reversible peak for reaction [2] can only be observed
(see Fig, 7-1) if the current for the irreversible electro—
chemical process [3] is much smaller than that for process [2].
This condition is satisfied when the chemical step [1] cannot
supply additional amounts of species B and C produced by
dissociation of species A at the electrode on the freshly

regenerated free surface.

(1i1) The peak corresponding to process [3] will start to appear
(see Fig. 7-1) only when the s/k3 ratio is approximately
equal to or higher than a given kl/k3 ratio. With change in
the k1/k3 ratio, it is clear that if the current peak for
step [3] is still to be resolved, then s/k3 must also have
been changed correspondingly. For values of s/k3 less than
the kl/k3 ratio, the current in the potentiodynamic sweep
will increase more slowly until the iLim value is reached.

Also it is obvious that there must be a significant difference

between the EE and E; values for steps [2] and [3] if the two
peaks are not to completely overlap. With E° more and more

3

negative, the peaks can only be separated at relatively high
s/k3 values if process [3] is substantially more irreversible

than the other, as assumed here.
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For the initial condition (a) the second peak, if observed,
will always be much smaller thaﬁ the one corresponding to the
reversible electrochemical reaction [2]. The reason is that the
quantity of species C adsorbed during the sweep will depend on time
during which the dissociative chemical reaction [1] is allowed to
proceed on the freshly regenerated surface, after some of the species B
originally adsorbed on the surface is oxidatively desorbed to solution-
soluble species D. Hence with increasing sweep-rate, i.e., over
shorter times, the amount of C adsorbed on the surface will diminish.
If more species C is to be put on the surface it is then necessary to

decrease the sweep-rate, i.e., increase the time, but for such a con-

dition no current peak would be observed.

7.4.2 1Initial conditions- Case (b)

The second initial condition (b) considered is g more
realistic one which would arise at the beginning of a new run, since
both species B and C would then be present in equal amounts on the
surface. Figs. 7-3 and 7-4 show i-V and C-~V curves, respectively,
obtained for different s/k3 ratios. Since all the other parameters
are the same as used in Figs. 7-1 and 7-2, direct comparison of the

curves is possible.

It can be seen from Figs. 7-1 and 7-3 that there is no
difference between curves for log ﬁ— = 0 (the two curves are super-

imposable). For log-i— = 1 and 2, differences can, however, already
k3

be seen. TFor log'ﬁ— = 1 only a shoulder is observed in Fig. 7-3,
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whereas a small but definite peak is seen in Fig, 7-1, éince the
initial coverage of species B is higher in Case (a) than in Case (b)
the current and pseudocapacitance, and the corresponding maxima are
larger for the former case. A similar explanation applies for the
curves for log ﬁ;-= 2, The maxima corresponding to the reversible
electrochemical reaction {2] are about half as high in Figs. 7-3 and
7-4 as those in Figs. 7-1 and 7-2, and conversely the peak for process
[3] is relatively more pronounced in the two former figures. The
reason is that the sweep is started with half the surface being

covered with species C in Case (b), but zero initial'coverage of C

in Case (a). 1In the latter case, the second peak arises only on account
of dissociative adsorption of species A on the free surface regenerated
during the sweep, when species B originally covering the whole surface

is being removed, as mentioned before (see Section 7.4.1).

The same explanations concerning the resolution of current
and pseudocapacitance peaks for the two parallel electrochemical
reactions [2] and [3], discussed for Case (a), apply also to the second
set of initial conditions, i.e.} Case (b), with only one exception.
Whereas in Case (a) the pseudocapacitance peak for reaction [3]
decreases continuously with increasing sweep-rate, in the present case
the pseudocapacitance peak for process [3] decreases at first, but
then remains constant and only shifts to more positive potentials with
further increase of the sweep-rate. The reason for decrease of this
pseudocapacitance peak is that at higher sweep-rates, i.e., at shorter

times, less reactant species A can be dissociatively adsorbed on the




free surface to produce species C, which is then oxidized; therefore,
the oxidation peak for C decreages. However, in Case (b), half the
surface is already covered by species C at the beginning of the sweep
and the pseudocapacitance peak corresponding to this original amount
therefore remains constant at sufficiently high sweep-rates. Further
increase in the sweep-rate can then make no more change in the height

of this peak.

This effect, as explained above, is exemplified in Fig. 7-5,
where a change of sweep-rate affects the height of the oxidation peak
for species C. It can be observed that only a quite small change
(s one decade) is required since, at higher sweep-rates, the two peaks
will be so far apart that the two electrochemical reactions can then be
studied separately, i.e., as two independent electrochemical surface
reactions. At sweep-rates slightly lower than the one corresponding to
log E;-= 1.477 (see Fig. 7-5), the peak for the irreversible electro-
chemical process [3] will not develop and only the limiting current,

i

Lim’ will eventually be reached.

The changes in GB, GC and eTot as a function of potential for

various values of log-%— are shown in Fig. 7-6. The curve for QB’
3
taking log E— = 2, approaches the curve for Langmuir adsorption for a
3

species having the maximum available coverage 0.5 (because C occupies
the other half of the surface in this case). As the sweep-rate
decreases, however, the curve ceases to resemble that for Langmuir
adsorption behaviour. An increase in GB is observed at the beginning

of the sweep and is the result of the tendency for the reversible
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electrochemical reaction [2] to establish equilibrium coverage at
each potential, when small enough sweep-rates are used (i.e., log-ﬁ— = 0

3
and 1). The reason for this effect is the following: Since ©

c
decreases during the sweep, thus regenerating free surface, solution-
soluble species D as well as species A can react with free metal
surface sites to form more B species. The lower the sweep~rate used,
the higher would become the maximum in eB until, limitingly, adsorption

behaviour for species B having maximum coverage GB = 1.0 would be

observed.

Increase in GC’ when log ﬁg = 0, after the initial decrease
(see curve for GC in Fig. 7-6) during the sweep arises because of the
tendency for reaction [2] to maintain equilibrium coverage of B and

thus influence process [3] as well. Of course, it also means that the
rate of dissociative adsorption of species A is higher than the rate

of removal of the adsorbed species C from the surface in this particular
potential region but not as high as the rate of step [2] (see Fig. 7-6,
GC curve for log %;-= 0). If the value of log ﬁ;-yere even lower, the

minimum in ec versus V in Fig. 7-6 would be more promounced. For

log ﬁ— > 0, the GC curve shows a continuous decrease, which is con-
3

sistent with the predictions that dissociative chemisorption becomes
rate-determining at higher sweep-rates and hence no further adsorption

of species A occurs during the sweep.

The relations for eTot do not show any characteristic features
except that the profiles become less smooth and may show a shoulder or

a plateau at ®por = 0.5, depending on the log of the ratio s/k3.
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Fig. 7-6 Adsorption behaviour of species B and C as a

function of potential V for reaction mechanism (VI)
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7.5 Summary of Characteristic Features of C-V and i-V Profiles for

Reaction Mechanism (VI)

From the C-V and i-V profiles (Figs. 7-1, 7-2, 7-3, 7-4 and
7~5), a number of characteristic features of the kinetic behaviour of
this reaction mechanism (VI) can be derived and compared with those
of sequence (IV) treated in Chapter VI. By changing the sweep-rate,

a series of characteristic profiles is observed. First, two peaks can

appear for this reaction sequence (VI), compared with only one in
sequence (IV). The height of the peak corresponding to the irreversible
electrochemical reaction [3] depends on the initialicoverage GC’ as
well as on the sweep-rate and the rate constant for the dissociative
chemical reaction [1]. For sequence (VI), the value of iLim is twice

as large as for sequence (IV), assuming the same value of the rate
constant ki in both reaction mechanisms, provided that the charge, Q,
for a monolayer is known. From the limiting current, the value of the

chemical rate constant of step [1] in reaction mechanism (VI) can be

determined in the usual way using the equation

1 - ' -
im 2le CA (7-8)
The values of the rate constants k2 = klz of the reversible

electrochemical reaction [2] cannot, however, be determined because
this reaction is assumed to be at equilibrium for all the sweep-rates
that can, in practice, be used. However, the value of E; may easily
be determined from an i-V or C-V curve where the two peaks are

reasonably well separated.
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If the value of E; could somehow be known or could be
determined, then it would be possible to derive the value of the rate
constant k3 for the irreversible electrochemical reaction [3], pro-
vided that the initial coverage of species C is not zero. This is a
necessary requirement, since the rate constant k3 can only be deter-
mined from the sweep-rate dependence of Vp; however, this is only
possible when the two peaks, corresponding to the two electrochemical
reactions [2] and [3], are well separated. Otherwise the peak
potential is affected by the reversible electrochemical process [2]
so that a slight shift in Vp may result. In reality, however, E;
cannot be determined and thus even the value of k3 may not be zo
evaluated, but it is possible to determine the product k3-exp(- Sé)

from a plot of Vp versus log s.
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CHAPTER VIII

KINETIC LAWS GOVERNING SURFACE OXIDATION OF

NOBLE METAL ELECTRODES

8.1 Introduction

The théory of formation of oxide films tens or hundreds
of monolayers thick was developed fully by Mott147 and his School.
Recently, reviews of oxidation of metals and of place-exchange
mechanisms in thin layers have appeared and experimental laws governing

148,149

these processes have been discussed . It is generally found

that the extent of growth of the film at constant potential is
logarithmic in time104,105,126,150' For thick film growth of the
kind treated by Mott it has been shown that the electric field across
the growing film causes oxidation of the metal by formation and in-
jection of cations into the film followed by their field-assisted
activated migration through the film.

More recently, similar logarithmic laws of extension of

104,105,126

oxide films have been observed at Pt and other noble metals

where less than a monolayer of oxide exists initially. For such con-

ditions it is difficult to see how a Mott high-field growth type of
mechanism could be applicable, although it has been invoked in papers

1152’153. Hence a problem

151 . i~
by Ord and Ho 3 and by Damjanovic et a
exists concerning how a logarithmic law can arise for the extension

of films below or near a monolayer in extent.
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In the initial stages of oxidation of noble metal surfaces

a number of important characteristic features can be observed. When

oxygen species such as OH or O are deposited on the electrode surface
up to a monolayer during a linear potentiodynamic sweep, several dis-
tinguishable states of adsorption can be seen66. Experimentally, more
extensive oxidation of the surface can be generated in two ways:

(a) the potential can be increased to more positive values, i.e., be-
yond ' that corresponding to ca. l-e per metal atom, which would pro-
duce a monolayer of OH or (b) a constant potential, which corresponds
initially to formation of an oxide film below monolayer coverage, is

maintained for a certain time.

If the sweep is reversed after establishing some extent of
surface oxidation so that the surface oxide is reduced, an interesting
feature is observed: the cathodic i~V profile is completely different
from that generated in the anodic~going sweep66 except at very low
coverages. This effect is attributed to the hysteresislo4 arising in
anodic formation and cathodic reduction of the oxide and involves a
totally irreversible phase transition in the ad-layer. This transition
is referred to as a place-exchange processss. It occurs between metal
atoms and electrodeposited OH and/or O species on the surface by a
quasi-two-dimensional interchange process. It is this place-exchange
process which must be considered as a mechanism of extension of sub-
monolayers of oxide on metals and also probably for the very early

stages of multilayer growth.
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8.2 Formulation of a Reaction Mechanism which Includes a Place-

Exchange Process

The place-exchange process has an interesting relation to
some of the other complex electrode Séquences treated in previous
chapters. The simplest reaction mechanism which can be formulated is
a special example of the "ecg" type of mechanism discussed in Chapter VI
[see reaction séquence (V)]. However, as will be shown later, the
"chemical" step for the oxidation process éhould be zero-order rather
than first-order [see Chapter VI, reaction mechanism (V)]. The place-
exchange reaction is, however, usually irreversiblelas indicated by
the hysteresis observed so that reduction must occur via a different
reaction pathway in order to recover the initial free surface of the
metal. The simplest reaction mechanism involving a place~exchange

process consists, therefore, of three steps as follows:

M+ A = MB+ e (anodic oxidation) [1]
MB — BM (place—exchange) [2] (VII)
BM+e —m M+ A (surface oxide [3]
reduction)

where B is an electrodeposited oxygen species, OH or 0, and A is

H20 or OH . Experimental results indicate that step [1] can be
assumed to be at equilibrium up to quite large sweep-rates. Step [2],
representing the place-exchange reaction, is considered to be totally
irreversible and should lead to the direct logarithmic rate law (see

Part 8.3). Reaction [3], which regenerates free metal surface sites
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M (and reactant A), is also assumed to behave irreversiﬁly in accord

with experimental indications for Pt and Au64.

The effect of the place-exchange process [2] on the behaviour
of the reversible reaction [1] at a constant potential V is that it is
made possible for more species B to be deposited on the uncovered
portion of the free metal surface M below the potential which would
otherwise be réquired for such a coverage to be generated at equili-
brium according to the isotherm for species B alone [e.g., see
Chapter I, p.l9, eqn. (1-5)] had process [2] not been occurring. Hence,
on account of the time-dependent place-exchange process, it is possible
to continue to electrodeposit species B at a constaﬁt potential, until
the rate of the place-exchange process at that potential becomes
negligible. It is this combination of reactions [1] and [2] which may
generate a logarithmic law in time for extension of the oxide film

at a given potential.

When the kinetic behaviour of reaction mechanism (VII) was
numerically evaluated, it was not possible to simulate the type of

104,105,126,150 where the charge q for

results obtained experimentally
metal surface oxidation increases linearly with log t during the
holding time, t, at a constant potential. It should be pointed out
that q is a measure of the quantity (below a monolayer this would be
proportional to the coverage) of surface oxide species formed as a
function of time t. While experimentally the logarithmic relation

holds over many decades of time, the simulated behaviour gave a log t

relation only over one decade of t or less. Several modifications of

e

i
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reaction mechanism (VII) were considered, e.g., includiné another
reversible reaction prior to the place-exchange step, but no signi-
ficant improvements resulted in the simulation of the logarithmic law
for longer times. It seems that a possible reason for not obtaining

an extended logarithmic relationship could be that it was assumed that
the extent of surface okidation was limited to l-e per metal atom. As
is well known ekperimentally, higher degrees of oxidation corresponding,

e.g., to 2 or 3 electrons per metal atom can be observed.

Since reaction mechanism (VII) does not account for the
experimentally observed surface oxidation behaviour104’105’126’150, the
Problem of the kinetics of the oxidation of surfaces of noble metal
electrodes was approached in a different way. While for the other
reaction mechanisms dealt with in this thesis, the approach was to
assume a reaction mechanism and then seek the kinetic behaviour which
would arise under various "experimental® conditions, in this chapter
an opposite procedure was adopted. Knowing the experimentally
characterized kinetic behaviour of surface oxidation processes, forms
of rate laws which might account for the observed behaviour will be
discussed and appropriate mathematical equations will be considered

(see Part 8.3, below).

8.3 The Logarithmic Rate Law in Oxidation Processes

The question of how a logarithmic growth law for surface

oxidation could arise has been considered not only in the electro-

104,105,126,150

chemical literature but also in that concerned with metal

IR
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65’154’155. Experimental data usually fit

oxidation from the gas phase
either a direct logarithmie grbwth relation, i.e., 9~ log t, and an
inverse one %-ﬁ -log t equally well. However, from the mathematical
point of view, a better basis for a direct logarithmic law than for an
inverse one can be given, as will be discussed below.

Some attention has been paid to the mathematical formulation

of both direct156’157

and inverse158 logarithmic growth laws in the
past. However, it can be shown that while a direct logarithmic relation
can lead to an exact rate law on differentiation, this is not so for

the equation representing inverse logarithmic growth behaviour. Con-
versely, if an approximation is made for the rate equation which can

be derived by differentiation of the inverse logarithmic law, then on

back integration of that equation only by an approximation can the

inverse logarithmic growth equation be recovered. This problem does
not arise when both the rate and the corresponding integrated equation
for the direct logarithmic law are considered. This seems to indicate
that the direct, rather than the inverse, logarithmic law may represent
the experimental behaviour better. It is for the above reasons that
further attention will be focussed only on the direct logarithmic

growth law and the rate equation from which it originates.

8.4 Effects of Changing the Parameters in the Direct Logarithmic Rate

Law Equation and Possible Relations for these Parameters

Mathematically, it is easily seen that a rate law which on

: TP * .
integration yields a direct logarithmic growth law must have the

*
Since, from now on, only the diract logarithmic relation will be con-
sidered, the word "direct" will be omitted in the text which follows.

"
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following form:

' "f?% = k exp(- Lq) (8-1)

where k and L are given constants. Integrating eqn. (8-1) yields

the following logarithmic relationm.

B

q = = In [kLt + exp(Lqin)] (8-2)

where 95 is the value of q at t = 0. It is to be noted that the
rate law given by eqn. (8-1) is, and has to be, "zero-order" in q (or
coverage) in the pre-exponential term otherwise such an equation will
not give the required linear logarithmic relation in time such as

that in eqn. (8-2).

Rearranging eqn. (8-2) gives:

exp (Lqin)

In kL + —la_-:———] (8-3)

ol

In [t +

[

q =

From eqn. (8-3) it is quite obvious that a relationship of the form

q ~n In t will only arise if

exp(Lq. )
in
t >> o (8-4)
When condition (8-4) obtains, eqn. (8-3) can be simplified to
-1 1 -
Q=7 1n kL + I In t (8-5)

Eqn. (8-5) represents the logarithmic growth law in its simplest
form where the slope is given by 1/L and the intercept for t = 1 (since

a log scale in t is involved) by %-ln kL (see Fig. 8-1). Of course,
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deviations from linearity must be observed at sufficiently low values
of t where the condition (8-4) no longer holds. Normally, however, a
corrected time scale would be employed at short times with the inte-

gration constant term evaluated empirically.

Defining the slope 1/L as o, i.e.,

o = _11: (8-6)

gives eqn. (8-3) in the form

_ k o 9in
q=o01ln 5 + o In[t + X exp ( - )] (8-7)

For given ¢ and k wvalues it is obvious thaﬁ eqn. (8-7)
corresponds to a unique relation between q and 1n t. However, experi-
mentally a series of logarithmic growth-law lines can be observed,
depending on the holding potential (see Fig., 8-1). Hence either o or
k values, or both, must be potential-dependent. It is useful to con-
sider the three possible cases which can arise and to see how the

conditions affect the logarithmic growth law [eqn. (8-7)].

(a) Case (I) - o = constant and k = £(V)

First the case where ¢ is constant and k depends on the
applied holding potential V is considered. From eqn. (8-1) it is
obvious that k is the rate constant of the place-exchange process.
If this depends exponentially on the field in the usual way for an

electrochemical process, then

k = ko exp (xV) (8-8)
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Fig. 8-1 Schematlc representatlon of the plots of oxidation charge q

as a function of ln t for increasing potentials V at which
holding for a given time t is performed. Changing slopes ¢

and intercepts are exemplified.
The behaviour shown is typical of that observed experi-

mentally.
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where ko and x are constants independent of the holding potential, and
the field at the electrode interface is assumed to be proportional to
the interfacial potential difference V. Then substituting eqn. (8-8)

into (8-7) gives

k q.
q =0 1ln ;2-+ oxV + ¢ In[t + %— exp(—%g - xV)] (8-9)
o
If
g qin
t >> . expcj;— - xV), (8-10)
o

it is seen that the relation between q and 1n t is a straight line
the slope of which is independent of the holding potential. Since it
is assumed that the rate of the place~exchange reaction given by

eqn. (8-1) increases with increasing potential, the constant x in
eqn. (8-8) must be positive. When both ¢ and x are positive, the
intercept at t = 1 (see Fig. 8-1) is linearly dependent on V and in-
creases with increasing potential. This is also observed experi-

105,126

mentally It should be also pointed out that condition (8-10)

will be satisfied at shorter times as the potential V increases if

q.
=2 < xv (8-11)
o]
: . 1 BF .
which seems to be the case if x = 5= RT - 20.

(b) Case (II) - k = constant and g = £(V)

The second case to explore is that where k is constant but

the slope ¢ is linearly dependent on V, i.e.

o =yV (8-12)
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if ¢ = 0 when V= 0., Here y is a positive constant, indépendent of
potential., The reason for assﬁming a linear rather than, for example,
exponential relation between o and V is that the o = %-term appears
already in the exponent of the rate equation (8-1). It seems there-
fore more appropriate to consider a linear relationship given by

eqn. (8-12). Then eqn. (8-7) will have the form

] k_ W o in }
q=yV1ln = + yV 1n[t + k exp(yV ] (8-13)

As mentioned above, the slope will increase linearly with potential

when

q.
v
£t >> kL exp(;%ﬂ) (8-14)

However, the intercept for t = 1 when condition (8-14) holds,
depends strongly (see Figs. 8-2, 8-3) on the value of the rate constant
k. For low values of k, the intercept will decrease with increasing
slope o, i.e., with increasing V for a constant value of y. For high
values of k, the intercept will increase with increasing slope at first,
but it then reaches a maximum and with further increase of o the inter-
cept decreases again. A general normalized shape for the relation
between the intercept and ¢ is shown in Fig. 8-2 and is based on
dividing both the intercept and the slope by the rate constant k. The
effect of various values of the parameter k on the profiles of inter-
cepts plotted against slopes is exemplified in Fig. 8-3. It can be
shown that the maximum in the curves arises when ¢ = k exp(-1) and
the intercept has the same numerical value, i.e., k exp(-1)(see

Fipgs. 8-2 and 8-3).
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Fig. 8-3 Family of curves of intercepts ¢ 1n %-plotted vs. slopes ©

for various values of the parameter k for Case (II) (see
text, p.159),
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It should be pointed out that the r.h.s. of coﬁdition (8-14)
does not always diminish with increasing potential depending on the
values of y and 9n* The parameters y and Uin? together with the
magnitude of the vaiue of the rate constant k, will determine the limit
in time t below which deviation from a linear q vs. In t plot will

begin to be significant, i.e., condition (8-14) will not hold.

From the above examination of Case (II), it can be concluded
that this case does not conform at all to the behaviour observed

experimentally.

(c) Case (IIT) - k = £(V) and ¢ = £(V)

A third and final possibility can arise where both the slope
o and the rate constant k are potential~dependent. The forms of rela~
tions for k and o are given by eqns. (8-8) and (8-12), respectively,

which upon substitution into eqn. (8-7) give

k q.
q =yVin ;%-+ xyV2 + yV 1nft + %X exp(-}—’%E - xV)] (8-15)
o

A logarithmic law will result when

q.
t >> {{L‘l exp (y—\l,B - xV) (8-16)
(o]

This is especially true if either x or y are large, as they both
appear in the exponent. However, since y also appears in the linear
part of the conditiom (8-16), it is quite obvious that when x is large
enough, regardless of the value of parameter y, the above condition

will hold. Also, when x is large, the time limit, within which
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deviations from the logarithmic law are significant, decreases as the

potential increases [cf. eqns; (8-10) and (8-11)].

Once again in this case the slopes of q vs. ln t relation-
ships will depend on the potential and will increase linearly with
increasing V because of the assumed potential-dependence of o. The
function, which determines the behaviour of the intercept of eqn. (8-15)
for t = 1 when éondition (8-16) holds, is quite complicated and will be

investigated more closely.

The intercept of eqn. (8-15) is equal to:

k
= ) 2 -
I =yViln 7V + xyV (8-17)
The change of intercept with varying potential V is obtained by
taking the first derivative of eqn. (8-17):
dl _ ko 18
FiAR (2xV - 1In V) + y 1n ;—'- y (8-18)
Hence g%-will increase with potential and will be linear io V if
2xV >> 1nvV (8~19)
) o BF . '
and x is reasonably large. If it is assumed that x = RT © 20 (cf. p.159)

then condition (8-19) will always be satisfied and eqn. (8-18) can

be approximated by

dI ko
g - 9o _ 8-20
v 2xyV + y 1In Y y ( )

It is now quite obvious that the intercept, I, will increase para-

bolically with increasing potential V, which does not seem to be
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105,126

observed experimentally . However, further experimental studies

are required to confirm or refute that conclusion.

8.5 Summary of Conclusions Regarding the Direct Logarithmic Growth Law

It can be concluded that the direct logarithmic law can des-

cribe the experimental behaviour of surface oxidation processes occurring

by the place—exthange mechanism quite well under certain conditions, i.e.,

for Cases (I) and (III). Case (I1), however, is not comsistent with

the experimental behaviour. Also, it seems improbable that the rate
constant, k, in eqn. (8-1) would remain unchanged with varying potential
V, as assumed in Case (II). It is more probable thét k will increase
with V thus increasing the rate of the place-exchange process [2]

described by eqn. (8-1) as appears to occur experimentally.

It is of interest to note that a direct logarithmic growth
law can only originate if there is a rate process which is statistically

independent of coverage, i.e., zero-order, but which has an activation

energy which increases as more and more oxygen species are place-
exchanged. Such a process would have to be one where, for example, a
metal atom in the surface was injected on to the surface amongst OH
and/or O species which then rearrange with an activation energy

dependent on coverage and extent of rearrangement.
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CHAPTER IX

INHIBITION OF A FARADAIC REACTION BY A SIMPLE l-e

ELECTROCHEMICAL SURFACE REACTION WHICH OCCURS IN PARALLEL

9.1 Introduction

Many anodic reactionms, including metal dissolution and
organic oxidations, may exhibit inhibition or passivation effects.
These passivation effects can also arise in some other reactions,

e.g., hydrogen ionizationng.

The passivation behaviour can be observed in steady-state
point-by-point current-potential relations but many organic oxidation
reactions where effects of this kind occur have been studied by the
potentiodynamic method. Complex behaviour can then arise because of
(a) time, i.e. sweep-rate dependence of surface coverage of the
electrode by the inhibiting species at a given potential and (b) current
contributions arising at high sweep-rates from the electrochemical
deposition or desorption of the inhibiting species itself. Co-adsorption
effects involving two or more chemisorbed species may further complicate
the electrochemical behaviour. An analysis of this case is therefore
very important as many practically useful oxidation reactions are
prevented from developing appreciable current densities by passivating
effects that arise from inhibiting species generated from the water
solvent or from a step in the main reaction sequence itself or some
side reaction sequence; e.g., as in the case of oxidation of HCOOH at

Pt70’71 (see also pp.447 and 457 of ref. 72).
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Passivation effects may arise in two distinguishable ways:

(1) The first is due to inhibition resulting from modification of
the free surface available for the overall electrochemieal
reaction. The change of the free surface results from an
inhibiting species being deposited on the surface in a com-
peting reaction.

(ii) The secoﬁd effect is one which arises in certain decompositions
of adsorbed species where the products of a surface reaction
require two or more adsorption sites for each on which the
reacting species was initially adsorbed. This kind of effect

will be referred to as self-inhibition.

The kinetic theory of inhibition reactions for both types of
cases, when the inhibiting reaction occurs reversibly and follows
either Langmuir or Temkin adsorption behaviour was treated in some

16

detail by Gilroy and Conway 0 but not for reactions under potentio-

dynamic control.

In the present chapter, the significance of Faradaic current
peaks in current-potential profiles generated by the linear voltage
sweep method will be examined and it will be shown how the peaks can
arise kinetically from inhibition effects when the inhibiting reaction
behaves either reversibly or irreversibly, depending on the reduced

sweep-rate, s/k, i.e., the s employed in the experiment.

An anodic reaction will be considered which is inhibited by

the appearance of another species competing for sites on the surface
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of the electrode. If the inhibiting species is generated by an
electrochemical reaction on the electrode its coverage will vary with
the applied potential. In the simulation of the kineties of an in-
hibited reaction, a simple l-e electrochemical reaction of the kind
discussed in detail in Chapter IV, is considered to be the "parallel"
inhibiting reaction (step {1] below). The overall Faradaic reaction
is assumed to take place in two steps, the first of which is the
electrochemical process producing an adsorbed intermediate in that
Faradaic reaction, which is then desorbed from the surface in a very
fast following chemical reaction. For this chemical step, it is
assumed that the forward rate constant is much larger than the back-
ward one, so that the reaction can be assumed to behave irreversibly.
These two reactions are represented by steps [2] and [3], respectively
(see below). Hence the overall reaction mechanism can be represented

as follows:

A
M+ A §F222£l¢é==é MB + e (Inhibiting reaction) f1]
kVIII,—l
kl
T
M+ C o L,2 MD + e (Discharge step of main [2] (VIII)
VIII,-2 Faradaic reaction)
k
MD <F§¥lliié=é’ M+ E (Desorption of final [3]
VIII,-3 product)

MB and MD represent adsorbed electroactive species at
coverages BB and GD, respectively. MB is the inhibiting adsorbed

molecule while MD is the adsorbed intermediate in the main overall
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* ¢
Faradaic process. Species A, C and E  are solution-soluble. As
for previous reaction mechanisms investigated, it is assumed that

no diffusion limitations arise for any of the above species.

It would also be possible to consider a simpler case where
reaction [2] was of the form M+ C > D + e + M with D being a solution-
soluble final product, so that step [3] is absent. Depending on con-
ditions for the éequence [1]1, [2], [3], this case can give the same
results as those deduced below for the more general three-step

mechanism.

9.2 Calculation Procedure and Values of Parameters

For details about the simulation technique and numerical
methods used, referentce is made, as for previous reaction mechanisms

considered, to Chapter III and Appendix I.

As in all the other reaction mechanisms treated in this
thesis, double-layer effects are assumed to be invariant and are
therefore not included in the equations to be derived in Part 9.3,

except implicitly in the rate constant values, k.

In the calculations, the solution concentrations Cps Co and
Sk of soluble species A, C and E, respectively, were as usual taken as
1 mol 1-1. Both chemisorbed species B and D were assumed to follow
Langmuir isotherms although similar calculations could be carried out

for cases where interaction effects (g # 0) are significant. This

*
For explanation see footnote appearing omn p.139.
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may. be true especially of the inhibiting species B in reéction [1]

" as compared to species D which is maintained at its equilibrium

'cbverage at 211 timeé ﬁhroﬁéﬁ step [3]. The charge for generating
a monolayer by either species B or D was taken as 220 QC cm-2 for
convenience, but for a real system this assumption may or may not
apply. The choice of a different appropriate value for one of the
two electrochemical steps is always easy. The symmetry factor, B,

was again taken as 0.5.

The standard electrode potential for the inhibiting
reaction [1], Ei, was chosen to be 0.2 V for computational convenience

while that for the Faradaic process,EE,was taken to be 0.0 V. 1In

order to maintain the coverage of species D very small (e.g., GD = 10_6)

it is necessary to have the forward rate constant for the chemical step

: kyrrr,3

6 A .

kVIII,S >> kVIII,-3 (e.g., E;;;;f:; =10"). If it is desired to keep
3

GD at a constant equilibrium value during the sweep experiment in the

potential region of interest, then the backward rate constant of the
chemical step [3] must still be greater than the forward rate constant

for the electrochemical step [2] modified by the applied potential,

AV2

. [ L _—‘
Teee kyppr,.3 7> kyppp, o ex@ ).

9.3 Formulation of Kinetic Equations

The total current density, iTot’ observed in a potential
sweep experiment is the sum of il’ the current density for reaction [1],

and i2, that for reaction [2]; hence

i =i, + 1

Tot 1 2 (9-1)
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The currents for the individual electrochemical processes may be

written in the usual way as

aéB . .AVi
1 = — = ! v - - ——
f1 = Qgp = Olkyppp,g oy (1-85-6p) exp (<)

Y
" Yyrrr,-1 O exp (- _Elo] (9-2

av, av,
P ' -0 - N - £ -
1y = Qlkypyy,p o (-0570p) exp(g™) = kyprp 6 exp(- 91 (9-3)

The overall rate of change of ©_ with time is

D

de_ ) av, v,
O —— ' - — Otrarem—— — - ———
dt - Myrrr,2 ¢ 198p) exp (%) Yyrrr,-2 O exP - 59

— ' - - -
*y111,3 O * Yy177,-3 S5 (1-95-0)) (-4

Integrating eqn. (9-4) together with eqn. (9-2) yields the coverages

GB and GD at any given time t.

The forward and backward rate constants for reaction [1]

1 =
were taken to be equal, i.e., kVIII,l kVIII,—l' In order to have
i2 = 0 at the standard electrode potential EE, which is also the

reversible potential Er 2 for the Faradaic process since the con-
b

centrations of the solution-soluble species are taken as 1 mol 1--l

T — . 1
(see Part 9.2), then kVIII,Z = kVIII,-Z eD. Since kVIII,3 >> kVIII,-B
and the rate of the chemical step [3] is taken to be much faster than
that of the electrochemical step [2], it is evident that reaction [2]

is the rate-determining step in the overall Faradaic process [2], [3].

o
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The modulating potential, AV, for the anodic—gbing sweep is

given by (cf., e.g., Chapter IV, Part 4.3, p.93)
AV =V ~-E° =V, + st - E° (9-5)
in

where AV1 is referred to the standard electrode potential Ei for the

9 is referred to E; for the

electrochemical step [2]. The Vin value was chosen as 0.0 V, which

surface process [1] and similarly AV

corresponds to the standard (and also the reversible) potential taken
for the Faradaic process. At the same time, this value of Vin is

sufficiently negative in comparison with the value of Ei for the

inhibiting surface electrochemical process [1] that the value of OB in
)

can be assumed to be zero or very near zero at that potential. The

terms b (= £§1 for 8 = 0.5) and R,T and F have their usual meanings

(cf. Chapter IV, Part 4.2, p.93).

9.4 Effect of Sweep-Rate and the Ratio of the Two Electrochemical

Rate Constants on the Current-Potential Profiles

When calculations are carried out for reaction scheme (VIII),
two types of behaviour can develop, depending on the relative values
of the rate constants k1 and k2 for steps [1] and [2], respectively.
The ratio kllk2 determines the current passed in reaction [1] relative |
to that for the overall Faradaic reaction step [2] and this depends
also on the sweep-rate when process [1] behaves reversibly as will be
explained later.

The behaviour for two selected ratios of kl/k2 is illustrated

in Figs. 9-1 and 9-2, where characteristic i-V profiles, namely the
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Tafel plots of V vs. log iTot’ are plotted for a series éf sweep-rate
values ranging from reversible to irreversible behaviour of the in-
hibiting reaction [1]. The curves obtained show the effect of passiva-
tion due to species B on the overall Faradaic process [2], [3]; a
maximum current is reached after a linear Tafel region and with further
increase of potential, the current starts to diminish. The shape of
the passivation curves depends solely on the characteristics of the

inhibiting reaction [1].

If step [1] behaves reversibly then the 1—eB in eqn. (9-3) is

determined by equilibrium or quasi-equilibrium in that step, i,e.,

1-8, = L — » noting that @ << @_,. Under these conditions the
B SAVF D B
1+KI exp (——R'T—)

V-log iTot profile is symmetrical about the maximum current attained

and after a coverage OB # 0.5 has been generated the Tafel slope for
step {2] changes from its normal positive value of 0.118.V limitingly ,

to a negative value of -0.118 V as shown in both Figs. 9-1 and 9-2 for

log E—-= ;3 and -2. However, for higher values of s/kl reaction [1] is
1

driven to irreversibility so that 1-8_ is no longer given by the relation

B
above and the V vs. log iTot profile becomes asymmetrical. A situation
then develops of the kind shown in Fig. 9-1 for log %— = -1 and 0

1
where the inhibited current profile merges into the Tafel line of

negative slope which arises when step [1] behaves reversibly (see curve

for log Ej-= -3 in Fig. 9-1). Other curves of Fig. 9-1 for log %— >0
1 1

never merge into the Tafel line of negative slope over the range of

log i shown in this figure. However, they will eventually merge if

sufficiently low currents had been evaluated at higher potentials for
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the greater log Ez-values. It must be mentioned, however,'that in
general, the negative Tafel slopé need not have the same numerical
value as the positive Tafel slope. This depends on the reaction
mechanism of the inhibiting process, the isotherm for the inhibiting

species, the number of electrons required for its productioanO and

the value of 8.

It can Ee seen that there is only one common Tafel line in
Fig. 9-1, thus giving rise to only one exchange current density, io’
whereas several Tafel lines could be generated for conditions referred
to in Fig. 9-2 where log ;% = 2. Also, it is more difficult to obtain
the limiting Tafel line with negative slope except at very low log %I
values where the current for the inhibiting reaction [1] attains
sufficiently small values not to affect the total reaction current
generated by step [2]. The reason for this apparent anomaly lies in
the ratio of the two electrochemical rate constants kl, for reaction [1],
and kz, for reaction [2]. For the cases where ;i < 1 only one common
Tafel line arises independently of the sweep-rate. Under such condi-
tions, the current density, il, for the inhibiting l-e surface process
is always much lower than the current density corresponding to the
Faradaic process [2] (Fig. 9-1). However, it must be pointed out that
the limiting kl/k2 ratio depends on the difference between the standard

electrode potentials E° and E°, which may vary from one system under

1 2
investigation to another. For conditions where il is comparable with,

or greater than iz, a different V vs. log iTot profile is obtained

when process [1] is reversible (see Fig. 9-2 for log ﬁ—-= -3 and -2).
1
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This effect may be explained easily. When the simple l-e electro-

chemical surface reaction predominates, the currents il and i for

L,p
both reversible and irreversible conditions increase linearly with s

so that the pseudocapacitance values for the two limiting conditions

have certain but constant values as shown in Chapter IV. As in the

case of reaction {1] under reversible conditions, the values of current
and peak current vary but arise at the same potential; also the values

of current for process [2] remain unaltered for a given applied potential
over the same region. However, an apparent shift of the V vs. log iTot
curve, i.e., for the total current, on the current scale, as the sweep~
rate is varied, is seen. For the case where the inhibiting reaction [1]
is irreversible, the effect described above is not observed. The
explanation is that with increasing s, e.g., by 10 times, the current
peak il,p also increases 10 times, but at the same time shifts to more

positive potentials along the Tafel line.

It can be shown that for any given potential the current

density i1 is a constant fraction of the total current density, iTot’
for a given kl/k2 ratio and a given difference between the two standard
electrode potentials, under conditions where both reactions [1] and [2]

behave irreversibly. The equation representing this situation can be

derived and has the following form:

k j
. s 2 AE® _ ;
lroe = 11 1+ kl exp ( 5 )] (9-6) ]
where
AE® = E® - E?° 9-7) !
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Fig. 9-3 shows plots of V vs. log §3 for process [1] under

both reversible and irreversiblé conditions together with the pseudo-

capacitances ills and the reduced total currents iTot/s for a given

kl/k2 ratio with AE° taken as 0.2 V to illustrate the points discussed

above with respect to the behaviour in Figs. 9-1 and 9-2. The main

features of the results shown in Fig. 9-3 may be summarized as follows:

(1) The curve for reaction [1] under reversible conditions

(i1)

(iii)

(iv)

remains invariant and hence does not change in shape with
varying sweep-rate nor does it shift along the potential
scale (Fig. 9-3 for log %I =<3, curve for Cl);

The total currents on the reversible curve for the overall
reaction mechanism (VIII) can increase or decrease depending
on whether the sweep~rate is increased or decreased. This
behaviour arises because the overall Faradaic process is
independent of the sweep-rate applied (Fig. 9-3 for

log EI-= -3, curve for iTot/s);

The shape of the curve for reaction [1] when behaving
irreversibly does not change, but the whole curve shifts to
more positive potentials with (logarithmically) increasing
sweep-rate (and vice versa) (Fig. 9-3 for log ﬁ; = 2, curve
for Cl);

The curve for the overall reaction (VIII) behaving irreversibly
also does not change its shape. However, in contrast to the

case when the overall reaction is reversible [case (ii)

abovel, this curve remains invariant, i.e., reduced currents
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on it do not increase or decrease with changing sweep~-rate;
the whole curve only shifts to more positive potentials with

increasing sweep-rate in the same proportions as the

iTot/S

1
remains constant for a given set of values of kl, k2 and AE°.

irreversible curve for process [l], so that the ratio

This observation is confirmed by eqn. (9-6), which shows that
the ratio of iTot/il is constant, when both electrochemical
processes [1] and [2] behave irreversibly, as discussed

earlier.

9.5 Summary of Conclusions on the Behaviour of Reaction Mechanism (VIII)

and Procedures for Determination of Kinetic Parameters for the Process

The principal features of this reaction mechanism (VIII) may
now be summarized and the bases for determination of the important

kinetic parameters given:

(a) When the inhibiting reaction [1] is in equilibrium, it can
be seen immediately how close are the currents il and 12,
corresponding to the processes [1] and [2], respectively. 1If ‘
the current does not increase or decrease with changing

sweep-rate when the inhibiting reaction [1] occurs reversibly,

then the current corresponding to reaction [1] is much less

than that for reaction [2], i.e., il << i2. If the current
changes with the sweep-rate, then il 2 12 and the change is

more pronounced the larger is the ratio of the rate constants

kl and k2, where kl must be bigger than k2’ From the
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reversible i-V curves, the value of E?, the standard

1
electrdde potential for the inhibiting reaction, may be
obtained;

If both reversible and irreversible i~V curves can be
obtained, then by plotting Vp as a function of log s, the
value of s, can be determined (see Fig. 9-4), (cf. Chapter IV).

From the S, value, the rate constants ki = k_l can be calcu-

lated using the equation
s =bk (9-8)

If there is no shift in the current with changing sweep-
rate under conditions where process [1] remains reversible,

then the rate constant k! for the Faradaic reaction [2] can

2

be determined from its exchange current density, io 2 in the
3

usual way. It should be pointed out that for process [2]

ké = k_2 eD. This means, therefore, that the value of k_2

cannot be determined unless the value of 6_ is known;

D
The standard electrode potential, E;, for process [2] may be
determined provided that il << iz. If, however, the value

of il is comparable with i2 (see Fig. 9-2) then the value of
E; can only be determined from the curve when the inhibiting
reaction [1] behaves reversibly. Then by lowering the sweep~
rate to a value sufficiently small that eventually the con-
dition i1 << i

possible;

9 will be reached, determination of E; is

If the current shifts (see lower left-hand region of
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 Fig. 9-2) with change of sweep-rate under conditions when

process [1l] remains reversible then the rate constant ké

cannot be determined from the exchange current value. When
such conditions prevail, then from the irreversible i~V
curves alone, only the Tafel slope and an apparent J'.o’2
value can be calculated. The value of ké may, however, be

determined if the peak current :‘L1 P is known for the l-e
’

electrochemical reaction [1], or in general for any inhibiting

reaction under irreversible conditions. Then, using eqn.
-6 A e . . .
(9-6), where i, is now taken as ll,p and lror 1S equal to

i , the rate constant k] for the Faradaic process may
Tot,p 2

be evaluated. The values of kl and AE° (=Ei - EE) are
assumed to be known from the calculations referred to in

procedures (a), (b) and (d) above;

Finally, it may be noted that no kinetic information can be
obtained in the present analysis for reaction [3] because
this reaction is assumed to be very rapid in this scheme

and is hence not a rate-determining step in the overall

Faradaic process.
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CHAPTER X

MONOLAYER FORMATION BY A NUCLEATION AND

GROWTH MECHANISM

10.1 Introduction

In Chaﬁter I, Part 1.6, it was pointed out that growth of
a monolayer could occur not only by the random deposition of particles
on a lattice of sites on a substrate surface (Langmuir model), but
also alternatively by lateral growth from nuclei formed, or initially
present, on a surface. These nuclei are usually groups of neighbouring
atoms on a surface plane or other defects in the substrate surface.

The two mechanisms are basically different, so it is of interest and
importance to be able to distinguish when one or other of them is
involved in a kinetic study of monolayer growth.

Since much of the existing experimental work on monolayer
growth and stripping has been carriéd out by the potentiodynamic method,
it is necessary to establish criteria by which a nucleation and growth
mechanism, if it were involved, could be recognized in the current-

potential response generated by a potential sweep.

In the present chapter, therefore, the current-potential

*
(i-V) profiles will be examined which result from application of a

*In a number of places in this chapter, the terms "C~V profiles" and
"i-V profiles" have been used interchangeably. As in previous cases
discussed, the C-V profiles are simply plots of reduced currents,
i/s, and thus have the units of capacitance per cm“.
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linear potential sweep to an electrode at which nucleation of two-
dimensional growth or removal of an ad-layer by a similar process of
nucleaticn of holes can occur. The diagnostic features of the potential-
sweep behaviour for these mechanisms which will be of interest are:

(a) the shapes of the i~V profiles, (b) their dependence on sweep-rate,
(peak potentials and peak currents) and (c) the half—width93 of the i-Vv
profiles. Comparisons with the results for a regular surface process
(cf. ref. 90 and Chapter 1IV) occurring at random with no nucleation

control will be made.

The characteristic forms of potentiodynamic current-potential
profiles for a simple l-electron surface reaction have been previously
treated in Chapter IV in relation to the results of other authorsgo.

In such processes, random electrodeposition or desorption of the
electro-active species occurs at a rate controlled by (a) coverage ©

or free area 1-8, (b) potential V in the sweep and (c) the value of any
interaction or surface heterogeneity factor g31’33.

The investigation of nucleation-controlled growth of electro-
deposits cannot conveniently or practically be made by steady-state
techniques. A.C. impedance, galvanostatic and potentiostatic pulse
methods have therefore been employed (see Chapter I, Part 1.6) but no
analysis has been made of the potentiodynamic current-potential profiles
corresponding to formation of a surface layer by a nucleation and growth
process. Such a two-dimensional surface process can be deposition of
a species up to a monolayer or desorption of a species, e.g., in
reduction of a surface oxide or electrochemical oxidative desorption

of metallic monelayers.
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Features which distinguish nucleation and growth in monolayer
formation from random electrodeposition (Langmuir case) treated in

Chapter IV will be emphasized.

Two main mechanisms will be considered: one where the growth
occurs from a fixed surface density of nuclei and the other where growth
occurs from a potential-dependent density of nuclei. Computer simula-
tions and some aﬁalytical derivations of the kinetic behaviour for these
two cases are made and the characteristic kinetic features of the pro-
cess for the two conditions and two mechanisms are deduced, enabling
the latter to be distinguished in terms of experimentally accessible

criteria.

The extent of reversibility of the processes can be usefully
expressed in terms of a limiting sweep-rate parameter, S,» which is
related to the rate constants for nucleation or growth and the surface

density of nuclei.

The kinetic behaviour of a surface process involving the
deposition of a two-dimensional surface film by a nucleation and growth

mechanism under potentiostatic step control conditions will also be

treated for comparison, since the latter method has some advantages

if it is known that a nucleation and growth mechanism is involved.

10.2 Model to which Simulation Calculations are Applied

The growth process in two dimensions is assumed to proceed
from a number of nuclei in a series of expanding circles which eventually

overlap, the growth continuing at the remaining perimeters of the non-
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overlapping parts of the circles. Such a model was employed by Evans115
in his treatment of grain-size of metals and development of surface
films of corrosion products on metal surfaces. The procedure of
Evans was used and adapted to the case of electrochemical surface

reactions.

The model can be applied to the development of a monolayer
of a new phase by an "island growth process" (Fig. 10-la) or to the
electrochemical removal (stripping) of species from an initial monolayer
by a "lake growth process" (Fig. 10-1b). The two cases are mathematically
identical except that for the stripping case in the text to follow, ©
should be identified with the fraction of the surfacé on which holes

have been generated.

The following reaction mechanism (IX), consisting of two

processes, is considered:

nX* ——jl—é Xn * ne (for nucleation) [1]
. (1)
+ IX,1

X +mX W& s—=—=t=> y * me (for growth) [2]

n 1x,-1 °®

where X+ represents the species in solution, n and m are the number of
species involved in each reaction step. Xn is the number of species X
deposited on the surface in a nucleus of critical size which can grow
and Xn+m is the number of species deposited on the surface at a given
time after growth of the critical nucleus has started. Reaction pro-
cesses [1] and [2] are: (a) electrochemical steps involving cathodic
deposition of metal atoms or anodic formation of a film, or (b) genera-

tion of holes in an existing film.
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The case of a l-electron anodic process will be considered in
the derivations to follow. It will be assumed that the electrochemical
reactions are rate-determining, i.e., no diffusion limitation.exists.
The concentration of the species in solution X; will be taken as 1 mol 1—l
and included for convenience in the rate constants (see footnote p.96).
It is assumed that nucleation occurs randomly on the surface and n(=1)
is the number of atoms in a nucleus. Taking a more realistic model of
several atoms (cf. ref. 117) in a nucleus will introduce only a small
change in the scale of reversible potential to which the potential V in
eqn. (10-1) is referred. The reversible potential for nuclei will
strictly vary continuously with added atoms until the value for the
complete two-dimensional phase is attained but probably a nucleus can
already meaningfully be defined as 2 or 3 atomsll7. Choice of n=1
greatly facilitates the mathematical representation and solution of
problems to be considered below and will not significantly affect the
forms of potentiodynamic profiles to be calculated for various con-

ditions of the subsequent growth at nuclei. Then the nucleation rate

j which is proportional to the free surface (1-9) is

3=5 =009 e (10-1)

where £ is a normalized nucleation rate parameter [including unit

concentration (see footnote p. 96)] expressed in number of nuclei
-2 -1 . . 2 ,

cm sec ', N is the number of nuclei on 1 e¢m” of the surface, 0 is

the fraction of the surface which is covered and b = %%; also R,T,F,t,V

and B have their usual meanings (cf. Chapter IV, Part 4.2). 1In eqn. (10-1)
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the back-reaction of the nucleation process can be neglected because
QN’ the fraction of the surfaée covered by nuclei, is extremely small

in comparison with 6.

The growth rate of a circle in mol sec“l at which deposition
is occurring, w = g%, will be proportional to the number of moles M
placed on the surface phase boundary per unit time, i.e., at the

circumference 2mr of the growing circles; thus, for 8 = 0.5

5
i
&

- §Nl; k) exp @) - k_; exp(= )] (10-2)

where § is the diameter of deposited particles assumed to be spheres,
* .

kl and k__l are the forward and backward rate constants of the growth

reaction [2] and NA is Avogadro's number. The current density, i, for

the growth process is then
. do
i=Q T = 2FwN, (10-3)

Q being the charge for monolayer formation and z is the number of
electrons exchanged in the reaction (taken as 1). The time-dependence
of 8 due to growth of randomly generated, expanding circles of the
electrodeposited species is given from the basic equation of Evans115
using the concept of expectation number %. In Evans' method, Poisson's
formula is used to calculate the statistical random distribution of
growing circles and the probability P that a given point on the surface
is not covered. This probability is directly related to the fraction

of the free surface, 1-6, i.e.,

* -
For convenience, ky; will contain unit concentration of X in solution

(see footnote, p. 96) and is thus a rate parameter rather than a rate
constant.
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l1-90=P= exp(—ﬁ) ' (10-4)
and

~
6 =1 - exp(-E) (10-5)

Then, using eqn. (10-3), the current density is obtained as

4"
, de V. dE
1=Qf=0encn £ (10-6)

N N
E is found by integrating all the elementary contributions, dE, due

to annuli of breadth dr situated around a nucleus at radial distances

r where d% is defined as
N .
E = N 2mrdr (10-7)
ft
The integration is made over all values of r from zero to r = J vdt,
o

d

where v is the radial velocity of growth of the expanding circles

given by

v = %tr- = alk, exp) - k_, exp(- %) ] (10-8)

In this equation, o is a factor related to the size of deposited

atoms in cm which converts rate of deposition (terms in square
brackets) to radial rate of circle growth. As will be shown later,

it can easily be calculated from the potentiostatic case (see P.190).
It enables the rate of growth expressed by the term in square brackets
in eqn. (10-8) in sec—l to be converted to a radial growth rate

. -1
expressed by v in cm sec .

The process of nucleation and growth is, of course, potential-

dependent as can be seen from eqns. (10-1) and (10-2). Various cases




h
5
H

]

L R T O AN RO L A,

T L AT R (e St 1 : AN TR L MM AT ¥ A NI I e e L ST R, Y AT

- 185 -

can therefore be developed, depending on experimental conditions for
monolayer formation. The behaviour under (i) potentiostatic (V = constant)
and (ii) potentiodynamic (§¥-= constant) growth conditions will be dis-

cussed here for the cases of:

(a) constant initial number of nuclei No’ j = 0y

(b) potential-dependent number of nuclei NV’ 3= £();

(c) or the special condition where the number of nuclei in-
creases in a potential-dependent way from a certain initial
number of nuclei N0 present on the surface to a number ‘

N = No + NV.

Practically, the cases of importance are growth from nuclei which are
generated at a potential-dependent rate j, and growth from an initially
established density of nuclei, No’ with continuing generation of nuclei

at the rate j.

10.3 Calculation Procedure and Values of Parameters

Numerical calculations for the various cases considered above
were carried out on an IBM 360, model 65, computer using the "System/360
Continuous System Modeling Program" - S/360 CSMP as in all the other
computations of the various reaction mechanisms studied. Again, the
fourth-order Runge-Kutta method was employed to solve the differential
equations pertaining to the reaction mechanism (IX). Various values of
rate constants and other parameters were used. While they were chosen
arbitrarily but in reasonable ranges in relation to experimental be-

haviour, the main purpose of the calculations was to establish the



- 186 ~

forms of current-potential and current-time relations, and to derive
properties of the curves which are independent of arbitrarily chosen

values of parameters.

In all the calculations, the total number of available sites,

Ns’ per cm2 of surface was taken as 1015, which corresponds to

Q 160 ucC cm-2 and to §, the diameter of the adsorbed species, being

§ = (%;91/2 = 3.162 X 10_'8 em, assuming a (100)-plane geometry of the

[

substrate surface. The conversion factor o which arises in eqn. (10-8)

will then be q = Elg = 3,162 x 10"8 cm according to eqn. (10-23) (see
s

1 -1’
is chosen such that (kl)2 =1,0 x 10—3 which gives kl = k_l = 3.162}(10_2 sec_l

below). The value of the rate constants for reaction [2], k., = k

and akl = 1.0 x 10—9 cm sec-l. In most cases, the values for No and Q
are selected so that the number of nuclei on the surface in cases (a)

and (b) remain of similar order during most of the formation of the
monolayer. The potential scale is defined with respect to the reversible
potential Er of the growth process taken as zero as a reference value.
The activity of the species deposited in the growing circles is assumed
to be unity, as for bulk material, so that Er is independent of circle
radius. Thus the potential V is numerically equal to the overpotential
n. The standard electrode potential, E;uc.’ for the random deposition
process of nuclei (reaction step [1]) and the initial potential, Vin’

in a sweep are both taken equal to Er(=0; see above),
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Growth from an Initially Established Density of Nuclei, No -

Case (T)

10.4.1 Potentiostatic conditions - Case (I-1)

10.4.1.1 Formulation of an expression for the current density

This case will correspond to the following potential pro-

gramme imposed on the electrode:

Potential

Time

The initial conditions are:

at t = 0, N=N
o

and during the process of growth

j =0, V= constant, v(V) = constant

Eqn. (10-7) can now be integrated taking into account that, from

eqn. (10-8),

dr = v dt (10-9)
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and
‘r = vyt (10-10)
Hence
n r(t) 9 [t
E = 21rN0 f rdr = 2nNov f tdt (10-11)
o o
The integration can be performed, viz.
Y
E = o vt (10-12)

so that the current demsity can be calculated from eqns. (10-6),

(10-11) and (10-12) as

i= QZﬂNOvzt exp(-nNovztz) (10-13)

10.4.1.2 cCalculation of the current peak parameters

For interpretation of results obtained for surface processes
it is usually useful to evaluate the properties of the transient at

its peak.

For small t, when nNovzt2 << 1, eqn. (10-13) can be approxi-
mated by

2 2

1= Q2eN vt (1-mN vt (10-14)
o o

+ .000) = QZWNovzt

i.e., at the beginning of circle growth, before overlap occurs, the
current density is proportional to time. However, when the circles
begin to overlap, the current will increase more slowly and with more
circles overlapping it will eventually diminish giving rise to a peak

on an i-t plot (Fig. 10-2). It can be shown that the maximum current
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density ip is inversely proportional to the time tp, at which the
maximum occurs after initiation of the growth process.

di

At the peak, ac = 0; thus by differentiating eqn. (10-13)

and equating the result to 0 for t = tP

2,2 _
1- ZWNOV tp = 0 (10-15)
is obtained, from which
A e (10-16)
P ZFNOV

and by substituting tP in eqn. (10-13) the corresponding peak current
density can be found as

1
1 Q eXP(‘ E)

xp (- 59 = "
p

2,1/2 o

ip = Q(ZWNOV (10-17)

It can be seen that

iptp = constant = 0,607 Q (10-18)

The coverage, ©, for this case can be found from eqns. (10-5) and

(10-12) as
2.2
6 = l—exp(-ﬂNov t7) (10-19)
Then, for t = tp, the interesting result is found that the coverage

to the peak Gp is constant, independent of the number of nuclei and

of the growth rate:

6, = 1 - exp(- %) = 0.394 (10-20)
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From eqns. (10-18) and (10-20), it is evident that the product iptp
and the charge to the peak expfessed as ep is always the same, regard-

less of the state of reversibility in reaction [2].

10.4.1.3 cCalculation of the conversion factor o [eqn.(10-8)]

The conversion factor o can be easily calculated by con-
sidering the conditions for small t and expressing the current density

by eqns. (10-3) and (10-14), taking z = 1,
. 2
i= FwNo = QZWNOV t (10-21)

Substituting w from eqn. (10-2) and taking in account that r = vt as

well as using v from eqn. (10-8) enables
2mr v LA v, _¥ }
F o, [kqer@) - kjem(- 91 = @mralkyexp@) - k_jexn(- D] (10-22)

to be obtained from which

NS
5N,

o = (10-23)

1
NG§
s

Pl Lo

l/NS being the area in cm2 of a deposited atom on the surface.

Assuming sphericity of deposited atoms and a (100) substrate plane,

1 2 i

N = 8", so that
s

a =26 (10-24)
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10.4.2 Potentiodvnamic conditions - Case (1-2)

10.4.2.1 Formulation of an expression for the current density

This case corresponds to the following potential programme

imposed on the electrode:

Potential

_—

Time

Eqn. (10-7) will now be integrated for the following

conditions:
for t =0 N = No
r=20
and
j=20

For the case of an anodic-going sweep, the modulating

potential, AV, which is equal to the overpotential, n, is given by

AV = Vin + st - Er =n (10-25)
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av
dt

and Er is the reversible potential of the growth process (see defini-

where Vin(=0) is the initial potential in the sweep at a rate s =

tion on p.186).

The potential-dependent radial rate of growth of circles

in this case is written from eqn. (10-8) as
- dr _ Ny -1 -
v = dt = a[kl exP(b) k_l eXP( b)]’ (10 26)

Eqn. (10-7) has the form

" t t
E = ZwNo f v(f vdt)dt (10-27)
o o

and the current density is given by

t t t
i= Q2ﬂN°v(j vdt) exp[--ZTrNo f v(f vdt)dt] (10-28)
(o] (o] [o]

Eqn. (10-28) cannot be integrated analytically. However, numerical
integration can be easily performed and results are shown in Fig. 10-3
where the derived currents are shown in terms of the pseudocapacitance
C(= %) plotted as a function of potential for various values of the
%— (ﬁ;)z, which is, as was shown earlier (see

0

Chapter IV), a measure of the extent to which the reaction is driven

reduced sweep-rate

to a condition of irreversibility.

10.4.2.2 Calculation of the current peak parameters

The values of the peak potential, Vp, coverage to the peak,

Gp, and the pseudocapacitance at the peak, Cp, can be determined
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analytically for conditions under which the sweep-rate s 'is large
enough to drive the reaction [2] to a condition of irreversibility;
then the back-reaction in eqn. (10~26) can be neglected, which make
the analytical integration of the first integral in eqn. (10-27)
possible:
t b Vln Er

f v de = ok 2 exp(EEE) fexp ()1 (10-29)
0

For irreversible conditions, expCE%D >> 1; hence eqn. (10-29)
can be simplified to

t
f v dt = ok
o

b n ' -
By substituting eqn. (10-30) into (10-27) and integrating

again, the expectation number is obtained:

v 2 2 b.2
E = wNoa kl (ED exp( ) (10-31)

The current density can then be calculated from eqns. (10-6)

and (10-31) as

2 2b 2

= QZWNOa kl xp( U exp[- ™ o k 2 (S) exp(%ﬂﬁ] (10-32)

In order to determine the peak values Vb, ep, and Cp,

eqn. (10-32) is differentiated w.r.t. time t giving, for the behaviour

at the peak:
di 2,2 b2 2
F= 0= ® 2 e @D expl-mi o, @° exp(H]

2 - 2N o’k 2 2 e xpED ] (10-33)
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From this equation, the potential Vp for the peak is readily obtained

as

V -E =bln>-blna-Lbinmn (10-34)
P r bkl 2 o
The dependence of VP on sweep-rate s is seen to be the same
(see Chapter IV, Fig. 4-2) as for the l-electron surface reaction
(Langmuir case irreversible conditions), viz. the Vp will shift 0.118 V

per decade of change of s (Fig. 10-4).

The coverage to the peak, Gp, can be found by substituting
N ‘
eqn. (10-34) into (10-31). Thus, the result Ep = 1 is obtained and

hence

N
Gp =1 - exp(-E) = 1 - exp(-1) = 0.632 (10-35)

Also, substituting eqn. (10-34) into (10-32), the corresponding ip

can be determined as

. - 2 Qs exp(-1) _ QFs g
1p 5 0.368 RT (10-36)

or

_20Q exp(-1) _ QF _
c = 0.368 == (10-37)

p b

which is twice the value of Cp for the l-electron irreversible sur-
face reaction33 under Langmuir conditions. The dependence on the

peak parameters on the reduced sweep-rate is shown in Fig. 10-4.
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10.5 Growth from a Density of Nuclei which Varies as a Function of

Potential and Time - Case (11)

10.5.1 Potentiostatic conditions - Case (I1-1)

10.5.1.1 Formulation of an expression for the current density

The potential imposed on the electrode will have to be high
enough for nucleation and growth to occur simultaneously, as shown

schematically below:

Potential

Time

For this case, the conditions for integration of eqn. (10-7)

are;
fort =0 N=20
r=290
and V = constant
QW) =Q exp(%) = constant (10-38)
v(V) = constant
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Eqn. (10-7) will be written
. t r(t)
E = 27 j (J rdr)jdt (10-39)
o ‘o

which after first integration and substitution of eqns. (10-1), (10-9)

and (10-10) into (10-39) gives

u ¢ 2 2 (* 2

E = nj r jdt = Q' vt J t” (1-9)dt (10-40)
o o

The current density i from eqn. (10-6) can then be written

t
i=qn' vit2(1-8) exp[-m0' v2 J 2 (1-0)dt] (10-41)
. _

Eqﬁ. (10-41) can be solved analytically as follows: The differential

of eqn. (10-40) is

v 2.2
dE = m1Q'v t“(1-0)dt (10-42)

Substituting eqn. (10-5) into (10-42), rearranging and integrating

0y
both sides and applying the boundary condition E=0 at t=0 gives

V]
exp (-E) = —3—2—3 =1-¢ (10-43)
3+ 1mR'vTt

and

2.3
o= IV E (10-44)
3+ mQ'vTe

Differentiating eqn. (10-44) and substituting it in eqn. (10-3) for

the current density,

. 9nQ'v2t2
1=Q 232
(3 + 1Q'vtT)

(10-45)

is obtained.
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The potentiostatic i-t profiles which can be obtained either
numerically [eqn. (10-41)] or analytically [eqn. (10-45)] are shown

in Fig. 10-5 for various values of the overpotential, n.

10.5.1.2 Calculation of the current peak parameters

The peak quantities ip, tp and ep are determined in the usual

way be differentiating eqn. (10-45), i.e.,

. , 2
di _ . q_18m =5 Gt - vt (10-46)

de (3 + T'ved)

The condition of eqn. (10-46) being zero is satisfied by

either:
(1) t=0 giving i=0 which corresponds to initial conditions;
or
(ii) t = (—3'—5)1/ 3 (10-47)
2tQ'v

for the maximum current density ip. ip is obtained by substituting

eqn. (10-47) into (10-45):

2
. _ 2, 2mv51/3  2.Q )

A general relation as for the preceding potentiostatic case,

[eqn. (10-18)], is obtained for the iptp product from eqns. (10-47) and

(10-48); thus

2
it =% {10-49
and from eqns. (10-47) and (10-44) for the coverage to the peak

0 = % (10-50)

As before, these two values are independent of kinetic parameters of

the reaction.
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10.5.2 Potentiodvnamic conditions - Case (II-2)

10.5.2.1 Formulation of an expression for the current densitvy

For this case, the potential programme will be as follows:

Potential

Time

and the conditions for integration of eqn. (10-7), which will have

the form
" t  rr(t)
E=2q f (f rdr)jdt (10-39)
o o
are:
for t =0 N=20
r=20
and Jj=£W
v = £(V)
AV = Vin + st - Er = 7 (10-25)

After integration of eqn. (10-39) with respect to r and substitution

q
g
A
]
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of eqn. (10-1) for j, the equation for the expectation number is

" t t 9 n
E = 7m0 f (f vdt) " (1-8) exp(EOdt (10-51)
o ‘o

and from eqns..(10-51) and (10-6), the current density is given by

t t
= Qwﬂ(l—e)exp(b)(f vdt)zexp[-nﬂ f (l—e)exp(EJ (f vdt)zdt] (10-52)
o ) o

which can only be solved numerically. The results of the numerical

integration are plotted in Fig. 10-6 as C versus V for various wvalues
3

of the. reduced sweep-rate which, for this case, is

lez

For conditions under which the sweep-rate svis sufficiently
large to drive the reaction [2] to a condition of irreversibility, the
back-reaction in eqn. (10-26) may obviously be neglected. The inte-
gration of the inner integral in eqn. (10-51) then becomes possible
yielding the result given by eqn. (10-30) (p.193). Substituting

eqn. (10-30) into (10-51) gives:

t
E ™o k (—0 f (1-6) exp( )dt (10-53)
o

and from eqns. (10-6) and (10-53) the current density

i= QwQaZk 2(")2(1 e)exp(——)exp[-mazk 2(")2 f (1—9)exp( Myae]  (10-54)

[o}

is obtained.
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10.5.2,2 'Calculation of the current peak ‘parameters

The values of Vb, Gp and ip can be found analytically, as
in the preceding case [Case (I-2)], for reaction [2] being irreversible.

Knowing that the differential form of eqn. (10-53) is

"
dE = mQa> klz (ls’-)2 (1-6) exp(-g—n)dt (10-55)

the coverage © cah be found by substituting eqn. (10-5) into (10-55),

rearranging and integrating both sides, taking the boundary condition

Y]
E = 0 at t=0; the result is

1 2., 2 b3 3n
CRRAL G exp (3-)

1 2 2 b 3n)

- 3
1+§n'§20t kl (-g) exp(-];—

(10-56)

By differentiating eqn. (10-56) and substituting into eqn. (10-3),

the current density is obtained as

nQaz kl2 (292 exp(%ﬂ )
i=4qQ (10-57
i 2. 2 b3 3n,,2
[1+ 3 TR kl (S) exp(b ) ]
from which the parameters for the maximum of the function can be
found in the usual way. They are
- s_2 -1 s -
Vp - Er =b 1In b "3 b 1In akl 3 b 1In 3 (10-58)
and
i =38 . QFs -
lp 7 b 0.375 RT (10-59)
or :
=39 5 9F 10-60
Cp % b 0.375 RT (10-60)
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while from eqns. (10-56) and (10-58)

6 = 0.5 (10-61)

The dependence of the peak parameters on reduced sweep-rate is

shown in Fig. 10-7.

10.6 Growth from a Density of Nuclei which Varies as a Function of

Time Only - Case (III)

10.6.1 Potentiostatic conditions - Case (I1I-1)

The fact that the potential is kept constant makes this case
identical with the Case (II-1) (see Section 10.5.1) discussed earlier,
the only difference being that now "Q' = constant", will be potential-

independent.

10.6.2 Potentiodynamic conditions - Case (III-2)

Because of the relatively large change of potential during
a normal sweep experiment, a nucleation rate dependent only on time,
rather than on potential, was considered unrealistic and was hence

not investigated.
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10.7 Growth from a Density of Nuclei which Varies as a Function of

Potential and Time with Some Initially Established Density NO -

Case (IV)

10.7.1 Potentiostatic conditions - Case (TV-1)

For this case, the potential pProgramme is:

Potential

Time

and the initial conditions are:

at t=90 N=N
o
r=20
and V = constant
‘s
Q') =@ exp(%) = constant
v(V) = constant

For this case, the expectation number [eqn. (10-7)] will be the sum
of the expectation numbers for Cases (I-1) and (I1-1), i.e., from

eqns. (10-11) and (10-39):
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" r(t) t  rrt)
E = 2mN_ f rdr + 2m f (f rdr)idt (10-62)
[o] (o] 0

and the current density will be the sum of current densities for

Cases (I-1) [eqn. (10-13)] and (II-1) [eqns. (10-41) or (10-45)], viz.

2.2
InQ'vt
] (10-63)

3+ 71Q'vt?)

2

i= Q[ZﬂNOV t exp(-wNovztz) +
Fig. 10-8 shows a comparison of i-t curves generated by
the equations for growth from an initial number of nuclei N° cm-'2 with
continuing nucleation at a rate j. For NO < lO6 cm—z, the i~t profile
under the chosen conditions is independent of the number No of any
nuclei initially present, €.g., generated by a previous potential
pulse; i.e., the process is controlled mainly by growth from new
nuclei generated at the rate j. The dashed line in Fig. 10-8 shows
the form of a potentiostatic i-t transient that would arise from a
random surface process without nucleation33. In the nucleation the

i-t transients show a delay in the rise of i in comparison with that

in the i-t curve for a regular surface process, as expected.

e o e e+ o e e e+ e o -
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10.7.2 Potentiodynamic conditions - Case (IV-2)

The potential programme is:

Potential

Time

and the initial conditions are:

at t=20 N =N
o
r=20
and AV = Vin + st - Er =7 (10-25)
j=£(V)
v = £(V)

As in the potentiostatic case, i.e., Case (IV-1), the expectation number
will be the sum of the expectation numbers for Cases (I-2) [eqn. (10-27)]

and (II-2) [eqn. (10-51)]:

" t t "t t 2
E = ZnNo f v(f vdt)dt + 1 j (I vdt) " (1-8) exp(%)dt (10-64)
o

0 o

and the current density the sum of the current densities for the above

two cases from eqns. (10-28) and (10-52):
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t t t ’ v
i= Q{ZWNOV (f vdt) exp[—ZWNo J v (f vdt)dt] + wQ(1-8) exp(%)
o o o

t 2 t n t 2
-(f vdt)” exp[-mQ f (1-8) exp(BD(f vdt)” dt]} (10-65)

(o} 0 [o)

Depending on the relative values of No or Q, one term or the other in
eqn. (10-65) will predominate. If the first term involving No pre-
dominates, asymmetrical i-V curves arise while if the term involving
 predominates, symmetrical curves are generated. When both terms
are of comparable importance, intermediate shaped curves are observed.

These effects are illustrated in Fig. 10-9.

10.8 Discussion

The characteristic features of the nucleation and growth
process for the various cases presented are summarized in Table 10-1
where the corresponding potential programmes imposed on the electrode
are schematically illustrated. Also the initial conditions for the
calculations are listed, as well as the appropriate numbers of the
key equations used in the text for the expectation number E and the
current density i for each case. Finally, the values for the peak

parameters Vp, 1p’ Cp, tp, AVl/2 and Qp are also tabulated.

10.8.1 Behaviour under potentiostatic conditions

As was shown for constant-potential conditions, the current
density for formation of a monolayer by the nucleation and growth

mechanism [Cases (I-1), (II-1) and (ITI-1)] goes through a maximum.
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Conditions and_Characteristic- Parameters for the Kinetic Beh

aviour of a Nucleation and

Growth Mechanism of Monolayer Growth under Potentiostatic and Potentiodvynamic Control

POTENTIOSTATIC CASES (V = constant)

J
POTENTIODYNAMIC CASES (g% = constant)

ITEM
. _ Cases (II-1) and - _
Case (I-1) (111-1) Case (I-2) Case (I11-2)
Potential
Programme
S s g g
= -— -— o
3 g g 2
& & & a
Time Time Time Time
Initial N = N° N=20 N. = No N=20
conditions r=0 r=0 r=20 r=20
=20 Q' (V) = constant Q=0 Q' = £(V)
v(V) = constant v(V) = constant v = £(V) v = £(V)
Equations used for:
oy
E (10-12) (10-40) (10-27) (10-51)
i (10-13) (10-41), (10-45) (10-28) (10-52)
Current peak
parameters
s s
vp - Er - - b 1n 5 b 1In ukl b 1n N
- % b In nNo ~ % b 1n akl
1 0
-3 b1l 3
1
QP 0.394 3 0.632 0.5
- - QF QF
Cp 0.368 RT 0.375 RT
Q. 29 QFs QFs
ip 0.607 S 3t 0.368 RT 0.375 RT
P P
1 1/2 3 1
t 2t/ e - -
P Y 21ty
it 0.607 Q L - -
PP ’ 3
AV - - 0.063 Volts 0.060 Volts
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The peak current of the asymmetrical profile observed on i—t plots

(Figs. 10-2 and 10-5) is inversély proportional to the time tp at

which it occurs [see eqns. (10-18) and (10-49)]. The presence of this
characteristic peak makes it possible to distinguish a mechanism of
nucleation and growth from one-of random deposition in monolayer formation
(or desorption in monolayer stripping) in which, at constant potential,
the current density will decrease continuously with time, (Fig. 10-10),

due to the effect of diminishing free surface (1-6).

As can be seen from Table 10-1 and Figs. 10-2, 10-5, the
shapes of i-t peaks for the two potentiostatic cases [(I-1) and (II-1)]
differ very little (for these calculations, the values of No and Q were

chosen so that the number of nuclei on the surface growing during mono-

layer formation was of the same order in both cases). For the Case (II-1),

with the number of nuclei increasing with time and potential, the peaks
are, as expected, higher and narrower, and occur earlier than for the
case where growth arises from a constant number of nuclei No [Case (I-1)],
but the differences dependent on No and Q are not large enough to be of
diagnostic value. Also the values of Gp and the preduct iptp which are
independent of No and the kinetic parameters, do not differ enough to

be used as criteria for identifying cases [see Table 10-1; egqns. (10-20),
(10-50) and (10-18),(10-49)]. The principal feature which distinguishes
the two cases is the more rounded shape of the peak with a shorter foot
for Case (I-1), and the more concave form of the flanks of the peak for
Case (II-1) together with a relatively long tailing of the current

(see Figs. 10-2 and 10-5).
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10.8.1.1 'The kinetic parameters of the process

The dependence of ip én overvoltage n -~ the measure of the
irreversibility of the growth process - is shown in Fig. 10-11l. For
the two cases considered, a relation of the Tafel type (cf. ref. 33
and Chapter IV for the behaviour of the l-e surface process) is
obtained, giving for irreversible conditions in reaction [2] a straight
line having a sldpe 57%3. Although the intercept of these lines at
n = 0 will not lead to the individual kinetic parameters for the nuc-
leation reaction [1] and for the growth process [2], it can yield a
compound kinetic parameter which is usefully characteristic of the

overall process (IX).

For growth from a constant number of nuclei [Case (I-1)]
under irreversible conditions, the value of the time tp for the peak

Current to be attained may be derived from eqns. (10-8) and (10-16) as

1/2

t =] ] (10-66)
p Z, 2 ___ o
ZﬂNoa kl exp(b )]
or
t = 0.399 exp(- &) (—i—1/2 (10-67)
P b N 2 X 2
o% 1
which with eqn. (10-17) gives for the peak current density
. n. 2. 2,1/2 _
lp = 1,519 Q exp(b)(Noa kl ) (10-68)
and for the intercept in Fig. 10-1la at n =0
) a 2., 2.1/2 _
log lp 0 = log[1.519 qQ (Noa kl ) 1 (10-69)

3




-8 | l l
0.00 0.05 0.10 0.15

7 (Volts)
Fig. 10-11 Plot of log i_ wvs.

p n for potentiostatic conditions corresponding to:

(a) Constant density of nuclei initially present (No = 10lO cm_z)
[Case (I-1)].

(b) Density of nuclei varying with time at a rate characterized

by the rate constant Q = 10/ cm~2 sec_l, [Case (II-1)].
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For Case (II-1) eqns. (10-8), (10-47) and (10-48) will give for the

intercept (see Fig. 10-11b)

2.2m,1/3

log 1 = logi3Zh Q(Qa2k12)1/3] = log[0.853 Q(Qa2k12)1/3] (10-70)

Similar graphs can be plotted for the dependence of tp on n, with a

resulting slope of - i—%s-and intercepts for Case (I-1) as

- _ 1/2 2,.2.1/2 - _ 2, 2.1/2
log tp,o = - log[(2m) (Nou kl ) 1 = -log[2.507 (Noa kl ) 1 (10-71)
and for Case (II-1) as
logt, = - 1og[(%)1/3(na2k12 1/3) ¢ . log[l.279(§2a2k12)1/3] (10-72)
3

The kinetics of the process depend, as is seen here, on the parameters
Noazklz and Qazklz, the same as those which determine the irreversibility

of the reaction in potentiodynamic experiments.

It is to be noted that log tp—n graphs are especially useful
because they do not involve any experimental data which have to be

related to the real surface area of the electrode.

10.8.1.2 Reduced current density versus reduced time plots

It is always desirable to be able to express the kinetic
behaviour of a process in a general way that is independent of the
numerical values of the parameters involved. This is possible for
the two Cases (I-1) and (II-1) considered. A unique current density -
time curve which is independent of the values of kinetic parameters
involved can be constructed by plotting reduced current i/ip vs. the

reduced time t/tp.
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When growth occurs from a constant density of ﬁuclei
[Case (I-1)] the equation for the reduced values of current density
as a function of time can be obtained by substituting eqns. (10-16)

and (10-17) into eqn. (10~-13); then

2

i t 1 t
i—— = t—- exp{-z-[l - ('t—) ]} (10-73)
p p P

is obtained.

Similarly, for the case where growth occurs from a density
of nuclei which varies with time at a given potential [Case (II-1)],
the relation between reduced current density and reduced time is
derived by substituting eqns. (10-47) and (10-48) into eqn. (10-45)
and gives

t .2
_ 9(;;0
L R (10-74)
i t . 3,2
P2+ (5]
P

Also, common reduced curves of 6 vs. t/tp will arise for

the two cases. Thus from eqns. (10-16) and (10-19)

o =1 - expl- 397 (10-75)
P

for Case (I-1) and from eqns. (10-44) and (10-47)

t 3

(E;O
e=
t .3

2 + (E—Q

P

(10~76) J

for Case (II-1). |
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These equations show that for a given value of't/tp ratio
only one value of 6 and i/ip results, respectively, for each case

considered.

A convenient diagnostic criterion for distinguishing the
two cases in terms of their kinetic behaviour is to calculate the
values of the reduced currents at half the paak time tp. For
Case (I-1) I- = 0.73 while for Case (II-1) 1= 0.5 at that point.

P P

10.8.2 Behaviour under potentiodynamic conditions: Characteristics

of the i-V profiles for a nucleation and growth process

The dependence of the peak parameters Vb, Cp, GP and the
peak half-width L\Vl/2 on the reduced sweep-rate was shown in Figs. 10-4

and 10-7.

The overall picture is the same for both cases, i.e., the
growth from constant number of nuclei No and from a potential-dependent
number of nuclei: the parameters Cp, ep and AVl/2 have respective
constant characteristic values only for a totally irreversible growth
process. With increasing reversibility, the Cp will increase
(theoretically to infinity) while Gp and AVl/2 will decrease, i.e.,
the peak will become higher and narrower approaching a pulse of current
limitingly under reversible conditions. Hence there is no characteristic
profile for reversible conditions (in practice, other processes will
then control the growth).

For both cases, viz. when N is comstant or is £(V), Vﬁ shifts

0.118 V for every decade change of s when the process is driven to |
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irreversible behaviour, as can be seen from Figs. 10-3, i0—4, 10-6

and 10-7 as well as from eqns.'(10-34) and (10-58).

The intercept of the plot of Vp'xﬁ.log s at V'p—Er = 0 gives
an "overall" rate constant of the process, the same as in the potentio-
Static case. The intercept for the Case (I-2) is given from eqn, (10-34)

by

Ins = ln[bakl(nNo)llz] (10-77)

and for the Case (II-2), from eqn. (10-58), by

- 2/3,r \1/3 ,
1n Sy = ln[b(akl) (3 Q) 1 (10-78)

where b, 7 and o are constants. Therefore the kinetics of the process
will depend on N01/2 k12/2'in the first case and on gt/ k12/3 in
the second. These products correspond to the overall rate constants

for the processes.

The reduced sweep-rate, which is the measure of irreversibility
in a reaction studied by the potentiodynamic method, is the ratio of the
Sweep-rate s to the rate constant of the process in the case of a
simple surface process33. For more complex processes, as e.g. nuclea- |
tion and growth considered here, the reduced sweep-rate characterizing
the kinetics of the overall process will evidently be the product of

all the ratios:

s
b x rate-constant
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which will be %5 for nucleation and EE— for the process of growth
1

while for the growth of the perimeters of the circles it will again

be EEI. Hence the reduced sweep-rate for the overall process will be
s3
bBleZ '
The following interesting comparison can then be made be-

tween the expressions for 1n Sy in terms of rate-constant parameters

for various surface processes:

(1) for l-e random surface reaction (see Chapter IV and also

ref. 33) (one rate process):

=

1n so = T

ln(bkl) (10-79)
(ii) for nucleation and circle growth with a fixed number of

nuclei (two rate processes; deposition in the growth step

and time-dependence of circle radii):

1. .22 2 )
1n s, =3 In(b gy kl nNo) (10-77)

and
(iii) for nucleation and circle growth with a potential-dependent

density of nuclei (three rate processes):

In s =

] In(b3e?k 2 g I (10-78)

1 3

Wl

It is to be observed that the magnitude of 1n S and hence the
reversibility of the surface process, is determined not only by the
rate constant kl but by its product with other system-dependent

pParameters such as a, No and Q.

,N_‘__._‘_Hv
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The relative shapes of the C~V curves for a fixed [Case (I-2)]
and potential-dependent [Case (II-2)] nucleation density are compared
in Fig. 10-12 where a C-V peak for the random l-e surface process is
also shown for comparison. The profiles have been set on the potential
axis so that the peak potentials are at an arbitrary common value on a
relative potential scale. The extents of asymmetry and the AVl/2 values

are to be noted.

The parameter most useful for distinguishing between Cases (I-2)
and (II-2) is Gp, the coverage to the peak under conditions of irreversible
growth. For growth from a constant number of nuclei [Case (I-2)], the
peak is asymmetrical with Gp = 0.63 [Table 10-1, eqn. (10-35)] in con-
trast to the value Qp = 0.50 for the symmetrical peak which arises when
growth occurs from a potential-dependent surface density of nuclei,

eqn. (10-61).

10.8.3 (Criteria for distinguishing nucleation-controlled processes

from random deposition in monolayer formation

The first and experimentally easiest characteristic to
evaluate which is different for the two mechanisms of monolayer forma-
tion is that in contrast to random deposition, the nucleation-controlled

process does not give a unique, constant peak for reversible conditionms.

Secondly, it is useful to compare the shape of the irreversible
i-V profiles for nucleation-controlled growth of a monolayer with that
33,90
3

for the same electrochemical surface reaction proceeding at random

i.e., with a rate determined by 1-6, as well as by exp(* é%) and the
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rate constant. Fig. 10-12 shows such a comparison for the current

peaks generated by a totally irteversible process for the indicated
values of the parameters in a typical case for N = No’ J=0and j = £
with initial number of nuclei N = 0. The C-V profile for the random
deposition case (l-e irreversible Langmuir surface process) is cal-

culated as shown previously (see Chapter IV and ref. 90).

The interesting feature of Fig. 10-12 is that the current
peak for the nucleation case is much sharper than that for the random
deposition case. This is again because the surface process 1is, in a
sense, delayed with respect to changing time and potential by the
restriction imposed by growth at the perimeters of e#panding circles;
however, it is in a sense also "autocatalytic" since in the initial
stages, the more the circles grow (until they overlap), the greater is
the number of perimeter sites at which the electrochemical process can
occur. In the random case, the electrochemical process depends simply
on 1-6, the total free area, at any potential. The peak is consequently
sharper in the nucleation case, the half—width93 being only about 60 mV

instead of 126 mV.

For the Case (I-2), Cp is twice as large as its value for
random deposition under conditions of Langmuir adsorption (see Chapter IV
and ref. 90), Gp is the same and AVl/2 is half. For the Case (II-2), Cp
and AVl/2 are also nearly twice as large and small, respectively, but

ep is different - equal to 0.5, indicating a symmetrical C-V profile.

A comparison of the characteristic features of an irreversible
random deposition process with those of nucleation and growth is given in

Table 10-2.




- 216 -

It is seen that although Cp and AV1/2 for nucleation-controlled
and random deposition processes with high attractive interactions, i.e.,
negative values of g, in the deposited adsorbed layer are similar, the

symmetry of the peaks is different as indicated by ep.

Table 10-2 Characteristic Values of qp, Gp and AV1/2 for Nucleation-

Controlled and Random Deposition of a Monolayer

Mechanism Irreversible random process || Nucleation and growth
g - - - =

Parameter 0 3.8 4 N=N_ N=£ (V)

¢ x 103 1.15 2.00 2.15 || 2.30 2.34

(Farads cm-z)

AVl/2 (Volts) 0.126 0.063 0.060] 0.063 0.060

Gp 0.63 0.71 0.72 || 0.63 0.50
|

Thirdly, an interesting characteristic behaviour arises if
the potential is stepped to a certain value before the potential sweep
is applied, as shown in Figs. 10-13 and 10-14. The C-V response is
shown in the families of curves of Fig. 10-13 for constant nucleation
density No’ and in Fig. 10-14 for a potential-dependent nucleation rate

j according to eqn. (10-1).

In each case in Figs. 10-13 and 10-14, the current ascends
to a peak and descends and the peak potential moves progressively with

increasing the initial potential Vin to which the applied voltage was
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stepped. The peaks in Fig. 10-13 (§ = 0) are all more asyﬁmetric than
the representative ones of Fig. 10-14. for j = £(V) and NO = 0. 1In the
case of the random surface process not requiring nucleation, the
results (Fig. 10-15) of applying the potential programme, shown in
Fig. 10-15 as well is to establish the maximum current density which
can be passed at potential Vin on a completely free surface (1-0 = 1.
The current density is larger than would be the case if the sweep had
been initiated from a lower potential and a certain coverage had been
built up on the surface; the current peaks are correspondingly higher.
Unlike the profiles of Figs. 10-13 and 10-14, the peak currents arise
at the same peak potentials. If the initial potential'Vin is, however,
stepped higher than the normal peak potential, only part of the curve
will be registered and all of the charge is passed beyond the normal

peak of the curve (curve 5 of Fig. 10-15).

The qualitatively different response of the random and
nucleation-controlled process in Figs. 10-13 and 10-14 compared with
Fig. 10-15, thus provides a useful diagnostic criterion for the two

types of surface processes.

Finally, the effect of reversing the sweep before the current

peak is completed (i.e., for i < ip) gives a clear basis for distinguishing

a nucleation-controlled process from the random one. In the case of a
nucleation-controlled surface process, reversal of the sweep before the
growing circles overlap produces a continuing increase of current since
growth around existing nuclei continues along longer perimeters in the

reversed sweep and also nuclei continue to be formed for the case of
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j # 0. This is because in a nucleation~-controlled process; the electro-
chemical process of growth is nofmally proceeding under irreversible
conditions. The results of calculations on sweep reversal at various
potentials in the sweep are shown in Figs. 10-16a,b for constant initial
number of nuclei (j=0) and for j = £(V). A characteristic feature of
Figs. 10-16a,b is that the i~V curves, after reversal of the sweep,
always lie above the i-V profile for the forward direction of the

sweep if sweep reversal is made before the current peak is reached.

For random deposition processes at a surface, as was shown
previously33, reversal of the direction of a sweep will immediately
produce in the reversible case, currents of opposite sign but of the
same magnitude. For irreversible behaviour, the current in the reversed
sweep will initially have the same sign33 but due to the progressively
decreasing free surface the current will always be smaller than that on
the forward direction of the sweep at the same potential (see also

Chapter 1IV).

10.9 Conclusions

Simulation of the kinetic behaviour of monolayer formation
by a nucleation and growth mechanism for different cases shows that
for both potentiostatic and potentiodynamic conditions there are
several useful characteristic features which distinguish this type of
process from the one in which monolayer formation occurs by random

deposition under Langmuir adsorption conditionms.




Fig. 10-16 Behaviour of the C-V profiles for a nucleation
and growth process when the sweep is reversed
at various potentials in the anodic direction
of sweep: s = 1.0V sec_l:

(a) Tor the case when a constant number
N = 7.096 x 1080 ¢
present. Reduced sweep-rate parameter

%— Q}oz = 1.409 x 10°8 v% 2.
o 1

-2 ..
m of nuclei is

(b) As in (a) but for a constant rate of

nucleation characterized by Q = 108 cm_2

-1
sec = and the reduced sweep-rate parameter

3
g - lO_S V3 cm2

2
le \

[The maxima in C for the overall curves in

(a) and (b) have been calculated to arise at
the same (peak) potentials by appropriate |
choice of numerical values for the two cases; i

hence the particular values for No and
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The main features are as follows:

For the potentiostatic case, formation of a current peak
characterized by iptp = constant is observed; a common

curve of the reduced values i/iP and t:/tp can be derived.

For the potentiodynamic case, a current peak is always
observed but has a characteristic shape only for totally

irreversible conditions in the growth reaction [2].

Peak parameters and the half-widths have characteristic

values (Table 10-2).

The overall kinetic constant for the process and the value
of B (or the Tafel slope) for the growth reaction can be
evaluated from the parameters of the irreversible current
peak in the potentiodynamic case and from the peak parameters

ip and tp for the potentiostatic case.
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APPENDIX I

LISTING OF THE COMPLETE COMPUTER PROGRAMME USED_FOR

STMULATION OF CURRENT-POTENTIAI, PROFILES FOR DIFFERENT

REACTION MECHANISMS

The programme appearing in this Appendix (I) is a repre-
sentative one. For simplicity, the programme for a simple l-e
electrochemical reaction is shown. This means that the statements
appearing in Section 3 of the S/360 CSMP programme below are those
for differential equations describing the above mentioned reaction
mechanism treated in Chapter IV. For the various processes con-
sidered, different set of statement cards in Section 3 is needed to
describe the appropriate differential equations necessary to simulate
given reaction mechanisms. Various conditions for a given reaction
mechanism are treated by changing the appropriate variable parameters
(e.g., sweep rate, rate constants, etc.) in the data statements
appearing in Section 2. Also, the execution and output control
statements, which are embodied in Section 4, may change from one
reaction mechanism to another. Hence, the statements appearing in
these three sections refer only to a given reaction mechanism and/or
of particular run in question.

The other sections of the $/360 CSMP programme (i.e.,
Sections 1, 5, 6 and 7) and all the supplied subroutines remain un-

changed for all the reaction mechanisms studied in this thesis.

—
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A detailed description of the overall representative
computer programme, listed on the following pages, was given in

Chapter III.
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APPENDIX IT

DERIVATION OF THE ANALYTICAL EQUATION (4-13) USED FOR

DETERMINATION OF COVERAGE GB b AT THE MAXIMUM OF C-V PROFILES
2

FOR AN IRREVERSIBLE l-e ELECTROCHEMICAL REACTION WHEN g+ 0

Noting from eqn. (4-8) (p. 95) that

de,
B
=3 (A2-1)

Folls

integration may be performed giving

exp[ (1-B)g8_] k.b :
B _ 1 AV
f l_eB deB == exp(—go + IC (A2-2)
RT 1 .
where b = BF (see Chapter IV, p. 94) and IC is an integration
constant. The l.h.s. of eqn. (A2-2) may be evaluated with the aid

of the following formula

f exp (ax) dx = In x + -3%_ 4 (ax)2 + (ax)3
X .

(ax)™
1.1! 2.2! 3.3! n!

e
+ ..o =1nx+ ) SR
n.n.
n=1

Defining l—eB as x [cf. eqn. (A2-2)] so that deB -dx and then

integrating the 1l.h.s. of eqn. (A2-2) gives

dey = -exp[(1-B)g}{ln(1-8y) + ]

1—9B B

f exp[ (1-8)gb;] @ [-(1-B)g(1-8)1"
; }
n.n.

n=1
Substituting now eqn. (A2-4) into eqn. (A2-2), the following

expression is obtained:

(A2-3)

(A2-4)
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© [-Q-8)g(1-9pT" kb o
—exp[(1-g)gl{1n(1-6;) + 7§ } = exp (°3) + IC
n=

n.n! s

IC is evaluated from the boundary condition GB = 0 at t=0 in the
sweep, i.e., when the potential V is V = vin’ the initial potential
in the sweep. Then

. kb AV,
1n(1_eB) = —l—-exp[ (1—8)8][QXPC‘"—_9 T exp (A%)]

Z__Q:L)J:_[(le) 1]

where AV, is defined as
in

- - o
AVJ'.n Vin E

Substituting 1n(l—eB) from eqn. (A2-6) into eqn. (4-8) in
logarithmic form, enables In i to be obtained as

k1b AVin AV
Ini=1InQk; + —— exp[-(1-B)gl[exp(—5—) - exp(5p)] -

n
QB8] -e)™ - 11+ &L - (1-p)ge,

n=1

In order to obtain the value of ip’ Vp from eqn. (4-11) is sub-

stituted into eqn. (A2-8), giving

k.b AV, exp[(l-B)gﬂB p]

. 1 2
In 1 = In Qk) + exp[-(1-g)gl[—~ exp(5—) - 1+(1-8)g(1-8; 5

’

v I-(1-8)gl” n
+ In ﬁ - In[1+(1-)g(1-6; 1] - nzl ?_8_ [(1-e ,p) - 1]

(A2-5)

(A2-6)

(A2-7)

(A2-8)

(a2-9)
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After combining appropriate ln terms and rearranging, and noting that

. y s
for an irreversible process where 7— >> 1,

kl
k.b AV exp[ (1~ B)geB
1 in
T exelgT) << (1) g(1-8, p) (42-10)
it is found that ip is given by
Qs exp[-(1-B)g(l-q; )]
% T A A-Bea-9, 071 ™ Tamea-s )’p
B,p B,p
2 ———E——(i E) L - %, ) - 11} (A2-11)
n=1 '
Comparison of eqn., (4-10) with (A2-11) shows that the
coverage GB P’ corresponding to the peak ip, is given by
exp[-(1-8)g(1-6, )]
e =1 - exp{- »P
B,p 1+ (l—B)g(l—GB )
»P
Z ——L(rll ﬁ) L ra- oy ) - 11} (A2-12)
n=1 *

The above equation (A2-12), which is identical with eqn. (4-13)

(cf. p. 96), was solved numerically by an iterative method until a

convergent solution for op p was obtained for a given g parameter.
H

The results of this derivation were used in Chapter IV to check the

numerical evaluation of QB p as a function of g shown in Fig. 4-7.
3
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APPENDIX III

PROOF OF SIMILARITY OF C-V PROFILES FOR AN

IRREVERSIBLE l-e ELECTROCHEMICAL SURFACE PROCESS WITH g = 0

It is clear from the numerically derived C-V profiles for
the irreversible reaction (I) (cf. Chapter IV, Fig. 4-1), that
they are of identical form, independent of the sweep-rate, s, It
is of interest to prove this.

A new potential scale VSc referred to the peak potential

of any curve will be defined as

v =V =~V (A3-1)
sc P

or in the anodic~going linear potential sweep as

V.. =V, +st-V (A3-2)
sc in P

Substituting eqn. (A3-1) and eqn. (4-2) for an anodic-going sweep

(p. 93) into eqn. (4-8) (p. 95) for g = 0 and writing eqn. (4-8) as

de

i_ 7B _
Q - dt ’ (A3 3)
enables the integration
dGB V_+V -E°
= | k, exp(=—B __y g¢ (A3-4)
1—9B 1 b

to be performed. Thus,
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kb V Y _-E° )
- In (1-6) = = exp(+) + 1I¢' (A3-5)

knowing that Vsc in eqn. (A3-4) contains the term st. The potential

Vp is given by eqn. (4-11), which for g=20 reduce590 to

V. =b ln =~ + E° (A3-6)
p klb

Hence, substituting eqn. (A3-6) into eqn. (A3-5) yields

\'
- 1n (1-8)) = exp(%) + I¢° (A3-7)

The integration constant IC' is evaluated from the boundary con-
ditions @, = 0 and V = V, for t=0.
B in

Then

vV, -V
IC' = - exp(~—B) (A3-8)
Combining eqns. (A3-7) and (A3-8) gives
Vsc V:I.n_V
- ln(l—GB) = exp(—g—O - exp(—-g——jg (A3-9)

Taking eqn. (4-8) in logarithmic form, substituting Vsc

from eqn. (A3~2) and substituting 1n(l-9B) term from eqn. (A3-9),

leads to
Qs Vs Vin-'V v
In i =1n P —b—c- + exp (TR) ~ exp (%) (A3-10)

Defining the initial potential Vin as a scaled potential, viz.

v . =V, -V (A3-11)
sc,in in P

enables the current density, I, to be written in a general form
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Qs Vsc ) Vsc in Vsc
i=g exp[5=+ exp(—2) - exp )] (A3-12)

from which the pseudocapacitance C may be obtained

V

V \' i
c=2exp [£2 + exp 21y _ o 9] (A3-13)

b

This is seen to be a common function of the scaled potential for

any value of s as is also the derivative of the above eqn. (A3-13):

dC_ _QqQ Vsc sc _sc,in V V
v = 77 expl5— + exp(—=2=) - exp (——)] [1"eXP( —=%)]
sc b

Hence all C-V profiles for reaction (I) under irreversible
conditions have a common form.
A similar conclusion was reached by Laviron80 proceeding

in a different way.

(A3-14)
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CLAIMS TO ORIGINAL RESEARCH

The various types of kinetic behaviour which arise in a number of
electrochemical surface reactions involving adsorbed species up

to a monolayer in coverage have been simulated on a computer for
conditions where the reaction is driven by a linear potential

sweep. A general programme for solving the differential equations,
which mathematically describe the electrochemical processes in-
vestigated, has been written using a simulation language "System/360
Continuous System Modeling Program-(S/360 CSMP)". A separate sub-
routine, which embodies the properties of a function generator,

has also been developed using the FORTRAN language.

Simulations of current-potential profiles for a single step, l-e
electrochemical surface reaction under both reversible and
irreversible conditions have been performed for cases where
significant attractive or repulsive interactions arise between

the adsorbed species at the electrode. The effects of reversing

the sweep at various potentials, i.e., various coverages, especially
when the process behaves irreversibly and is associated with signi-
ficant positive or negative values of g, have been derived.
Analytical derivations of characteristic parameters ip, VP and Qp
for irreversible conditions, derived previously by other workers
only for Langmuir behaviour, have been made more general by extension

to the case where adsorption follows the Temkin isotherm.

s it s b et s o

-—
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3. A method for distinguishing between the current-potential profiles

for a simple 1l-e surface proéess and for two surface processes
involving parallel steps, when the electrochemical reactions
involving the adsorbed species occur over the same potential
region, has been developed. The technique used to distinguish the
two processes involves the "kinetic relaxation' properties of the
reaction. This method can be used if one of the adsorbed species
behaves more "reversibly" than the other. The coverages by the

two species involved can also be obtained.

Simulation calculations have also been applied to the case where
a first-order chemical surface step precedes or follows a simple
l-e electrochemical process, thus giving rise to either a "ce" or
an "ec" type of overall mechanism. The current-potential profiles
have been shown to depend not only on the reduced sweep-rate s/k,
but also on the ratio of the rate constants of the two steps.
Comparison with results for the l-e surface reaction has been
made. Methods for determination of kinetic parameters and of the
standard electrode potential values, E°, have been discussed and
it has been shown that effects of holding of the potential,

especially at the end of the sweep, provide information of con-

siderable importance in characterizing this kind of mechanism.

Current-potential profiles for a three-step reaction mechanism
under various sweep-rate conditions have been simulated. The three
stages are represented by an irreversible dissociative chemisorption

step producing two chemisorbed intermediates, followed by two
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parallel electrochemical processes, one of which is assumed to be
completely irreversible and the other reversible. The effect of
varying the ratios of the initial coverages of the two chemisorbed
species on the i-V profiles which result has been demonstrated.

It was also shown that the current-potential profiles depend on
the reduced sweep-rate s/k3 (k3 being the rate constant for the
irreversible electrochemical step) as well as on the ratio kl/k3
(kl being the rate constant of the chemical step for the dis-
sociative reaction at the surface). Methods for determining the
kinetic parameters which are involved in some of the steps and the

E° values have been described.

An exploratory mathematical treatment of the direct logarithmic
growth law which experimentally characterizes growth of oxide films
on metals has been given in terms of a place-exchange reaction.

The potential dependence of the parameters in the rate equation
describing the place-exchange process has been considered. It is
also pointed out that the rate equation must be of zero-order in
the pre-exponential terms and the rate of the place-exchange re-
action should decrease exponentially with increasing quantity of
deposited oxygen species which has undergone the rearrangement if
a direct logarithmic law is to be obtained by integration of the

rate equation.

Current-potential curves for various applied sweep-rates for the
case where inhibition of a Faradaic process occurs by electro-
deposition of a co-adsorbed species from a parallel reaction have

been calculated. It is assumed in the calculations that the Faradaic
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reaction occurs in two steps, the first being the rate determining
electrochemical process and the second one is a fast chemical
desorption reaction. Various procedures for determination of the
rate constants and the standard electrode potential values have
been considered and it was shown how the pertinent information

may be obtained from the Tafel plots.

Simulations of the kinetic behaviour arising in the case of a
nucleation-controlled mechanism where film formation occurs by
growth from nuclei on the electrode surface have been made. The
case of a simple l-e electrochemical reaction proceeding by this
mechanism under potentiodynamic and, for compariéon, under potentio-
static conditions has been considered. The characteristic parameters
such as ip, Vp, ep and tp’ which arise from various assumed con-
ditions have been derived analytically for all the cases. In

these derivations, the statistical approach of Evans has been
utilized. The kinetic behaviour of this type of process was then
compared with that of the random l-e surface process obeying either

a Langmuir or Temkin type of isotherm and the distinguishing features

of the two types of processes have been derived.

Features of i-V (potentiodynamic case) and i-t (potentiostatic case)
profiles which can distinguish the nucleation-controlled mechanism

for constant and varying number of nuclei as a function of time and
potential have been discussed. The equations for the reversibility

parameters, i.e., i and t o for potentiostatic conditions and S,

p,0 D,

for potentiodynamic conditions, for both varying and constant number
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of nuclei have also been derived and comparisons have been made.
A general reduced form of the current-time transient, independent
of arbitrary values of parameters of the process, has been

derived.
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