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\1;.{5_.FREFACE
In recent years, electrochemistry has provided some of the most
interesting advances in the surface science of metalé and in catalysis at
their surfaces.
The present work described in this thesis covers two main topics
in these fields: first the study of formation and-growth of monolayer and muTtiléyer
oxide fiims on Ir and Pt, and the effects of aniPns on these processes; and secondly
the examination of the oxide films, which can bé“fﬁ?aed in a controllable
way at Ir electrodes, as electrocatalyst surfaces for the anodic C12 evolution
reaction. The latter topic is also related to the technological advances
which have been ﬁade in recent years with regard to development of so-called
dimensionally-stable-anodes (D.S.A.(g)} for the chlor-alkali industry, based
on a RuO2 coating on Ti. These electrodes give very favourable, low
overaotential behaviour for C12 evclution, providing substantial electrical
energy savings in the chlorine industry as well as a corrosion resistant
anode material. The present work shows that Ir oxide fiims have many of the
interesting characteristics of the previously investigated RuO2 films, and
some novel features in addition.’
The original work to be described in this thesis is conveniently
divided into four chapters entitled:
(a) Development of a Minicbmp&ter Based System for Cyclic-Voltammetry
Studies;
(b} The Electrochemical Behaviour of Iridium Electrodes;
(¢} Electrocatalytic Effects of Modified Iridium Oxide Anodes on C1,

Evolution Kinetics; and

&



(d)

-3 =

Effect of C1~ ion on Surface Oxide Formation at Pt.

Some of the work has already been published or submitted for

pub1ipation, and other papers are in preparation, as follows:

(a)

(b)

The Role of Ion Adsorption in Surface Oxide Formation and Reduction

" at Noble Metals: General Features of the Surface Process, H. Angerstein—‘

Kozlowska, B.E. Conway, B. Barnett and J. Mozota, J. Electroanal. Chem.,
100 (1979) 417. |
Enhanced Electrocatalysis for Chlorine Evolution on Oxidized Ir and

Ru Anodes Modified by Potential Cycling, J. Mozota, M. Vukovié and

B.E. Conway, J. Electroanal. Chem., 114 (1980) 153.

The Use o¢f a Minicomputer for Data Collection and Treatment in the

- Study of Electrochemical Surface Processes, J. Mozota, B. Barnett,

D. Tessier, H. Angerstein-Koziowska and B.E. Conway, Anal. Chim. Acta,
Sect. Comp. Tech. and Optim., in press (1981).

Modification of Electrocatalysis for Anodic Chlorine Evolution on
E]ectrochémical]y Conditioned Oxide Films at Iridium Anodes~J. Mozota
and B.E. Conway, J. Electrochem. Soc, submitted for publication.

The Electrochemical Béﬂaviour of Ir Electrodes. Part I: Monolayer Stage

and Transition to the Thick Film State, J. Mozota and S8.E. Conway,

ity preparation.

4i; Electrochemical Behaviour of Ir Electrodes. Part II: Thick Oxide
Films, B.E. Conway and J. Mozota, in preparation.

The Effects of C1~ Ion on Surface Oxide Formation at Pt, B.E. Conway

and J. Mozota, in preparation.
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J/, ABSTRACT

NG /!

1

The general aims of the work reported in this thesis were to take
advantage of the rather unique oxidation behaviour of Ir metal electrode -
surfaces on which controllable degreeé of thin and thick film oxidation can
be achieved, thus giving the possibility of using such controllably madi¥ied
oxide films in a study of an anode catalysed reaction such as C]Z evolution.

The full study of these effects required {a) a characterization
of the states of monolayer and thick-oxide films at Ir, (b) the effects of
C1™ ion on the formation, reversibility and stability of cxide films at Ir,
and comparatively at Pt and (c) steady-state studies of anodic C12 evolution
on a range of anodically conditigned oxide films formed at Ir electrodes.

The opportunity also existed to appiy a new PDP-11/34 minicomputer
system to on-line data acquisition and ﬁrocessing_in cyc]ic-vo?tam;;try
experiments, e.g. in the Ir oxide formati;n and reduction studies. The
procedures develcoped are described in this thesis.

This abstract is therefore given in four sections, covering the
four respectiﬁe-pafts of thg work, mentioned above, .which will be described
in Chapters III, IV, V and VI as follows:

(a) Procedures for on-Tine acquisition and processing of.data from
controlled potential (Tinear potential sweep and cyclic-voltammetry)
experiments on electrode surface processes by means of a POP-11/34
minicomputer are described. Advantages of this procedure over regular
recordings of current-potential or current-time traces on an osci]]oskope
are discussed and exemplified by selected experimental results;

(b) The electrochemical behaviour of Ir electrodes was studied both for

the formation of monolayer surface oxide and for the thick oxide film which show
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revers%b]e oxidation/reduction currents due to redox processé; involving two
or more oxidation states of Ir in the film. .
At thé monolayer stage, Ir was fognd to behave like any other
platinum metal. However, under_conditions.to be described here, a thick oxide
film develops on the surface of Ir anodes whose properties and characteristics
can be understood in terms of a model involving the change of conductivity of
the oxide fiim as a function of appiied potential. A growth mechanism is
proposed based on the samé model. Electrochemical, optical and spectroscopic
evidence, togéther with the results obtained in kinetic studies of the CIZ
gnd H2 evolution reactions on these surfaces, confirmed the validity of t;e
modeﬁ.
{¢) Studies 0n-C12 evolution kinetics on Ir anodes on which oxide films
of various thicknesses from a monolayer upwards were formed by a potential
cyciing programme, are reported. The multilayer oxide.fi1ms were of the
kind that exhibit reversible oxidation/reduction processes. The kinetic
_ experiments conducted in aq. KC} at,pH 2 give 1og [current density] VS
overpotential relations having a constant Tafel slope of 2.3 RT/F for all
anode‘oxide surfaces prepared, indicating that the Clz evcoiution mechanism is
independent of the thickness of the oxide film produced. However, the apaérent
exchange current densities increase in an almost linear way with thickness.
The latter behaviour is attributed to arn increase in the real area of the
electrode available for C1~ discharge, coupled possibly with improved
electrocatalysis, e.g. on account of changes that caﬁ arise in the band-
structure of the oxide. Increases of Ciz evolution rate of up to 180x, at' a
given overpotential, are found.
Effects of C1~ adsorption on the development 6f the initial monolayer

of oxide of Ir were also studied and compared with.the behaviour at Pt. cl™

adsorption is found to inhibit the formation of the thick oxide films at Ir.
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{d) The eff;ct of C1° adsorptjon on the monolayer surface oxidation
processes‘aé‘Pt at Tow temperature, i.e. 213 K, was aTso’studied and compared
to that at 298 K. The importance of comparing data onCthe basis of total
initial oxide coverage was stressed én& demonstrated. A value for the
parameter g, characterizing lateral interactions in the 2-dimensional monolayer
oxide fiim was calculated by an_éné1yticél abproachi The revergibTe component
of Pt surface oxide reduction at low coverages, ca. <‘]5ﬁ, was c1ear1y‘
disfinéuishab1e and was found, 5urprising1x,-not to be selectively b1ockeq
by the presence of C1  ion at low concéntrations of the latter.

A special botentiai-tﬁme programme was devejoped to study the effect
of €17 don dn the kinetics of growth of Pt oxide at constant potential; the
advantages and limitetions of this procedure were also discussed. Pt oxide
growth at constant potential appears to obey a direct TGgarithmic Taw in time,
with a‘s1ope;dq/d(1og t) dependent on the érowth potential, Ea' C1- ionviowery
the rate of growth but the direct Togérithmic réiatiop in time is maintained.

Interesting effects were oJ erved under conditions where C1™ blocking

and oxide growth are competing progcesses, i.e. at low C1~ concentrations and

for high values of the anodic growkh potentia],.Ea.



CHAPTER I
GENERAL INTRODUCTION:

ELECTROCATALYSIS AND OXIDE FILMS

"

1.1. INTRODUCTORY REMARKS

In recent years, the e1ectrochemica1 behavipur of the Pt group
metal, iridium, has attracted much interesf in electrode procegg research
because of its ability to aeve1op, under the proper conditions, thick oxide
Films which can Uhdergo réversible changes of oxidation-state. Also, the
solid state and surface préperties of these oxide films can be somewhat
controlled by ﬁeans of various experimental conditions.

‘l.Fi1ms of this oxide, 1ike those of Ru0, and some-other oxides, are
found to be excellent ejectrocata1ytic substrates for reactions such as C12
and 02 evolution, and the oxidation 'of various organic moiecules.

Electrocatalysis isa topic of current importance owing to its
relation to energy storage and.conversion problems, e.g. in the fields @&
fue1-cei1 research,electréthemica1 fechno]ogy,-deveTopment of advanced
batferies, etc., in %hese times when a perceived energy crisis has arisen.

Studies in e]ectrocata]ysi; imply the search for new substrates or
the modification of existing ones to increase thé rate of a certain reaction
(af a given potential) or to improve its selectivity or current efficiency.
Exampies of varying electrocatalytic activity of electrode materials for a

given weaction are shown in Table I, where the exchange current density, i

>

)
for the hydrogen evolution reaction on various substrates is seen to change by

a factor as large as 109 in going from Hg to Pt, whiie the selectivity for

oxidation of ethylene clearly depends on the substrate. Similar variations

~
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TABLE 1

EXAMPLES OF ELECTROCATALYSIS

(a) EXCHANGE CURRENT DENSITY, i_, FOR THE H, EVOLUTION REACTION

METAL “Tog i (A en O An T Mﬁst .
pd 3.0

Pt 3.1

Rh 3.6

ir 3.7

Au 5.4

Ti 8.2

Mn 10.9

P 12.0

Hg 12.3 *—~\\

(b) OXIDATION OF ETHYLENE
METAL “log i (A en™?) PRODUCT
-

Pt 9.0 co,

Pd 5.0 Aldehyde

Rh 10.3 co,

Ir 10.1 o,

Au 5.7 Aldehyde




are found for 02-ev01ution kinetics.

E1ectrocata1ysi$ is a special example of heterogeneous catalysis
since it occurs at an interface but with the added controllable variable,
the electrical field across the interface, which can be accurately modulated.

The same factors that are of importance in heterogeneous catalysis,
e.g. electrical, geometric and electronic properties, are also relevant 1in
the case of electrocatalysis. In any heterogeneous system, such as a solid
catalyst in contéct with its substrate, there are normally substantial
interfacial potential differences of 0.5 to 1.0 V over distances of égxo.] - 0.2 nm
but tﬁey are not controllable nor directly measurable. At an electrocatalyst
interface, however, such potential differences are controllable and
measurable relative to a reference potential difference established at a
second electrode in the system. This contro11éb§1ity of the interface
potential difference provides the opportunity for variation-of electron
density at the surface of the electrocatalyst and the population of cations
and apions in the interphasial region, as well as changes in solvent orientation.

Although much work has been done in recent years, and many
empirical correlations have been formulated, it has not been until recently
that, with the help of modern spectroscopies, e.g. AUGER, LEED, XPS, and
advanced microscopy, SEM, fundamental aspects of electrocatalysis, at the
atomic level, have been probed.

More detailed knowledge of the kinetics of the growth of ridium
oxide films-presents the possibility that such films can be modified in
controllable ways and the observed e1gctrocata1;si% related to the surface

modifications achieved. This process is nevertheless complex, and requires
the understanding of many parameters, as follows:

(a) As the e]ectrocataiysed reaction, such as C12 evolution, normally
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proceéds on a surface that is totally or partially covered by an oxide film,
thp Jatter becoming the catalytic surface, a knowledge of the properties and
characteristics of the oxide film is paramount for better understanding of
anodic electrocatalysis.

(b) Most of the reactions of interest involve the chemisorption of the

>

feactant and/or intermediate species, which undergo chemical or e1ecé§9chemica1
transformations at t;e surface; ,thus, the interaction between the various
reactive species and the surface, refTected by the adsorption properties of
the latter, has to be studied.

(c¢) The effect of anions on the electrochemical behaviour of metals is ‘F\\
well known, especially with regard to the way anions block and delay §urface \\h/
oxide formation, or enhance or reduce corrosion rates. In some‘cases, such
as C]z evolution, the reacting species itself is an ion that has a strong
interaction with the surface. ‘In other systems, the ions present in the
supporting electrolyte may exert this kind of influence. ‘In general, the
study of the ion/surface system is a complementary requirement to the
understanding of the process as & whole. |

(d) Aqother important factor to be taken into account in the study of
electrocatalytic factors is the question of real area increase vs. improved intrinsic
electrocd®lysis when a series of electrocatalytical preparations is being
compared. While the former factor is of technological importance, the latter

,/”Tiis of more basic significance,and both have to be separated and identified
| \if quantitative understanding of electrocatalytic phenomena is to be achieved.

1.2. OBJECTIVES OF THIS INTRODUCTORY CHAPTER

As the subject of this work is the study of the electrocatalysis
of the C12 evolution reaction at modified oxide anodes, as well as the

investigation of the electrochemical behaviour of Ir metal fogether with a
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study of the effect of C1~ ion on the reversibility of fofmation and of growth
of oxide films at Pt and Ir anodes, this introductory chapter will be structured
as follows:
(a) A discussion of the formation of thin and thick oxide films under
potentiodynamic and potentiostatic conditions on Ir, Pt (as a reference
metal for comparison with the behaviour of thin %i]ms at Ir) and Ru, Rh ana,
0s (to provide comparative examples of metal; that develop thick oxide films
similar to those which can be fermed at Ir);
(b) An overview of the effect of adsorbed ions (usually anions) on-the
electrochemical behaviour of metals and on the kinetics of electrode processes;
(c) A brief review of previous work on e1éctrocata1ysis in the C]Z and
02 evolution reactions at oxide surfaces. Although the present work is
restrictec to a study of the Ciz evolution reaction, some data on the 02
evolution reaction serve comparative purposes, since both processes occur
under similar conditions on anode oxide film covered surfaces; and

(d) An examination of the factors that account for the observed
electrocatalytic properties of oxide surfaces, especially the geometric and
e1ectronic'ones, together with a discussion of the main properties of the
oxide/meta1 and oxide/electrolyte interfaces in terms of ion and electron -
transport, conductivity, crystallinity, potential distribution, etc.

1.3. THIN AND THICK FILMS ON NOBLE METALS

As discussed by Conway et al.(1) £ost noble metals behave in 2
remarkably similar general way in cyclic-voltammetry experiments. Thus, it
is usually observed that a region of so-called underpotential deposition
(upd) and ionization of H species (excep; at Au), is followed by a double-
layer charging region and then by a region of underpotential deposition of

OH species; the oxide £i1m is further oxidized as more nositive potentials



are attained. At the latter potentials, Qhen Oé evolution commences, the
oxide film is normally one or two layers thick and is reduced in the cathodic
scan with more or less hysteresis, depending on the prior conditions of
oxide film formation, as shown in Fig. 1 for the case of Pt.

The diffqrences that are observed between the pehqviour of different
metals, or of the samé metal in different electrolytes, are partly due to

the interaction of the metal with H and 0 species and partly to the effect

of adsorption of ions from the solution.

Under certain conditions, moét noble meté]s can deve]dp films
thicker than 1 or 2 layers. Pt and Au grow such films 061y under extreme
cqnditions,‘i.e. with Tong po1§rizations at high anodic potentials, with |
very low Eurrént ef%iciencies, and only to eventual thicknesses of up to
ca. 60 layers. Such fi]ms.on Pt and Au show very irreversible reduction
behaviour. On the other hand, Ir, Ru, Rh and Qs are known to develop, under
the proper conditions, oxide films up to hundreds of Tayers thick, which .
exhibit iarge reversible anod%c/cathodic currents for oxidation/reduction
processes within the film.

A1l these films have, in general, good electronic conductivity,
instead of the well known insulating characteristics of thick oxide films
that can be formed at the valve metals. Thus, they can sustain electron-
transfer processes at their surfaces by rapid electron transport across the
film.

We shall now present a critical review of the previous work on
noble metals with regard to their electrochemical, and especially oxidation,
behaviour, to establish the basis for subsequent discussion of the new work

on Ir electrodes.
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1.3.1. Pt Electrodes .. “

-

Amongst the noble metals, Pt has been the most widely studied,
partly because of its favourable electrocatalytic properﬁies and also
because of its corrosion resistance that makes it a "relatively simple”
system for experimental study, although its sensitivity to impurities has
tarnished the quality of much previous research. Its potential use as an
electrocatalyst has, however, been hindered by its high price.

Work on Pt, as oﬁ other noble metals, can be divided chronologically
into two parts: the earlier work up tc the early 1960°s, carried out by
means of charging curves, and the modern apﬁ;oach using the cyc}ih—voltammetry
technique developed by Will and Knorr (2), together with more recent optical
and spectroscopic‘studies.

Frumkin et al. (3),as early as 1934, studied the behaviour of Pt
_in acid solutions and reported the existence of three regions in the charging
curve that were associated with the following processes; H deposition/ionization,
double-layer charging and metal surface oxidation.

However, in other work done at that time, rather puzzling and
conflicting results were reported (4,5) that can now be understood on the
basis of the known effects of impurities in solution, which were, very
.iike1y, significant also in the early work. Thus, it is known that Pt is
extremely sensitive to impurities, one of the more common of which is
dissolved O2 that can be eliminated by szubb1ing. Other impurities are
probably trace organic compounds, difficult to eliminate.

The effect of these impurities was minimized by Frumkin et al. (3)
by use of large-area platinized Pt electrodes, and later by Ershler (6),
who used large-area electrodes to obtain a large surface/solution volume

ratio. -



With regard to the amounts of surface oxide formed and reduced at
Pt, various authors (7-11) have reported that the ratio of anodic to cathodic
charge for oxide formation/reductfon was > 1, and in some cases equal to 2 (8)
but, as was discussed by Gilman et al. {(12), a rat{o of 1 is obtained for
the potential range 0.95 to 1.6 V,EH if the solution is free from impurities,
the extra anodic charge pbserved in early work being the result of-the
oxidatien of organic contaminanfs and/or the co-évoiution of 02.

. The study of oxide growth a} constant potentié1 also 1ed‘to.
inconsistent results. Some authors reported a limiting oxygen coverage
(13-158), &g> and others found no 1imitjng value for &y (16-18). Here it
should be noted that electrochemical monoiayer oxide growth is extremely
-sensitive to the presence of impurities, especially when the oxide is grown
by holding the anodic potential consfant for Tong periods of time ca. > 10 s;
this can account for discrepancies between various authors’ resuits.

In general, the early work pro&ided a qualitative idea of the
oxidation behaviour of Pt meta{ but, beﬁause of the integral character of
the charging curve method, many fine details of the behaviour were not
observable; thus, Fig. 2 shows hew a featureiess charging curve compares

with a cyclic-voltammetry profile for Pt over the same potential range.

With the development of cyclic-voltammetry, which is a differential
technique, it has become possible to study surface processe; at metal
electrodes with much improved resolution. Thus, the charging curve method
measures / i.dt, which is proportional to coverage of an electrodeposited

species as a function of potential, whereas the cyclic-voltammetry method

measures i as i = C dv/dt = a4 (da/dv) (dv/dt}, so that the differential

coefficient, ds/dV, of the electrochemical isotherm for the deposited species
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is directly measured as a function of potential V; 9 is the charge for
deposition(;} a monolayer (& = 1) of the electroactive species involved. S

us, it was found (19) that the H deposition/ionization region g

is resolvable into 4 ~ 5 peaked regions, and that the formation of the
monolayer of oxide also takes place through several distinguishable states,
-while the reduct%on‘of the oxidé species occurs in an apparently "singie"
peak, which is however resolvable into various components under certain
conditions, e.g. in low T and high sweep-rate experiments , (see chapter 6).

) N{I] and Knorr (10) observed é ratio of QO/Q2H =1 for Pt at 1.4
V,EH in acid solution, indicative of a Pt0 monolayer. Conway et al. (19-21),
gsing pyrodistilled water (22) to prepare uitra-pure solutions, reported
the formation of a PtOH monolayer at 1.1 V,E.. Further oxidation of this
material to PtO becoﬁes compieted at 1.4 V,EH and finally a2 PtO2 monolayer'
is aftained with an "apparently” limiting coverage at higher potentia1§,as '
discussed by Biegler, Rand and Woods (23). |

In order to account for the_mu1tip1icity of states in the formation

of the Pth monolayer, Angerstein-Kozlowska et al. (19), and Tilak et al.
{21), from this Laboratory, proposed that the upd of these species occurs
in successive distinguishable sublattices with lattice stoichiometries of
Pt4OH, Pt20H and PtOH, respectibe]y. Model calculations on sublattices,
compared with fhe experimental behaviour, substantiated this idea. The
existence of distinguishable sublattices of adsorbed species has also been
proven by Hubbard at al. (24) in their study of 1 adsorption on Pt by LEED.

The irreversible reduction of the oxide monolayer was accounted

for, by the same authors (19), on the basis of a place-exchange mechanism -~

leading to decreased lateral repulsion in the monolayér and consequent

formation of a more stable two-dimensional reconstructed 0/Pt lattice.
) .

;



Ty -

A1 -

This idea of place-exchange had been first discussed by Sato and
Cohen (257_?5? the case of formation of Fe oxide, and applied by Reddy et
al. {26) to Pt.- Also, Conway et al. (19) extendéd their electrochemical
investigations by means of optical reflectivity measurements which indicatéd
reversible optical behaviour in the anodic formation and cathodic reduction

of the surface oxide at Pt up to 15% of a monolayer, as expected since the

. turnover (place-exchange) process is not needed at low coverages to stabilize

the structure. At coverages > 15% irreversible optical behaviour was found,
corresponding to the observed electrochemical irreversibility.

Simuitaneously, Vetter and Schultze (27} carried out important
work an oxidation of Pt, although their conclusion that a high field jonic
transport ("Mott-Cabrera”) mechanism was involved in the formation of the
first one or two layers gf oxide, is hard to understand due to the high
conductivity of Pt oxide fiims (28) and fhe absence of a materiaily thick_
oxide layer. |

These authors aISO-fbund a logarithmic Jaw 1n time for the growth
of the oxide at constant potential over a range of milliseconds to 1000

seconds, while Gilroy et al. {29) had earlier observed the same behaviour

. over a more restricted time range. Later on Gilroy {30) extended his work

and ‘confirmed the results. of Vetter and Schultze (27).

We can conclude that more work is needed to settle the differences

*arising from the results of various authors, and one important step in this

direction has been the use of ultra high-purity solutions prepared by pyro-
distilled water in the method described by Conway et al. (22). The
development of sophisticated function generatdrs, capable of establishing
complex botentiaW vs time programmes, has also been very important since

it allgws better control to be maintained, electrochemicaliy speaking, over
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the processes that take place during an experiment on electrode surfaces.
Although the above diséﬁssion was restricted to the monolayer oxide
“at Pt, it is to be noted that ‘'upon polarization at or near potentials where
O2 evolution occurs, a thicker pha;e-oxide develops, as has been reported by
various authors (37-34).
Such an oxide- film at Pt was noticed in 1963 by ShiSata (35) when
he observed that if a constant anodic current of 0.1 A cm_z was applied to
a Pt electrode at T > 298 K for various lengths of time, e.g. 0.25 to 24
hours, a marked arrest was observed on the cathodic oxide fiim reduction
curve in the potential region for H deposition; the charge passed in this
}egion increased with time of prior anodic polarization, i.e. of film formation.
In 1967, he reported (36) that this -kind of oxide film would not
grow at temperatures below 295 K, and extended his study of this interesting
behaviour in 1877 (37) by proposing a model to accourit for these experimental
observations. In this model, two types of oxide, “"c" with a maximum thickness
of 3 monolayers and located at the electrolyte side of the interfaée and "s"
with a thickness of up to 60 layers, between the metal substrate and the c
oxide, were proposed. }he « oxide was much more conducting (conductance
"ideniica]" to that of Pt metal) than the 38 oxide (specific conductance = 1.1-
é.] X 10'3 Q_] cm'l) and resembled, in its behaviour, the regular "Pt0" formed
on Pt metal under cyclic-voltammetry conditions with the anodic potential
taken to ca. 1.4 V,EH; thus, 1t was cathodically reducible in a single peak
at the same potential as that of the monolayer oxide of the metal. On the
other hand, the 8 oxide did not undergo reduction until the cathodic potential
was more negative than 0.35 V,EH, i.e. the potentjaT at which H:deposition

commences on the bare metal.

An elegant experiment in 1978 (38) involving the adsorﬁiﬁbn of I



- on Pt, witﬁ its related blocking of the H deposition, coﬁfirmed the imﬁortance
of adsorbed H in the reduction of the 8 oxide. .Thus, a model was proposed
where the g oxide is regarded as being sandwiched between the metal and the
o oxide; the latter becomes reduced to Pt metal and H. species are depositéd
on this surface and then pérticipate in the reduction of the 8§ oxide.

1.3.2. Ir Electrodes -. ~ °

In some respects the anodic oxidation behaviour of Ir is similar
to that of Pt and in other respects to that of Ru, Rh and 0s. Further detaiis
of previous work on Ir will be bresented in section 4,2 in're1ation t0 hew
work described in this thesis. |

1.3.3. Ru Electrodes

Ruthenium is to be régarded as a noble metal according to its
Pourbaix diagram {39), although less so from the point of view of stability
than RE, Pd, Ir and especially Pt. However, under énodic §o1arization.in
acidic or alkaiine media, it undergoes dissolution. (40) and if the conditions
are appropiate (41) it develops, 1ike Ir, a thick oxide film exhibiting large
reversible redox currents that transform the cyclic-voltammetry i vs V'
fpfbff1e into a featureless "sausage", exhibiting reversible anrodic/cathodic
.currents corresponding to a large pseudocapacitance over a wide potential
range, 0.0 - 1.4 V,EH. -
The Tatter behaviour makes the study of this metal quite complex,
Since it is diffiéu]t to extract much information from the system without
developing the thick oxide film and, once this happené, the i gg_V profile
becomes devoid oflany detail. —
In 1963, Stoyanovskaya et al. (42,43) studied Ru by the method of

charging curves, determining that in acidic solution the onset of oxidation

occurs at 0.8 V,EH [whﬁgh is incorrect, as was estab]i;hed Jater, e.g. (1)].

\/.
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As they increased the potential in the anoé%c directidn, the ‘oxide became

more, irrevgrsib]y formed and‘at.Ea = 1.4.V;EH, O2 was evolved and a straw-
khi;;féllow_501“ti°n resulted, due to disso1utfon hf some Ru as'RuOiz.
| Later, in 196667, Llopis et al. (44-65) investigating the

passivation and corrosion of Ru in HCT, noted that the metal corrodes by the
formation of[RuC]s] " and/or [ RUCT; » with C17 ion enhancing the dissolution
rate;formation of Ruoiz speéies occurs at high anedic pdtentials. Under
certain conditions: they cbserved the electrode to become passivated by a
film "several molecules" thick.

Radiochemical studies of the corrosion of hhe.meta1 in 2 and 4 M
HCT at 323 K under passive condifionl (46), ihdicated a rate of‘corrosﬁon !
ofl8 vA ch'z, corresponding to good corrosion protection by the oxide film.
) | Eighner in 1967 (47) confirmed the Pourbaix dﬁagram for Ru in
basic media by studying the e]ectrochem1stry of various Ru coup1es at a. Pt

.-

e1ectrode and the behaviour of a Ru wire in 4N NaDH. He noticed, again, the

42 at high anodic potentials, and the rapid

dissolution of the metal via RuQ
passivation, coupled with commencement of Oz‘evoTution, indicating that.the
oxide film has a Tower overvoltage for that reaction than the bare metai.

Thus, this could be described as the first obserﬁation of the electrocatalytic
propertfég of Ru oxide films.

Burke and 0’Meara (48), studying the oxygen electrode reaction at Ru,
pointed out some of the features of the i vs V profile for Ru in 1 M HC10, at
298 K. Unfortunately, the thick oxtde which exhibits the featureless i vs V
profile was evidently already on the surface of the electrode (a common

problgm in the early literature onRu, as will be discussed also for the case of

Ir, section 4.2).



- 15 -

The importance of.RuOé films was st;essed By Trasafti et al. (49)
in 1971, when chemically formed Ru02, prepared by thermal decomposithn of
RuC13 in air, was proposed as a new electrode material with promising'
-eTeEtrocataTytic properties and excellent long-term stability. Remarkable
Similarity between the i vs V profile of the thermally prepared oxide and
that of the film electrochemically formed on Ru was observed, which Ted to
a growing interest in the study of the electrochemical behaviour of that
~ metal.

The first study, where the monolayer stage of §urface,oxide film
formation at Ru was properly investigated was carried out by Hadzi-Jordanov
et al. (50) in 1975, in this Laboratory. They showed that, as with most
other noble metals, Ru exhibited a H deposition/icnization region, a region
where further oxidation of the OH species to 0 species and higher oxides
occurs and, in the cathodic scan, a region for the removal of the deposited
oxide associated with a large hysteresis between oxide formation and reduction
processes. They also showed that unless proper precqutions were taken, the
featureiess symmetrical 1 vs V prof{lii-corresponding to the thick RuO2 films,
was obtéined.

Similar results were published by Burke et al. (51) a year later
for the case of electrodeposited Ru. In their study, the inf]uence_of
potential,time and nature of the electrolyte on the extent of anodic film
formation was investigated. They observed that the film grows at constant
anodic potential and proposed the formation of a phase oxide of continuously
increasing thickness, under anprogramme of cyclic polarization.

A detailed study of the state of electrodeposited H at Ru electrodes,
to determine the possibility of using the H jonization charge as an "internal

N
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standard" for area determination, as at Pt or Ir (52,53), was ‘performed by
Hadzi-Jordanov et al. (54), in this Laboratory. Reflectance measurements,
coupled with results obtained on Ru surfaces prepared in various ways,
‘indiéated the presence of adsorbed as well as absorbed H, thus making i;
impossiblie to use the H charge at Ru for the intended pufpose of real area
evaluation.

Parailel to the interest in eiectrochemically'grown Ru02, much
work has been carried out on the properties of thermally prepared films
deposited on various substrates, e.g. Ti bearing a T1'02 film. This interest
arises from the excellent electrocatalytic properties that are found with
Ru/Ti electrodes. In the 1960°s, De Beer (55-57) developed the so-called
D.S.A(E)e1ectrodes based on a RuOZ—TiO2 coating on a Ti substrate; which
have proven to be one of the most important technological discoveries in
electrochemistry, in particular for the chlor-alkali industry where most of
the existing plants have switched to D.S.A(E)electrodes for C12 evglution.
De Beer holds most of the patents related to these electrodes {55-57). Much
of the fundamen?a] work in this area has been carried out‘by Trasatti et al.
(58,59) and by various groups of Japanese workers (60-63). A more dgtai]ed
discussion of this topic will be presented in the section on electrocatalysis
in the anodic C]Z evolution reéction.

Spectroscopic techniques were applied by Michell et al. (64} to
the study of oxidétion of Ru; they combined cyclic-voltammetry with X-ray
emission spectroscopy and electron micrography in a study of the characteristics
of the oxiae film, its thickness, stoichiometry, species present and oxidation/
reduction mechanism. ‘Their.resuIts indicate that electrodes of various
kinds, e.g. made of foi]é, formed by electrodeposition, chemically/electrochemically

treated, thermally formed, etc., behave alike with the exception that the
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observed currents differ on account of differences in surficé'rdhghﬁeséf
determined by the preparation fechnique.

The observed dissolution rate for Ru under a cyclic potential
prograﬁme up togf = 1.5 V,E,, was found to be 3.08 mg em 2 ;yc1é'] in 0.5
M H2$04 at 298 K; this value-decreased substantially when the electrode
became covered by‘thg oxide film. The nature of the oxide appears to be
hydrated RuO2 in an amorphous state and the observed currents are due to a

reaction involving protvaiffftion/injection in the oxide lattice, such s

RuOi(HZO)yr——‘ RUO (4 44) Hzo(y_-) + 28H + 2e (1.7)

They also cencluded that all the oxide fiim was involved in the electrochemical
redox process, although Trasatti et al. (58), pointed out that, in the case
of thermally prepared Ru02, only 6-7% of the layer is actually electrochemically
active. It is our feeling that the'conciusion of Michell et al. (64) is
inaccurate, due to a gross underestimate of the oxide thickness because of
the compact character of the outer region of the oxide layer that can be
seen in SEM studies.

Hadii—dordanov et al. (41), in this Laboratory, continued their
work on this area, with an investigation of the reversipTity and growth
behaviour of surface oxide films at Ru. Their main conclusions wére: confirmation
6f the previously discussed {50) monolayer behaviour; growth of the phase
oxide due to incomplete reduction of oxide species formed in every anodic
cycle; the redox reaction in the fiim is Ru(IIT)/Ru(IV); the effect of C1°
ion on themonolayer stage is to make the profile more similar to that of
other noble metals in acid media; the overall behaviour of Ru is thus similar

to that of Ir.

Finally, in 1979, Burke et al. (65) studied Ru anodes in basic
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solution and concluded that, although the hé%av?‘ur of the e]ectrode in th1s
med1um is similar to that in acid, -the corros1on rates -of the meta] and the
ox1de are greatly enhanced QES_;Q\EEs more facile formation of solut1on squble ;
rqtheﬁéte-species. ”/// —

-~

1.3.4. Rh and 0s Electrodes

The-observation thét Ir and Ru can develop, under certain conditions,
thick oxide films of technological and basic jmportance, led to‘the_study
of other Pt metals, such as Rh and Os, in an attempt to reproddce the behaviour
of Ru and Ir. .

Rh and Os Rave not been subject to many studies but in the period
1965-1976, Vovchenko et al. (66,67) and Appieby et al. (68) carried out some
work on hydrogen adsorption on Qs electrodes and found, as on Ru, a large
overlap between the H deposition/ionization region and the onset of upd of
OH species.

Later, it was shown (69) that thé onset of 0xiﬁation occurred on 0s
at lower positive potentials than for any other Pt metal, and that the
voltammogram for Os was rather featureless. The corrosion studies of Colon
et al. (70) indicated dissolution of the metal as 050;2 at high anodic
potentials, and that passivation could be achieved by increasing the acidity 5
or decreasing the chloride concentration of the electrolyte. i\

In 1978, Colon et al. (71} studied the electrochemical behavioyr
of electrodeposited Os in HC1 and HC]OQ, dilute enough to minimize égrros1o
effects; their conclusions were as follows: the electrode deveTops very quickly
a thick oxide fiim similar to that at Ru and Ir; the oxidation reaction for
the fﬁlm formation is 05/0502; the dissolution process at high anodic

potentials involves 0502/050;2; no condition could be found where the electrode
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. was_frge from the thick oxide film; the reaction in the film 1is proposeg'to

be
050, H,0 === 050XOH + H o+ e (x=0-1) (1.2)

Finally, the saffe authdrs confginued their investigation of this

‘metal in-1980 (72) by ga1vahostatjc.and potentiostatidgmeasurements. They

found that the growth of the film obeys the usual direct logarithmic law in
time at constant potential and proposed two different types of oxide: a thicker
one, capable of Qndergoing reversible redox behaviour and a thinner one,
irreversibly depositéd and slowly reduced, responsible, they supposed, for
the growth of the film by its slow penetration into the co-existing thicker
oxide 1ayer.. |

fn the case of Rh, various authors studied the formation and
reduction of oxide films on this metal in acid media by means of galvanostatic
transients in the 1960°s (73-76). It was conclgded that the oxidation occurs,
as with other noble metals such as Pt, via RhOH species, reversibly deposited
and removed, RhQ species irreversibly reduced and Rh203 as the final stabie
form of the oxide. It was observed that the oxidation/reduction charge ratio,
Qa/Qc’ was greater than 1 but this was dccounted for by Rand and ﬁoods (75)
in terms of some anodic metal disso]utionl Hydrogen deposition/iohization
and double-layer charging regions were observed, tae latter somewhat obscured
by the onset of oxidation and the irreversibility of oxide reduction.

However, in 1978, Burke et al. (77) showed that the behaviour of
Rh in_basic media parallels that of Ir in acid solutions, i.e. a thick oxide
film can be developed on the surface and involves a bulk process with proton

transfer, as with Ir and Ru. The layer is porous and poorly adherent, and

the dependence of the growth on various experimental conditions 1is similar
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to that for Ir films to be discussed in section 4.2. As for the Iaéter metal,
tée increased ;harge capacity is restricted to the oxide region and the H
deposition/ionization and double-layer charging regions remain eseﬁt%ally
unchanged, regardless of oxide thicknesia-- .

' Finally, Gottesfeld in 1980 (78), studied the Rh oxide film with
respect to its electrochromic properties and co;c1uded that the behaviour.
in bésic media was remarkably similar to that of Ir oxide films in acid.

1.4. ION EFFECTS IN ELECTRODE SURFACE PROCESSES

~ The electrochemical behaviour of a metal is greatly influenced
- by the pfesence and nature of ions in solution (1)}, eiéher those from the
supporting e1ectrq1yte or those which are the reacting species. This is
because many types of ions, especially anions, interact witb the metal surface
more or less strongly, depending on properties such as size, charge, donicity,
solvation, as well as such experimental conditions as concentration, temperature
and charge on the metal.
Ions may influence e]ectrodg kinetics or the formation of oxide
films in several ways:
_ {a) They may cause a change on the value of the 65 potential*at the

inner Helmholtz plsge {IHP) or the 4 potential*at the outer Helmholtz plane (QHP):

(b) They may cause surface blocking by competitive adsorption;

(c) They may affect the transition state of the rea;tion) if it occurs
in the IKEP, béth sterically and electrostatically;

(d) If the adsorbed ion is also the reacting species, its Aﬁgds will

~vary as a function of its coverage 6, is usually a f(V);

(e) They may influence the kinetics of metal/oxygen turnover (place-

exchange) in oxide film growth and ageing processes;and

*These are the well-known designations of the inner and outer layer potentials
in the Stern-Grahame treatments of the double-layer.
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(f) They may‘affect the .state of adsorbed .and oriented water at the
metal surface.

In the field of electrede kinetics, Frumkin (79) and later lofa
et al. (80) studied the effects of specifically adsorbed anions of the halide
series on the kinetics of the H2 evolution reaction at‘Hg.‘ They found a
‘diminution of the ovgrvo1tage for the reaction in the presence of these ions:
in the fo]iowing sequence: I™ » Br > C1~, which parallels the strength of
specific adsorption of these jons.

The effects disappeared at sufficiently high cathodic potentials,
where fhe anions become desorbed due to the strong negative charge density
on the metal. They accounted for the results on the basis of changes in the

& potential. 1

1

Parsons (81) later introduced a theory that tcok into account
the interaction between the adsorbed 1on and the transition state of the
reaction, characterized by'an Mactivity coefficient", and applied it
successfully to the results of Frumkin and lofa (79-80).

Many more studies of the influence of ions on eléctrochemica]
kinetics have been carried out by various authors (82-86); three main cases
have emerged:

(a) Redox reactions, such as Eu(I1)/Eu{III), that are assumed to occur
at or near the OHP, and for which adsorbed jons can have no effect whatsoever;'
(b) Reactions that take place at the QHP, as in the h.e.r case treated
by Frumkin where the effect of the ions is simply an electrostatic one due
to a change in the A potentia].'
(c) Reactions occuring at the IHP, as treated in Parsons’ theory of the

h.e.r, where the adsorbed ions not only modify 9 and determine Gy but they
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interact with the transition state of the process. In this case, the reactant
is also adsorbed and b]écking effects are also usually important.
In the case o% fofmation of thin oxide films or ®upd" monolayer
processes, the effects of ions, especiaT]y'anions, are mainly as follows(1):
(a) They increase the irreversibility of the upd of OH épecies;
(bj They ﬁrobab1y iﬁcrease-the rate of place-exchange processes by a -
local field effect. -Thus, if the oxide covérage relative to adsorbed anioﬂ

coverage can be described by an isotherm such as:
a .
ox

(]-eox—eA)

= K_ exp (ZVF/RT) exp (—gaox-g'eA) {1.3)

Then, at quite low coverages of oxide as eox<< 1, the equation becomes:

8oy iﬁﬁg/ilfeA) exp (zVF/RT) exp (-gsA) (1.4)
Blocking effect Aoeal ield effect
in which blocking and local interaction effects can be distinguished. Cations,

on the-other hand, tend to have a stabilizing effect on the unrearranged

e .
species and thus slow down place-exchange processes and hence film growth; and .

{c) Anions determine, to a great extent, the peak multiplicity observed
in the reduction o% oxide species, i.e. the distribution of re;;rsib1e and
irreversible components which may be experimentally distinguished, e.g. at
Pt and Au in cathodic sweep i XE_V'profi1es.

The effect of anions on the electrochemical behaviour of noble
metals will be examined in the present work with respect to the role of C1~

ion on the upd of monolayer oxide species at Ir and its effect on the growth

of Pt oxide at constant potential and under low temperature conditions.
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1.5. [ELECTROCATALYSIS IN THE C1, AND 0, EVOLUTION REACTIONS )

Iﬁterest in the electrocatalytic properties of oxide films is
centered on two ghodic éeacﬁions, O2 and C12 evolution, which aée both of
technological importance as wéll as-of basic interest. The-ro1e_of the state
of anodic oxide films in the Kolbe reaction hasjalso been considered.

Although the respective thermodynamic potentials for fhe 512 and

02 reactions are:

Eg. = 1.230 - 0.059 pH + 0.015 Tog Py (1.5) -
2 2
and

EC12= 1.359 + 0.0295 log pm2 - 0.059 Tog 3" {1.6) .

the overvoltaée for the C]z evolution reaction, on most substrates, is smaller
than that of the 0, evolution reaction. Thus, in €17 solution sufficiently
concentrated, C]2 evolution océurs.before 02 evolution. Nevertheless, at
high enough current densities, analysis of the gaseous products indicates
some {2~5%) parallel evolution of Oé. |

While the €1, evolution reaction uses the oxide film simply as
a substrate for adéorption of{C1f intermediates in the reaction pathway, the
O2 evolution reaction appears to involve the film in such a way that, under
certain conditions, it undermines the oxide’s stability. Also, because 02
evolution usually occurs at higher anodic potentials than those for C12
evolution, the structure of the film and the species present can change on
account of the larger méta1/oxide/e1ectroiyte potential difference. Any
changes in film propgrties'during-the O2 evo1ufion are reflected in changes—//

. of Tafel slopes and discontinuities in the kinetic behaviour of the reaction.

In 1976 Buckley and Burke {87) studied the Oz'evolution reaction
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on.Ir oxide films and found.three Tafel regions in the potential range 1.5-2.0 -
V,EH, having‘s1opes of 0.054, 0.112 and 0.127 V; respectively. They also |
observed that the currents at constant overpotentﬁ§ﬁ followed thiE order:
I >> Pt‘

>> Ir p

acid base A de;rease in the activity of the film

acid ~ tbase'
with time ekpressed as the variafion of current at constant overpotential,

was aiso observed and attributed Fo uptake pf 0 species, leading to
transformation of a surface Iayer‘to a moreﬂstéb]e, less active, oxide film.

In 1978, Gottesfeld et al. (88) compéred 0, evolution kinetics
at'Ir "metal" (j.e. on fhe monolayer surfage oxide) with the kinetics on
thick (250 nm) Ir0, films and found an increase of 5-10 times in the current
at constant overpotential in going frdﬁ monolayer-oxidized metal to a thick
oxide film. They also detectéd a change in the Tafel slope, that for the”
process on the thick oxide film being lower. /’EE\Tdss of activity with time
was explained, as above, by supposing that the film aged at constant potential,
rendering it less active.

The impoftanée of a non-stoichiometric, mixed-valence oxide was
also stressed.by these authors, who pointed out that the‘presence of an oxide
film, by itself, is-not enough for good electrocatalysis, since similar
studies on thinner films at Pt revealed a diminished activity compared to
that at the bare metal. hThus, "the right type of oxide", catalytically
speaking, has to be formed. -

In 1979, Frazer and Woods (89) showed that an Ir oxide electrode
polarized for up to 2 hours at constant anodic potentials up to 1.55 V,EH
did not suffer any modifications in its film. This enabled them to correlate

the observed initial 02 evolution currents at a constant\potential of 1.55

V,EH, with the various charges associated with the bulk oxide layer redox
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process in films formed to various thicknesses in a cyclic polarization
regime; a linear relationship was found between the 02 evolution currents
and the oxide redox charges. Since the constancy of the H deposition/
ionization and double-layer charge seem to indicafe no area change (this will
be discussed in detai]-later), they proposed a mechanism sim{1ar to that of
Lodi et al. (90) and Burke et al. (91) for Oy evolution on Ru0, films,
invelving decomposition of bulk oxide species within the oxide structure,

according to the following scheme (as written by the authors (89)):

Ir0, + H,0 ——» IrQ, + 2T 4+ 2e” (1.7)

Ir03 — Ir0, + 0 ) (1.8)

20 — 0, : (1.9)
- .

to account for the %ncrease in current with increasing thickness, in terms
other than an area change.

Similar studies were made simuitaneously on Ru_O2 films. Thus,
Trasatti and Buzzanca (49) observed at this electrode the lowest overvoltage
ever for the_O2 evolution reaction. todi et al. (90) proposed a2 mechanism
for this reaction at RuO2 substrates, simi]&r to that of Burke et al. (91),
discussed above. ESCA evidence that indicated the presence of Ru(IV) species
in the oxidized surfaces supported the mechanism (91).

.Burke and 0°Sullivan (92) also found the thick oxide film at Rh
to be 2 good electrocatalyst for O2 evolution and attributed the observed effects
to area increases due to microcrystaliinity of th oxidé Tayer and to the
ease of formation of unstabTe.surface species at the thicker oxides. However,
they failed to account for the constancy of the H and double-layer regicns,

which is also evident at Rh oxide films, regardless of film thickness. Both
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these ideas have been critiéed by various authors (53,89,93).

Much work has -been done on the C12 evolution reaction in the
case of o§idized Ru electrodes, mainly because of their importance to the
chlor-atkali industry, which represents a 3 billion 5611ars per year business. The
work has been mainly directed towards the behaviour of> thermally formed oxides
of Ru on Ti substrates, the D.S.ACE)type electrodes deveToped by De Beer (55-
57). However, as we shall see, electrochemically grown oxide films also have
excellent electrocatalytic properties and allow better control to be maintained
over the characteristics of the films, which is of importance for basic
kesgarch studies in this area.

Since the early 1900°s, the chlor-aikali industry used graphite
electrodes for the C12 evolution reaction. These anodes were plagued by many
problems including short life-time, contamination of the C12lproddct by
ch]orinated hydrocarbons, CO and COZ’ interference with the performance o?
the diaphragm on the cell and technical problems associated with frequent

R

reinsta11étion and machining of the electrodes.

In 1913, Stevens f94) started the modern metal anode technology
by using Pt-coated tungsten anodes but it was not until the 1950°s-1960°s,
with the deve]opmeﬁt of the D.S.A(E)e1ectrodes by De Beer (55-57), that the
industry became of age.

Almost all possibie combinations of oxides and substrates have
been tested since the De Beer discovery, possibly to circumvent De EEér’s
patents (which can prove to be difficuit, since he himself tested and patented
many formulations) and partly to ihprove even more the performance ;f the
cell anodes. It should be mentioned that newer technoiogies such as SPE

(Solid Polymer Flectrolyte} menbranes could Tead to a situation where noble

metals, such as Pt, could be used as electrocatalysts, regardless of the
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cost, due to the improved performence“of'the ce11 as a who1e One such
example was announced -recently. by DeNora Industr1es although the
deta1ls were kept secret o . '
From a'fundamenta] paint of view, interest in the C]2 evolut1on
reaction has -been d1rected towards the elucidation of the mechanism of C12
formation as a funct10n of the state of the anode surface and to an explanation
\\\\~f the observed eiectrocata]ytwc propert1es of various substrates in this
react1on ' ‘ . \
': ﬂcrk inlthis area.is complicated by, the following problems:
(a) Changes of(;he ;node structure during 012 evolution at constant applied
potent1a] due to oxide growth, 1ncrease in the oxidation state of the spec1es
~~on the film wwth 1ncrea51ng applied potent1a1, etc,
{b) Increased corr051on of most films in C1~ media;'
Y (¢) Co- evo]utwon of 0, at figher overpotentials; and
(d} Influenge of €1~ ion on the properties of the anode oxide films
when they are grown or formedhjpgtherpresenéé of this ion. |
‘ Co-evo]ution‘of 62 was a matfer of great concern in the early
nork. Thus, HickT;ng (95) and later Tedoradze (96) stud1ed this prob1em and . \‘H\\
concluded that no O2 evolution takes place at Pt before C12 evolution commences. :
Under comercial conditions, however, the current efficiency is 96~98% for the
C]Z.evolution reaction. As a C1~ ion solution becomes diluted with confinuous
electrolysis, CTZ evolution is less predominant and the partial current for
02 evolution becomes larger. . _
That the electrocatalysis is associated with the oxide film (rather
than the metal) on the surface of C]z-ev01ning_anodes, was recognized by

Littauer (97) and later by Yokoyama and Enyo {98), but the role of the surface

oxide was only clearly proven by Conway and Novak (99,]00), in this Laboratory,
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in the1r comparat1ve stud1es on Pt, using water and an anhydrous so]vent
CF COOH to obtain an ox1de-free surface at which the kinetics of C] evolution
could be comparatxve]y studied. |

}n the case of metals such‘as Pt, Qherqya monolayer oxide film
is involved, C1~ jon is known to block its formation, but an oxidized surface
can be prepared in a €1 -free enviroment and then transferred to the reaction
vesse1 with C17 present (100).

Two main reaction mechanisms for the C]Z evolution react1on have

been formulated -the S0- ca11ed Volmer-Tafel mechanism
\+ M——>MC1 + e (1.10)

2 M1, —— 2N+ (] (1.11)

2

and the Volmer-Heyrovsky mechanism -~

C7 + M — M+ oe (1.12)

N

M1y + C1T—> M+ Cly (1.13)

A third possibility was considered by Kristhalik (101) involving the

chioronium ioj

__.C' _ - i "
1T 4+ M — 1M ) (1.14)
. + - \4 -
MC1 —> MCIT, e or M+ ¥+ e (1.15)
+ + -
M1t or O+ 01— C, (1.16)

N
This last pathway was also considered by Enyo and Yokoyama (102)

for\‘q2 evolution on RuOZ,* but the basis for this mechanism has been questioned
by various authors (99,103).
. Chang and Wick (104) studied the kinetics of C1, evolution on Pt

and Ir, using the reaction order approach. They concluded that, on Ir “metal”,
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the reaction rate was controlled by the discharge of the C1- ion and that
the mechanism was of the.Volmer-Heyrovsky type. They observed curved
polarization 1ines , as noted by other authors (98,105) and discussed by
Tedq(édze (106) in terms of varying oxide coverage. ‘

Yokoyama and Enyo (98) arrived at a similar conclusion, proposing
a Volmer-Heyrovsky mechanism for Ir and a Volmer-Tafel one for'Pt, both
controlled by the rate of stcha}ge of C1 . Neverthg]ess, the use of the
reaction order approach, in the way employed, is guestionable since the known
competitive adsorption of C1 makes the BC}' and eo‘dependent on the C1~
concentration, complicating the analysis, as discussed by Dickinson (107),
Faita and Fiori (*08) and Céﬁway and Novak (100). Problems in assigment of
mechanism by Yokoyama and Enyo also arisé because in the above and other
studies, adsorption-controlled 1imiting currents are approached ét high
overpotentia}s, consistent with a2 recombination-controiled mechanism, as
indicated later by the work of Conway and Novak {99) who developed a.ﬁew .
characteristic kinetic plot for-treating the applicablility of a recombination-
controlled mechanism; | 7

Some other authors (98,109,110) have, however, also supported a
dischérgé-contro11ed mechanism even when 1imiting currents were observed at
high overpotentials. Conway and Novak (99) appliied their analytical approach
to their own data andrfo that of others obtained from the respective
publications. For the case of Pt, most of the evidence points to the
mechanism being the Volmer-Tafel one, with the rate controlling_step being
the recombinatién of adsorbed C1°.

For the case of Ir, the study js further complicated by the
possibility of adventitious growth of a thick film on the electrode, e.g.

-

during pretreatment procedﬁres, as discussed in section 4.2. Most of the
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work on Ir and IrO2 ancdes has been carried out without proper cha?acterization
of the anode sur?aces prior to and after evolution of C12.

Thus, Arikado et al. (103) studied the C1, evolution reaction on
Ir0, anodes and proposed a Volmer-Heyrovsky type of'mechanism,_dischafgé— -
controlled, but Kuhn et al. (11}) found their data to be consistent with a
Volmer-Tafel mechantsm.

The C]2 evolution reaction at Ru is even more complex, since the

_oxide grows at constant potential and a thickened layer develops as C12
evolution is taking place. As for the case of Ir, various authors have
arrived at divergent conclusions regarding the reaction mechanism at Ru.
Linear n vs log i relationships were obtained, giving réther Tow Ta%e] s]ohes,
b, of 0.030 to 0.040 V which can be expliained in terms of a Vo]mer—Tafe],r
recombination-controlled mechanism (b = 0.029 V} or by means of a Vqlmer-
Heyrovsky pathway with the reaction between C1~ and adsorbed C1° being rgte
controliing (b = 0.039 V).

The electrocatalytic properties of these oxide anodes for CTZ
evolution has been discussed, aside from surface area effects, in terms of
weaker binding of the adsorbed C1° to the oxide surface sites as compared
with that to metal sites (103,112,113). I

The role of surfa§L defects, i.e. "active égnters”, has also been
stressed by Tra;atti et al. -(90), although the exact meaning of "defects"
is not clear in the context of the work.

The importance of the electronic configuration of oxide surfaces
was evaluated by Arikado et al. (103) by relating the mechanism of the reaction
at various oije anode surfaces to the population of the t29 and eg levels
of the d-band of the oxide. They found that some oxides with partially filled

t29 Tevels and empty eg levels favour a Vo]mer—Heyro%Eky mechanism, whereas

A7
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on oxides with half or just filled tZg Tevels and‘partia11y filled eg levels,
- the reaction tends to bccur by the Volmer-Tafel mechanism. Their results
are summarized in Table II.

Thus, in conclusion, it can be seen that the evidence regarding
the mechanism of the C12 evolution reaction on various substrates is
conflicting. Almost certainly this arises because the surfaces on which C12
was evolved were not properly characterized or prepared in the same states.
This is particularly important when thick oxide films are involved.

A range of electrocatalytic activities of various oxide film
surfaces is evident but the several possible origins of the observed
behaviour, e.g. in terms of geometric or electronic factors, or even changes
of real area, are difficult to assign unambiguously and, in some cases,
difficult to distinguish. ‘

1.6. ELECTROCATALYSIS AND OXIDE FILMS

1.6.7. Electrocatalytic Factors

As discussed previously (see page 2), the same factors that are
of importance in heterogeneous catalysis, are also relevant in electrocatalysis.
These factors can be divided into two main types: geometric and electronic.
The geome£}ic factors in electrocatalysis include:
(a) Lattice Spacing and geometry of expoéed surface planes (114,115);
(b) Intersite distanle (116); |
(¢) Grain size (117},
(d) Presence of steps, kinks and surface vacancies (118);
(e) Presence of point defects (113); and
(f) Presence of line de%ects (120).

They are of great importance when the breaking of bonds is the rate-determining

step in a catalysed reaction, especially if steric effects are significant.



- 3la -

ETIR | ((Pa) 1940~ 4BW|OA 42/1y Eo1ne
€€y 0 po(Pe) - EXLIENETT 42/1y t0og¥ 0ug9 Oey
05570 x(Pa) 13401~ 42u| A 12/14 ¢03d/ 1L
oo L(Pa) L34)- 43U O 42/ 14 20U/
——e- e xxmyome:-LmE_o> 467142 a3 1ydedy
610°0 x(023) a0 op  Ayshoukay-ssu|op 46/142 €ont Ong
06€°0 5(b23) ARSA0ILBH~UBW| O\ 4€/1492 ¢0u]
R p(023) AASAOUABH- 4B OA 4/ 142 ony
(41 QoL/yw) Ot uoLyeanblyugd . WS LURYDO3} ado|s (ajel apo43oa ]
uoua3vaa-p

(€01 "434) A3Lsudp Judaand 26uURYIXD pue UOLIRANDLIUOD UOUFDB|B-P ‘WSLUBYIBW UOLIILAL IYF JO AULWNS

“psow>m:mm pue SWSLUBYDA UOLIN[OA] auiJdoy)

IT 318vl



- 32 -

On the other hand, electronic factors aregdetermined by:
(a) The d-electron configuration and band structure (121);
(b) The density-of- states function and its derivative at the-Fermi level (122);
(¢} The electronic work function (123); and
(d) In the case of semiconductors, the concentration of charge carriers
(124) and their type, p or n, as well as band-bending at the surface.

These factors, to various degrees, determine the transient bonding
of intermediates, and the interaction of the transition state with the surface,
and thus influence the rate of the reaction. |

Therefore a prereguisite in understanding electrocatalysis is
knowledge of the reaction mechanism, which in some cases can prove to be the
_most difficult requirement, especially in the case of organic oxidations.
Sometimes the most importént-effecf'of changing the electrocatalyst material

for a given reaction is a change of mechanism that the modified catalyst

brings about with an attendant change in rate.

In general, in an electrocatalytic study, it is obviously important
to be able to modify one parameter of the substrate, whi]é keeping the others
constant, in order to assign }eTiéb1y any obrserved effect(s) to the change
in that particular property. For example, alloys and sem1conductors offer
excellent poss1b111t1e§“?5%~ﬁrdv1d1ng a range of related electrocata1yst
materials at which it is/feésibTe to alter the electronic properties in a
~controlled manner (125), e.g. changing the d-character of the alloys or the
concentration and/or nature of charge carriers in semiconductor materials.

A difficult and common problem arises on account of possible
changes in real area that may occur whén an electrocatalyst is modified.

Since unambigwus determination of the real area is not always feasible, care

has to be taken to identify and separate effects due to real area changes
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(which are of technological importance) from any changes of intrinsic
electrocatalytic activity (which are of more fundamenfa1 interest).

Also, a1though the modifications, e.qg. of composition, are usually
carried out on the bu1k~sﬁbstrate, e]ectrocéta]ysis takes ﬁ1ace at the
interface and thus involves many factors both in the e]ectrochemica1§redction
itself and the surface structure of the electrode material. For exampie,
further research in areas such as : undérstanding of transfer coefficients,
structure of the double-Tayer, adsorption isotherms for charged and neutral
species, etc., is negded if electrocatalyst modifications, leading to changed
rection mechanism and/or different adsorption conditions, are to be fully
understood. .

Fortunately, the modern spectroscopies provide means for probing
structurés:and states of surfaces at the atomic level, and provide the much
needed quantitative data on.cata1yst surface'properties.necessary for new
developments in. the subject. w\‘ K

1.6.2. Role of Oxide Films in Electrocatalysis

. In the case of anodic reactions, it was mentioned previousiy,
‘ that they normally occur on a surface that is totaily or partially covered.
by an oxide.fi1m broven to'bélﬂmecatalytic substrate in-various instances
(97,99,100,106,12@£§
Oxide films infTuence the rates of reactions occurring on their

surfaces in various ways:

(a) By providing new adsorption sites of different energy and type from
those on the metal itself (113);

(b) By biocking any other reaction that may previousiy have been taking
place at Tower potentials on the surface of the metal jtse1f (passivétion)

(127);
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(c) By presenting to the reacting molecule.a mixed-vaience system, with
an e1e¢tropic structure that favours or mediates electron transfer (128);
(d) By having sités of greater catalytic activity due to more favourable

geometric factors (113); and

(e) By entering the reaction as a catalytic reagent, e.g. as in the case

of CO oxidation on Pt where a possible pathway, for the anodic reaction could be:

COSO] — Coads (1.17)
_rds .. L+ - "

Pt + H,0 —T= PtOH , + K +e {1-.18)

' PtOH ——— PO + HT 4 & (1.19)

Pt0 + C0,4 — C0, + Pt (1.20)

However, the ability of the oxide film to influence the reéction
rate of a catalysed reaction in an electrochemical process dependé, to a ' .
great extent, on its ability to support continuous charge transfer across

the fiim. The latter is determined by three main factors:

(a) Thickness of the film; j§i>
!
(b) Structure of the film, i.e. whether it is compal¥, porous-or

homogeneous, etc.; and
(¢c) TheAeTectronic and/or ionic conductivity of the film {130).
These factors also determine the kinetics and mechanism of oxide film growth
when fhe electrode is polarized anodically and thus how the thickness and
properties of the oxide film may change with time during the course of some
anodic reaction taking place at its surface.
When these factors are analyzed more closely, it becomes evident

thet they are interrelated. Thus, the thickness to which the oxide wili

.effectively grow depends on the electronic and/or ionic conduction properties
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of the film itself. Also, although the structure of the film depends to a
great extenf on the conditions under which it is grown, e.g. tyﬁe of
electrolyte, temperature, etc., it will also be influenced by the other two
factors. 2 .

" This conclusion, together with the fact that one of the most
important developments in modern tréatments of catalysis has beep the better
uﬁdérstanding of the-"e1ectronic factors" in cataT}sié in ferms of localized~
an& de1o;a11zed states in surﬁéses £131), d-orbital hybridization and‘
emergence at surfaces (132) and the co1iective state of electrons in various
levels {Band Theory (133)) in catalyst héteriajs, indicates the importance ///f”/ét
of achieving an adeguate descrﬁption of the states of the outer electrons in”
oxide materia?s since they are responsible for coq&uﬁtion properties and for
prdviding electron aensity for_ the transient bénding of integme ates {n
_ catalysed reactions. | ) L. | ) .

' 4 -
1.6.2.37. Electronic Theories of "Metallic" Oxides

.There are two Timiting treatments for the description of the
outer é1ectr9ns fn so]ids:'Crysta1rfier Theory and Band Theory.

Crystal-field Theory is based on the assumption that the eiectrons
are localized about a particular atom due to weak interaction between that
atom and its neighbors; on the other hand, Band Theory considers that the
interaction is so strong that the electrons are essentiai1y delocalized
(collective electron theory).
1.6.2.1.1: Band Theory

By considering strongly interacting electrons, a many-electron
problem ariges which is impossible to solve exactly. The usu§1 approach to
the solution of this type of problem is, however, to use the Hartree-Fock

approximation to reduce the siiug;ion to that of one electron moving in a
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‘periodic potential (Bloch waves).
When this is done (134-137), there are two main consequences:
{a) The appearance of Brillouin zones; and
(b} The appearance of energy bands of allowed states, separated by géps
of forbidden states.

" Once this band- system is filled with electrons aécording to
Fermi-Qi%ac sta;istics, which take into-account Pauli’s exclusion principle,
the highest occupied level ai’O K is ca11ed.the Fermi level. If that level
(EF) is in the middle of an allowed band, the solid is a conductor, if'if is
in the mi&d1é of a forbidden band, the matéria] is an insulator or a
semicqnductor, depending on the band gép energy..

At temperatures > 0 K, the width of the highest occupied state-
becomes SOkT,‘since some electrons will occupy energy levels siightly higher
than E. Then, as the temperature increases, a semiconductor can become _
more conducting by thermal excitation of valence electrons into the conduction
‘band; other mechaniéms for increased‘conducfivity include photoexcitatign
and doping, i.e. the creation of extrinsic energy states near the valence
or the conduction band that arise from electron acceptors or glectron donors,
respectively.

 An important point which has to be mentioned is the fact that
the energy of the different states depends on the symmetry direction of the
unit cell (3122). Thus, amore useful representation of the band structure
is given by the density-of-states function which is averaged over all
symmetry directions-ahd (as will be shown later) can be related to bands of
molecular orbitals formed by combination of the atomic orbitals of the
cation(s) and anioné(s) in theooxide primitive cell.

While Band Theory expldins the observed properties of oxides
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such as Re03, Ti0 and VO, it fails to unify the~experimenta11y'observed

properties of oxides in a given series such as TiO' VO, Cr0, MnO, Fe0, CoO0

T —T -15

and Ni0, where Ti0 has a conductivity of 4.7 x IO , Mn0 of 10

o cmf] and the other monoxides are insulators regard1ess of the fact that
all have the same crystal structure, similar_?attice parameters and melting
.points. '

S1m11ar effects are observed when the dioxides of ‘the 3d, 4d and

5d trans1t1on meta]s are cons1dered

1.6.2.1.2. Crysta]—Fie1d Thagry T . -
..'In~CrystaI-f1e1d Theory the e1ectrons'ere considered 1oce1i£ee-

and the energy of the atomic orbitals of the cation ‘is disturbed by the near-

neighbor atoms which interact with the center cat1on in a geometracaTTy

determined way, as is man1fested in the known d- orb1ta1 sp11tt1ng behavwour

in tetrahedral or octahedral f1elds.

Although this approach has been rather successfull in accounting
for the properties of complexes of transition metals (138,139) and in
explaining certain catalytic effecte af surfaces where emergence .of d-orbitais
and d-character of the bonding.have been corre]atediﬁlth catalytic effecte
(132,140), it does not allow the elections the requ%red freedom to conduct
charge'across the'ctiiﬁil;ggg_ﬂoes it explain certain observations that can
only be understood in terms of a collective model.

Thus, many empirical approacﬁes heve been formulated (141-143)
that have encountered Timited successin attempts to describe the electronic
structure of mete11ic oxides. However, Goodenough (144) developed a model
that has been widely accepted as being presently the most eccurate and useful

one (145). - v
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1.6.2.1:3. Goodenough’s Approach

. Goodenough (144,146) based his model on ideas of chemical bonding
and crystal stricture, introducing a parameter, b, called the "critical
distance" for cation-cation (c-c) or cation-anion-cation (c-a-c) interactions.
He defined two classes of oxides: Class I, those where b is smaTT and c-c
interactions dominate the behaviour and Class II, where b is large and c-a-c
interactions are responsible for the properties of the material.

Since Goodenough’s approach will be used later on to account for
the conductivify of Ir203 and Ir02, we shall give here only a brief deSCfiptioﬁ

of the app]ication of this model to T'IO2 which crystallizes, like Ir02, in

. the rufiTe structure, and for which considerable {nformaiion exists in the

literature (147-15C)." The case of Ti02'provides a model case for Ir02,
involved in the present work.

The rutile structure has tetragonal stmefry. The unit cell is

2 body—cehtered, perpendicular parallelepiped, the center and the corners of

which are occupied by cations._ Each cation is octahedrally coordinated by
six anions, each of the latter being surrounded by three cations located in
the corners of an.equi1atera1 triangle. The coordination number for cqtions
is thus. six and for anions three, the c/a ratio being 0.684. .
_ According to Gobdenough, the two eg, one 4s and the_three 4p

orbitals of the cation form strong ¢ bonds with 6 sp2 orbitals of the an%on,

and. 6 additional o* antibonding states. Two of the t2g orbitals combine with

2p_orbitals of oxygen atoms to form = and =* states. The third t2g orbital

combines with another t29 of another cation to give a t2g bonding state.
This bonding scheme is shown in Fig. 3.
The valence electrons available to fill the band structure are

4 from the Ti and 12 from the 2 oxygens; these fi11 completely the o and =
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bands and the high energy conduction ?ands remain_empty, thus giving fioz
ité semiconducting proBerties because the energy of the band gap is such
that at high T; conduction can occur (see Fig. 3). f
N The applicaﬁion of this model té'various crystal structures gives

the results shown in Fig. &, iﬁ which it cam be seen that as we progress

from dO to d10 along a transition series, succgss:2918 higher energy states
-~ . L : [
are filled, so that the conductivity properties o Jthe oxide depend on whether )
Vel
/s

the higest occupied state (i.e. EF) 1ies inside an allowed band or wi;hi'_ .

a band gap. -

- .

1.6.2.2.Potential Distribution Across Oxide Fiims o

- The way an applied potential diffe;ence is distéibuted across
metal/oxide/electrolyte interfaces at anodized electrodes is very important
for electrode processes at oxidized surfaces and depends on the electronic,
properties and thickness of the oxide f{lm. It—turns out to be very impoftant
in the present work on oxide films at Ir, as wif1 be shown Tater.

Thus, if the oxide film is an insulator, as at the valve metals,
most of the applied potential difference falls across the thin film, creating
a high-field condition that results in oxide growth, if jonic transport
across the film is possible. (151,152).

If, on the other hand, the film is a good conductor, then the

éroﬁth will stop since only a small figld can be maintained across the film
and.e]ectron transfer procésses will pig?érent+571y occur a£ the oxide/
e1ectro]yté int®rface ip the case of compact fiims or on the Qhole available
surface in the case of porous oxidés (the case-in tﬁe present work -at Ir).

In the case of. semiconducting films, the behaviour -is complicated
by the appe rEncg of a space-charge region near the surface, that can be
modified byi;FE“EFEEETEn of new surface states due to adsorbed species, e.g.

—
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N

H,/1ons from the e1iefrolyte or intermediates in a reaction.
- a Even.when the film"is a conductor, its th1ckness and its structure‘.
\\. (compactness or porqﬁ1ty) influence its behaviour. Thus, the filtm will have
some finite resistance, so that part of the appTied potential difference will
be dropped across the film and this IR drop w%11 be a Tinear function of the
film thickness for homogeneous f11ms |

In a genera1 case, therefore, the app11ed potential d1fference

will be distributed, according to the factors already discussed, across the

interphase iﬁ the following way:
AV = AVM/O + AVO + AVd] {(1.21)

. AVM/O and AVO are important with regard to film growth and related electronic
and ionic transport across the film. avd], on the other hand, is necessary

for any electron transfer process to take place at the outer surface of the

oxile films (153,154) . :

-

‘V

The mechan1sm of electron transport across films also depends
on thickness. While th1n films cin allow electron tunne]wng (155), thicker
films require electron injection/ejection,coupled with ionic transport (156-
158), to maintain electroneutrality of the sysfém and provide charge transport.

1.6.2.3. Laws for Oxide Film Growth

The laws of oxide film growth also depend strongly on the
electronic properties of the film. Thus, the growth of insulating oxides
seems to obey an inverse logarithmic law in time, while conducting oxides
grow by a direct logarithmic law.

For conductive oxides, such as those at Pt and Ay_(29,159), the .

formation of the oxide is believed to occur by a place-exchange mechanism (26)

at the metal/oxide interface. It should be mentioned, however , that
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-

7
Damjanovié et al. (168,161) favour a Irigh-field assisted growth of oxide

films at Pt (as proposed by Ord and Ho (162)) and found diffe;ent laws- for
growth under constant current or constant po;ential conditions. R
If the growth proceeds through a place-exchange mechanism, the-
free energy of activation for the process increases Tinearly with the thickness* 3

of the qxide; thus,

o€ = a8, + b0 o (L22)

-

where D is the th1ckness of the oxide and b is a constant

In the absence of an anod1c field, e.g. in the gas-phase oxidation

”

of a metal surface, the rate of growih of the oxide is given by

4D T |
& = A exp [ - (a6, + bD)/RT] (1.23)

o
Rearranging and integrating for the boundary conditions D =0 at t = 0 gives

the relation

bA

exp (BD/RT) = 22 exp (aG*;/RT) t o+ (.29

~—

If the time of growth is Tong_enough, taking logarithms and rearranging, it

is found that

or

E=

_RT RT . bA aG. -

D=--1Int + 4 1Ingg - 50 (1.25)
D=K1lnt + K (1.26)

¥

which is a direct togarithmic law in time for increase of thickness.
When an anodic field falls acrgss the oxide film, equation (1.26) ~ ~

can be modified as follows:

cFV

D=KiInt +_K'+ 5 (].27)

* A similar direct log relation for 2-dimensional oxide film growth arises
if it is assumed that aG is a linear function of coverage, »GG= 5G§+-ge

Y
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.

where ¢ is a constant ahd F the Faraday.

This linear dependence of D on log t has been experimentally
observed for Pt and Au (27,29,159) and will be discussed later in this thesis
(Chapter 6.) with respect to the growth of Pt oxide at constant potential in
the presence of C1~ ion. ’

- The inverse logarithmic Taw for the growth of insulating oxides
is obtained (163-165) by considering the growth in terms of passage of ions
over an energy barrier and the associated jonic transport across the film
(166,167), following Mott and Cabrera’s treatment (168,16%).

Again, in the absence of an anodic field,

gt = A exp (- 2B /RT) (1.28)
in the presence of an anodic field, E = %-,

do _ A exp (- {aG -zaFE}/RT) (1.29)

dt _ 0 :

can be written. After applying boundary conditions and manipulating the

equations, the result

zafFV _
RTD —

RT AG
in aF - ina - " - Int (1.30)

where z is the charge on the ion and a i< the half-barrier width ("half-jump"
distance), is obtained. ,

According to egn. {1.30), at constant V aaa T, the thickness D is
inversely proportional to In t; this is, df course, the inverse logarithmic
Taw for the oxide growth.

For some metals, the growth of an oxide follows a “parabolic" law,
as for the case of the valve metals under low field conditions (170); then

>

the result is



2 _ 4AzaFVt

D" = o exp (-AGO/RT) + constant (1.31)

1/2

so that D is proportional to t This result may also be observed for cases

where diffusion of jons through the oxide controls the rate of growth (171).
Frequently "parabolic" behaviour follows an initially logarithmic growth of

the film.

)

It should be made clear at this point that it is found (see later)
that the growth of Iridium oxide films cannofﬁbe analyzed in terms of any of
the above treatments because it cannot be made to take place at cofistant
potentiai. Rather the development of thick films appears to Bécur because
of accumh]afion,on cycling,_of incomp]e;e]} reduced oxide species probap1y

ormed by the successivedeposition of monolayers on the metal at the inside |
ég the growing thick film, as will be discussed in Chapter 4.

1.6.2.4. Solid-State Structure and Defects on Oxide Films

' One Tast point:requiring some commgnt is the solid-state structure
of oxide films, i.e. their compactness and crystallinity, and the type of
defects that oxide structures normally contain, since the latter eépecia]ly
can determine the mechanism of ionic transport across the oxide. |

.Oxide films can be classified acco&ding to limiting descriptions,

e.g. crysta]iine or amorphous, and compact or porous. The particular
structure of an oxide film depends to a great extent on the conditions under
which the film is grown; fgr example, oxide films on AT\qin be prepared in
éompact or porous states depending on tﬁe nature of the electrolyte. In *
electrolytes where dissotution of the film is negiigible, compact films are
developed (172,173}. 1In contrast, if the film dissolves, a porous system is

formed by a redeposition and growth mechanism (ﬁ74,175). The area accessible

for reaction depends on these characteristics of the film. Thus, compact



films have areas 60E;a:2b1e to those of the underliying substrate, while porous
films can have areas much greater than that.of the substrate metal.

The degree of crystallinity also varies from film to film. Nhi1e‘
some oxides, especially thin ones, grow epitaxially and in a highly cfysta11ine
way (176), most oxides tend to be amorphous {177}, thus*ctomplicating the
problem of correlating electronic properties with the results of the above g
mentioned descriptions of the outer electrons where crystalline ordering is
assumed. In these cases, density and electronic properties of such oxides
can be quite different from those of bulk q}‘ﬁes prepared by other methods (178),
e.g. thermally, in an oxygen atmosphere. _

jgn Finally it has to be recognized that oxide films always contain
structural imperfections. These defects can be classified into two main
groups: '
(a) Defects of small size called point defects; and
(b} Defects of larger size, e.g. dislocations and grain boundaries.
Point defects in the lattice can be classified into:
(a) Atomic defects:
(i) Native atomic defects:
1. Vacancies - Schottky defects;
2. Interstitiail atoms or ions - Frenkel de%egts; and
3. Antistrué%ura1 defects formed by incorporation
misplaced native atoms_into some lattice sites.
(i1) Foreign atoms incorporated into the lattice.
~ (b) Electronic defects:
(1) Qua;i-free electrons;
(i1) Quasi-free holes; and
#
]

(i11) Polarons.
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The larger defects, such as dislocations, can be of'fwo main
types: edge dislocations and screw dislocations. |

The type of point defgcts and their concentration are important
fﬁr ionic transport in the film (179-181), while larger size defects create
sites of different enérgy on the oxide surface, and are normally related to

high catalytic activity.

CHAPTER 11
EXPERIMENTAL PROCEDURES

7 Since both sur?ace processes (Ir and Pt oxidation) and continuous
Faradaic processes (CT2 evolution) were studied in this work, both non-steady
state and steady-state techniques were employed. "In the non-steady state ™~
experiments, the potentiodynamic sweep method (2,19) was mainly used and in
some experiments, contﬁflled potential measurements of oxide Tilm growth were
made. Details of ﬁrocedure§ used are described below.

These approachesa11owprincipa11y three types of critical data
to be obtained: (a) the coverage or extent of oxide film formation at Ir or

Pt as a function of potential, i.e. the charge isotherm; (b) the kinetics of
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surface processes involved, from the dependence of peak potential on sweep-rat§
and (c) kinetics of slower oxide film growth processes.
The kinetics of CIZ evolution were evaluated in the well known

way from steady-state overpotential vs log (current density) relations.
™~

'2.1. Pt, Ir AND Ru ELECTROUES_

Working electrodes were prepared from Engelhard high purity Ir
and Pt wi;es, and f}om sections of zone-refined ir and Ru rods cut with a
diamond saw and polished by standard technigues.

The electrodes were sealed directly into soft-glass or Pyrex, or
spot-welded to short tips of Pt and Ir, sealed into giass. Once made, the
electrodes were stored in 98% M,50,. —_—— )

-)/ " The oxidized Ir and Ru electrodes, with variable but controlled
céarge_énhancement faltors {CEF’s), i:e. the extent to which the charge for
oxidation processes in the ¥ilm in the anodic sweep of a cyclic voltammogram
exceeds that for initial monolayer formation on the bare metal, were prepared
by electrochemical growth of the oxide fiim, using a cyc]ic;vo1tammetry
programme, a$ will be discussed later.

2.2. REFERENCE ELECTRODES ‘_ _ . \

,
For all experiments, a platinized Pt hydrogen electrode in the

-~
=’

same solution as that under study was employed as a reference electrode.
A1l patentials referred to in this thesis will be designated V,EH,meaning vo]ts
vs a H, electrode in the same solution.

2.3 SOLUTIONS AND SALTS

The saits utilized to prepare the various soiutions were all
A.C.S analytical grade and were recrystallized twice. BDH "ARISTAR" grade
HCT, HC]O4 and HZSO4 were used to prepare the acid solutions. Water used

as a solvent was pyrodistilled foliowing two regular dfstj11atiods, the last
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being from an a1kaljgg<éermanganate still, according to the procedure
described previous1&\L2é).
2.4. EXPERIMENTAL CELLS

Thg cells employed in tﬁis Qbrk where all of the type shown in
. Fig. 5. The design of this cell allowed the required levels of solution
purity to be achieved, as discussed in previous work from this Laboratory (22).

The N2 used to deoxygenate the solutions was purified in a -
conventional gas train (182) consisting of : molecular sieve (BDK type 4A),
Mg(C1O4)2, Cu turnings-at ca. 623 K {periodically regenerated by reduction
with purified HZ) and then through three traps cooled in liguid Né, two of
“these containing activated charcoal.

2.5. CLEANING PROCEDURES

The glass used to build the celis was initially soaked in
conc;ntrated Cr03—H2504 solution. The cells were stored filled with 98%
stoa, which was poured away and the cell rinsed several times with pyrowater
before the experiment was-begun. Between expériments, the same procedure
was followed. -

2.6. TEMPERATURE CONTROL

- Experiments conducted at various temperatures, higher than 298 K,
were performed by immersing the whole cell, including the reference electrode
compartment, in a thermostated water bath, the temperature of which was
controlled to =+ 0.1 K by a HAAKE E2 circulating water heater.

. Experiments conducted at Tow temperatures, down to ca. 213 K,
were performed using an acetone-dry ice bath in a Dewar {flask, in which the
cell was immersed as in the higher temperature runs.

2.7. ELECTRICAL CIRCUITRY

o S
The basic instrumental arrangement and circuitry ugdd in thfs

» <=
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Fig. 5. Experimental Cell
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work is shown in Fig. 6. The potential of the working.electrode was contEoTled
.by means of a PAR 173 potentiostat according to a preselected programme set
up by a TACUSSEL typeAGSATP function generator. The potential.of the «working
vs the reference electrode was measured by means of éﬁtigh-impedanée
electrometer probe supplied with tﬁg potentiostat. Current passing through
the working-counter circuit“was converted to potential by means of an accurate
{Leeds and Northrup) ohmic transducer. The current vs -potential profile was
reﬁorded on a Houston 2000 X-Y recorder, a Tektronix 5115 storagé oscilloscope
or on a Nicolet 1090A-Explorer digital oscil]oscopé.

In some cases a minicomputer-based system, to be described in
Chapter 3 , was used to record the i vs V profile or 1 vs t data, and store

and process it.

2.8. DETERMINATION OF ELECTRODE AREA
| The area of the Pt and Ir electrodes was determined by measur1ng

the H ionizat1on charge as an internal standard. For Pt, a fract1ona]é:bverage

of H species equal to 1 was assumed in the usual way (52} to be attained at

0.0 V,EH at the Teast positive end of the obsgrvabTe i vs V profile for H
deposition/ionization over the potential range 0.45 to 0.0 VoEy- This coverage
corresponds to a charge of 210 wC cm_2 (23). For Ir, this coverage was taken
as 0.65 with respect to that of Pt, corresponding to H deposition/ionization
between b.065-and 0.450 V,E,, as discussed by Woods (52).

Comparison of real and geometric areas gave roughness factors of
1.5 to 3, depending on the preparation technique. In the case of Ru, due to
the overlap of upd of OH and H species, and to the presence of absorbed as
well as adsorbed H, the real area could not be determined reliably (54).

-2

Thus the currents for these electrodes are expressed as A ¢m = (geometric

s

~area). . ‘
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2.9. POLARIZATION STUDIES

In order to determine the eTectrocata]ytiE properties of the
e]ectrodgs under study, steady-étate current vs potential relations for the
C]Z and Hé evolution reactions were obpained potentiostatically. The potential
was stepped in increments of 0.010 V by means of a PDP-11/34 minicomputer
5ased system {to be described in Chapter 3 ) and held for 10 s to allow
current readings to be collected. A general programme allowing variable
potential increments, as well as voitage offset and variable data collection
times, is shown_in Appendix I (page 217). Currents were recorded from a
DANA 4200 digital muitimeter for ascending and descenjgag_diréctions o%
potential cﬁange. C]é(g) or HZ(g)’ at700 KPa, yas bubbled throggh ?he
solution. A?]lpolarization data were corrected for IR drop, measured by.
means pf a current interruption technique (183,184), since most of the
electrode surfaces were active for C12 e061ution éqd thus Ted to passage of
appreciable currents, ~ 0.100 A en2, |

The influence of mass transport in the c1, evolutton reaction,,
was studied by means. of a rotating Ir disk electrode provided by Dr. Tilak

af Hooker Chemical Co.

2.10. C1~ ION ADSORPTION : . )

Chloride ion adsorption experiments at Ir and Pt were performed
in 0.5 M H2504 by successivé gdditi&ns of known amgunts of standard KC1
solutions by means of a micrometer pipette fitted with 1 mm Teflon spaghetti,
tubing, terminating in a fine glass tip. The effects of €1~ ion adsorption
at the monolayer stage of surface o;idafion of these e]ectrqdes were evaluated
from observed changes of thé Ir surface oxidation and of the Pt oxide reduction
chargéé, respectively, measured from thg cyclic-voltammograms taken after

every addition of.tlf\ion, following a period of stirring by bubbled N2’
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CHAPTER III

DEVELOPMENT OF A MINICOMPUTER BASED-SYSTEM FOR CYELIC VOLTAMMETRY STUDIES
. . : .

3°1. STATEMENT OF OBJECTIVES -

. . " 'In recent years, the use of computers in chemistry has rapiq)y

increased, both for data acquisition and handling, and for numerical solution

-

of problems. This has ‘been fécilitéted by the'devedopment of micro and mini-
computers available at reasonable prices and having performance exceeding

that of so%e 1arggesca1e.cpmputers currently used only a few years earlier

(185,186).
: d - .At the same time, the use of non-steady state techniques, such
as cyclic-voltammetry, for the study of the electrochemistry of surface

processes has opened up many new possibilities for data acquisition a}d' .

inteﬁpretation (187).
ﬂf%%qugh, as will be discussed below, tthere are many uses for
computers in the field of chemistry and, in particular, electrochemistry, .

few, if gny, applications to the specific method of cyclic-voltammetry have
/ . : ®
been mate, especially with regard to sampling and .processing of (i,V) pairsQ

ey .

/7 of data during the course of experiments. \§§
¥ siWfers from the limitation %f
. ) . LT \
& being too fiexible, having to adapt itself to the.applications of a variety

Also, industry-providepisoftwarq

of users. Hence, usually it is not 100% effigient for a particular, specific

X
i¢

task. . .

-

It was~therefore our purpose to adapt a PDP-11/34 minicomputern-

~ based system and develop the neccesary software for *the purpose of data
+’ - * . S . - * ) -
;"‘gfacquisition fram and processing of cyclic-voltammetry experiments, and to
. , . - . n I “--
. . . ) - v ~

L

*

#
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study the advantages and limitations of such a system as compared with
traditional approaches, using experimental systems of interest in our
laboratory im the present work.

' 3.2. PREVIOUS WORK

.The application of computeré in chemistry can be divided into
_the %%1Idwing areas: ‘ .
-~ (a) Data acquisition, processihg and storage (188-190); o
(b) Automatic experiment monito}ing and control (191-193); \\)
(c) Simulation of behaviour of mhysical and chemical systems (194-197);
(d) Data-bases for information retrieval (198,199); and
(e) Educesional purposes (200,201).
An excellent #ntroduction to most of these topics can be found
“in Perrone and Jones’ book (202). |
0f the above meﬁtioned areas, (a) and (b) are of particular
interest to the electrochemist, and (c¢) is only starting to be developetd due
to the q§ua1jy complex behaviour of most experimenta] systems:

_J/,f Rﬂ In the field of data acquisition and treatment, Perrone and his’
group at Purdue Universgity haye'carried out extensive work, especially in
electroanalytical chemistry (203—205)'and on é.c. impedance measurements (2061.‘

DV The availability 6f A/D and D/A converters of various types has
a1so started a trend towards "in-house" designed system§ based on components
a&aj]ab1e from various sources (188,2b7).

. Important contributions have a]so'beeﬁ made by Bond et al. (190)
on on-line %asf.Fourier tréhsform Fa;adaic-admittance measurements, and by

5

Alpen et al. (188) on a system for data acquisition in electrochemical

systefms

On the other hand, in the field of automation of experiments,

. . .
o » - -
‘
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“-Perrone et al. (203) have contributed much relevant work in recent yéars.
Other groups include those of Hamp;on et al. (208), Sierra—ATcazar'et al. (189},
Slaima et ai. (193), Mohilner (209) (who has been the leading contributor in
the field of automated electrocapillarity measurements) and Chen (210) with
his work in the area of'e11ipsometr§ and others (211-214),.but their interest
have been mostly directed towards situations where the events take place at
a siow enough ;éte as to allow the computer-control system to respond
accurately to the changes in the controlied variables.

In the particular case of cyclic-volitammetry, Breiter, as early
as 1965 (215) described the use of a relatively primitivé\ﬁgmputer—based 7
system for oﬁ—1ine collection of cyclic-voltammetry data with a paper-tape
encoding system.having obvious limitations with regard to sampling times.
Since then Gosden et al. (207), Dréke'et al. (216) and Whiston et al. {217)
have déye]oped improved systems but_their information lacks the détéi] needed
to understand the different parameters of importance in the design and
operation of such a system. It should also be mentioned that in all these
systems the data are sampledas (i,t) pairs, while in the system to be desct}be?

below, ({,V) pairs are collected for reasons to be discussed.

»

-

Laét, but not least, the field of simulation is a vefy interesting

and important one, in which advances are made slowly as the complexity df

the model treated is increased to’ approach that of the real system. A1ong
these links, Conway et al. (218-221) published a series of papers directly
related to the interpretation o} cyclic-vpltammetry re;u]t%ffor surface
processes others (222-225) have explbred simi¥ar éﬁﬁfoaches but, in this
area, much remgigg{to,&e done, e.g. with regaéd to sim&%ation of oxide growth

el

mech?ﬁisms,’nucTiizion and hysteresis between oxide film formation and’

-

reduction processey, . etc.



‘and 16 channels single-

- 57 -

8

3.3. EXPERIMENTAL

3.3.1. Electrogchemical Aspects
éyc}ic-vo1tammetry experiments ;;re performed on systemg of
current interest in our‘Laboratory, in particular at Au electrodes in 1.0 M
HCIO4 and Ba(OH)2 and at Ir in 0.5 M H2504 at 298 K. Sﬁitable potential-time
~_Programmes were chosen to illustrate the app]icétion of minicompdter procedures
to the various types oﬁdkfper1ments usually performed
The techanues and equipment have been described prev1o;}1y

elsewhere (1,2) and in this thesis (see Experimenta] section, chapter 2 ).

3.3.2 Computer Aspests.

3.3.2.1 Hardware

The computer consisted of a PbP-1I/3 mainframe ﬁith 32X words
of RAM, a dual RX-01 floppy-disk drive Esing1 density); an RL-01 hard disk
andjapmagnetic tape drive. Two peripheral units, a VT-55 (CRT terminal) and

a LA-52, are available to interact with the computer.

The following interfaces were used to connect the computer to the
/

Taboratory set-up:_ADKl;:; 12 bits A/D converter with sample and hold circuitry.
] _

ed or 8 channels fn differential mode, an AA11-K,

12 bits D/A converter with 4 output channels and various signals to interact

wwth storage osc11loscopes, and a KW11-K programmable c]ock connected by

Jumpers to the A/D converter board, to a]]ow control of the samp11ng rate by
clock overf1ow
A block diagram of the comput1ng and exper1menta1 set- -up is shown
in Fig. 7.
: Additionai é%fcuitry could be added for sampling controi by means
of the ScbmittiTriéger,avai]ab1e jn the AD11-K, that includes slope and Tevel
detection (inside broken lines in ?Tg. 7).

<~
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3.3.2.2. Software
The PDP-11/34 was supplied with an RT-11 single user system, with
a foreground-background monitor that allows simple tasks, such as text editing,
to be performed while another task is being carried out. A FORTRAN IV compiler
and a MACRO-11 assembler are avaiiable for programming. in both-languages.
Programmes were written in FORTRAN and MACRO (PDP assembly
language). FORTRAN sections of the programme handled the input of parameters
and the creation of data files, while data acquisition, qisp1ay and interface
control were performed by FORTRAN-callable MACRO subfoutines because of the
need to manipulate the bits in the status register of the interfacing moduf%?.
Arguments were passed between the main programme and the MACRO
subroutines through the declaration of COMMON areas in a PSECT s%atement-in
the MACRO programme in brder to free the workihg registers and for ease of
programming.: .
Programmes for data co?Tection, display and treatment'are:

exemplified in Appendix I (page 217).

T
3.3.3. Procedure: “.f

h1atyp{ta1 experiment, the potential of the working electrode
vs the referencé electrode, and the resulting current in the working-counter
circhit, transformed to a potential jdifference by meané of an.ohmic transducer,
were fed through operational amplifiers, Tektronix AM 501, {acting as non-
inverting amplifiers of variable gain) to the A/D converter by means of an
H322 distribution panel. Shielded cabie was used fo minimize noise pick-up.
The signals were fed in a differentiaT.mode. -

The signal gain at the amplifier stage w Timited by the maximun
input raﬁge of the A/D converter which in the present sydtem was + 5 to - 5 V.

The sampling rate was determined by software programming of the

KW11-K clock. This has-fixed 4?§§taq—contro11ed frequencies of 60 Hz, 100 Kz,
]

/.
"
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1 KHz, 100 KHz and 1MHz, and prdvision for obtaining any desired f;eeuency
through software programming of the clock counter buffer.

Once the data had been co11ected and stored, plotting by means '
of the D/A converter was made on an X-Y recorder w1th software control of
the plotting speed, chosen sufficiently low that writing errors were avoided.

Normally i vs V or i vs t was plotted.

3.4. RESULTS AND DISCUSSION

The results obtained will be .discussed in terms of (1) optimization
of input parameters; (2),exemp11ficgtion of treatment of various types of
'transtent profiles defived from electrochemical ekperiments; (3) noise Tevel
\Broglems and (4) advantages of a computer-based system over conventional
methods of data recording and amalysis.

3.4.1. Input Parameters ¢

A number of input parameters mz;tlﬁe optimized in order to utilize
fully the capabi1ities'of the A/D‘converte without degrading the data. These
include:

3.4.1.1. Rate 6f Sampling

Theoretically this should be determined by the rate at which the
event takes place but in practice it is limited by hardware and software
capabilities. | .

On the hardware side, it has to be recognized that the A/D
converter has a finite "throughput time", which inq]udes sample and hold,
interchi::eT sett1ing and A/D conversion time,,typ{célTy'ZO us. This couples
with soiware ee1ays euct as fiag testing and loading of status registers
which in our case adds another 20 us, to give a maximum sampling rate (msr)

given by

msr (Hz)Y = 1/time delays (s) = 25 KHz ) (3.1)
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The pract1ca1 sampling rate used depends on the reso1ut10n of the A/D

onvertsr and the sweep rate at whwchQEhe exper1ment is being conducted

Since the A/D converter has a data register that is 12 bits long, it can

only store 212 values, i.e. @096 integers (from 0 to 4095, maXimym integer

is 212 - 1 =4095). Then the resolution of the‘conygrier (r) is givén by-
. _ Voltage range (mV) _ +5V-(-5V) _ N
NEIS = g - C2Sw G2

In sampling 2 linear potential ramp, the change 1in potentiaT,qéV,

accompanying the ﬁassage of an increment of time, &t, is given by

- 4 R ‘
sV (mV) = sweep-rate {mV s ') x &t (s) _ (3.3)

so that, combining the resolution of the A/D converter and the fastest sampling
time, it follows that the 1imit of sweep-rate that can be handled for potential
sampling at increments of 2.5 mV is given by

Ms—m =60V s (3.4)

, 40 x 107" s St
1 .

N © Sweep-rate Timit =

- therefore, any linear potentiql_ramp'with swéep-rate > 60 Vs will be

sémpled at potential intervdls greater than 2.5 mV,‘EE_given by equation (3.4).
If two channels are sampled, which is the case when i vs V profiles are to

be recorded, the highest sweep-rate that can be handled, when sampling is to
be made every 2.5 mV will be hah'/ed. » : l t-——

It is possible fo improve the resoThtioh by means of amplification
of thé.V signal, so that consecutive V points that would normally bé separated
by only 1 mV, and thus would be beiow the resolution of the A/D converter,
are in practice separated by 1 mV multiplied by.the amplification factor.

However, this improvement in resolution reduces the limit of
sweep-rate that can bé handled for potential sampling at increments of 1 mV,

as given by equation (3.4)
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3.4.1.2. Mode of Sampling ' "

Sampling can be performed in several modes determined chiefly by
the individual preference with régard to the desired display of data and type »
of informagion requfred. .For cycﬁicrﬁoltammetry expgripents, hﬁwever, sampling )
élternaié“vé]ues of 1 an v isT;onQenient S0 thatvthe profi1e.caq be later
displayed n-the same way that it is normally recorded, viz. as i vs V.=

A_propTem'ariSes in thé-sampling of -V ﬁairs as follows: after
a2 sample Vi has‘been taken, the current “sampled next, ii,‘ﬁoes not correspond
“to Vi_but to'[vi'+'(sampling time X sweep-rate)]. Thus, a correction has to
be intréduced by means of software instructjonéhggfore the data are treated

further. |

In sampling i vs t relations, triggering of the collection routine
at an apcurate1y Egpwn potential value on the potent%a] ramp is neccesary in
order to assign correct values of potential corresponding to those of time
on the time‘axis, as determined by the sweep-rate. 1 vs V sampling simﬁ]ifies
the circuit and does not require any knowledge of thé ramp slope.

& Neverthe]esi in some cases such as IR G:op determination or

recording of current or potential decay curves, it is obvioys that sampliing

directly in time is required.

3.4.1.3. Synchronization of Sampling

In the study of a current response which is s;ab1e repetitively
in time with respect to.a periodic potential programme, triggering the
initiation of i vs V sampling %s not neccesary, rather only the time interval
between samples need be controlled.

The AD11-K sampling was.timed by means of overflow pu]seé from
tﬂe ciock. In-the repetitive mode, the clock counts at a predetermined rate

until the previously loaded clock count buffer goes to zero. Then an overflow
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: . AN i
pulse triggers the AD11-K which collects a sample and tgé‘iﬁéiial value of

-

the counterfis relcaded and the process repeated.
, - ’ For collection of one-shot i gg t or V vs t transients, triggeriﬁg
of the initiation of sampling is required and can be -conveniently achieved
by means ofVSchmitt trigger (ST).circuits on the KW11-K which start the clock
when the input poténtiaf'fo the ST crosses é predetermined threshold in a
specified direction. A delay circuit may be neéded in order for the ST to
be triggered slightly before .the transient signal is presented, so that
* the initiail part of the transieﬁt may be cobtained (this feature, also known
as "negative" triggering, is available in digital oscilloscopes and transient
_recorqers, where a portion of the memory is continuously sampled and stored
and when the trigger signal initiates the sampling of the transient signal,
the rest of the memory is filled with data. ‘Thué, a similar approach can
also be used with the computer based éystem, through appropriate software
~ -instructions, which eliminates the need for additional circditry). Once

;;_;‘/,/”Eggé1ing has been initiated, timing prézeeds as outlined above.

3.4.1.4. Number of Samples

This depends primarily on (a) the type of gxperiment [continuous
swegﬁﬁng contraéted with hoiding the potential constant at the end of a sweep
(anodic or cathodic) for programmed periods of time]; (b) the number of sweeps

. to be reco;ded ({4 the event of optimization through(g;;;;1‘averaging) and
{¢) memory limAtations of the storage device. Typically we have founa'th;t
approximatelyN4000 poihts { = 16 blocks ) is a convenient sample number, with

tge data being‘xéﬂféd as integers to minimize file size.

3.4.2. Typical Profiles N

$ of results obtained for several different

Figs. 8 to-14 shg

types of experiment ich-serve to illustrate the usefulness and capabilities

-
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“of th comque}—based method.- The salient fe;turés of these i !ilv p%ofi]es
will beYbriefly diStussed'S;1ow, as each illustrates a different advantage
-or capability of the computer and emphasises the versatility of the tgchnique.
Where possible, directly photographed oscilloscope traces are disp}ayéd for-
tomparative purposes togetﬁer with the i'vs V profiles recorded aqd played
back by means of the éomputer on ldrge-scale graphs at a low Qriting speed.

| Types of experiments and’resu1;; will now be considered.

3.4.2.1. Work at Various Sweep-Rates

Fig. 8 shows results/of-a typical study of the effect of vary1ng
the sweep rate (s) on the surfaJi oxide formation an? reduction behaviour of .
'Au (1) in 1 M HCTO4, keeping i/s (which gives, the capacitance (226)) qs:stant
in the range of s = 0.5 to 10 V sh]. The behaviour at higheﬁ sweep-rates

- was not included here becaase of the relatively large IR drop which theﬁ

arises at appreciable surface oxide coverages (e, ~ Q.S). The behaviour

0
at lower sweep-rates is discussed later with respect to background noise.

3.4.2.2. Systematfc Variation of the Anbdic End Potentia1 : . ’<»1*’

F1g 9 shows the results of an exper1ment of this type carried
out at 10% on Au in 1 M HCI0,. The resolution demonstrated here on the”
X-Y recorder output is strikingly suprs r to that obta1i§b]e on the T
osc1]]oscope frace. Note that the trace th1ckness on the storage scope used
routinely obTiterates detatl in "crowded regions¥; it is evaent from Fig. § " = -
that this is not a problem at all on the recorded output of i vs Y data, .

processed by the computer. !

3.4.2.3. Fast Sweep-Rate Work

Fig. 1d shows an i vs t profile for %he d0ub1eJ1ayer harging
region of the i vs V profile on Au in 0.2 M Ba(OH)2 at 50 ‘v’_s'1 whéfe\pn1y
a small amount of surface oxide is allowed to form. This example illustrates

-
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the applicability of the method to experiments at higher sweep-rates.

354.2.4. "Holdimrg" kxpeniments

Experiments where the end potentiaT‘of the anodic sweep is "held” or
maiﬁtafned cpnstanf fﬁr programmed periods of time, are called "holding"
Expefimehts. Fig] 11 shows the i ig V profiles obta{ned on Au in 1 M HCIO4
at2 s where the anodic end potential 1imit was maintained for 0
.(mu1ti§wegp), 6.1, 0.5, 1 and 2 s. Again the ;eso1ution-obtained on the X-Y
recorder output %s seen to be substantially superion_té‘that on the
oséj1]oscope,e§pecia11y in detecting small, but significant, changes in
relatively crowded regions of the profile which are not distinguishable on
the concomitant oscilloscope trace (note especially the 0A2 and 0C2 regions;
cf. ref 1}. |
. Fig. 12 presents an expanded view of the computer-plotted profile

with a holding time of 0.5 s and shows how the : gg_f decay curve can also be
ea§i1y observed.

3.4.2.5. Data Treatment

Fig. 13 shows an i vs V profile for Ir in 0.5 M H,S0, at 0.05 V 57!
[due to the fact that the thick oxide, showing reversible redox processes,
is present on the surface of this electrode (see section 4.3), the current
signal is high enough not to be disturbed by noise problems,as will be
discussed beiowl. The corresponding- charge isotherm, determined by computer
integration of the i vs V profile, is plotted together with thé latter profile
with appropiate software-determined scales for each of the plots. The charges
for the anodic and cathodic profiles were obtained separately by the integration
procedure discussed be1qw. ‘

The integration was performed by means of the FORTRAN subroutine

QSF from the FORTRAN Scientific Subroutine Package provided by Digital. This
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subroutine utilizés Simpson’s rule, together with Newton’s rule (227,228),
to integrate equidistant data values (in our experiments, collected at
constant intervals aV or at). |

3.4.2.6. Noise Level

Experiments at s < 0.5 V .l

tend to have a higher noise level
than those carried out at higher s values because of the relation between i
and s. Thus, at Tower S, the i signal is relatively smaller and amplification
does not help because the‘sigéal—to-noise ratio is low and fixed, so that

the noise becomes amplified with the signal, uniess a signal-averaging
procedure is applied fo a repeated set of sweeps.

For s < 0.05 V s, as applies in Fig. 14 for Ir in 0.5 M HySO,

at 0.05 V s_],‘a-60-cyc1e £ilter can be effectively used to record an

excellent, undistorted noise-free i vs V profile of the monolayer stage of
| 1

b

surface oxidation at Ir (see section 4.3). For values of s beyond c.1 Vs
however, such a filter will distort the i vs V profile to aﬁ unacceptable
extent. While an X-Y recorder can be used without a filter because some
damping of the noise is achieved on account of mechanical inertia, the computer
samples both the signal and the noise giving profiles that are unacceptable

if a filter cannot be used in this range of values.

Some approach to a solution of this problem can be made by design
of alternate fiTtefs (digital or analogue ones) as well as by multiple sweep
collection, followed by signal averaging as is done in reflectance work (229).
3.5. CONCLUSIONS

It is apparent that a computer-based system can be utilized with
advantage in routine experimental cyclic-voltammetry work over the traditional
methods employing analogue or digital oscilloscope recording, or the use of

transient recorders.
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Fig. 14. Computer-collected and plotted i vs V profile for Ir in 0.5 M

H,S0, at 0.050 V 5™ and 298 K.
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Some of the advantages of the computer-based data collection and
‘treatment system are: |

(a) High reso]ut1on of transient or-repetitive non- steady state signals
allows small but significant differences in i vs V profiles to be detected
better than is possible on storage osciiloscopes;

(b) Computer calculation of derived qUantities,‘such as the charge
isotherm fdrAad electrochemical surface process, determination of peak
parameters (230) and £reatment of data in general can be done accurately and
rapidly;

(¢) Output of thé collected data at low, error-free writing speeds on
to an X-Y recorder allows manual calculation of diagnostic parameters (230),
superposition of experihentaI data and calculated résu]ts, as well as scaling
up of data obtained under various conditions, and at various times, for
comparison or publication purposes;

(d) “Safe" storage of results in the short and long term, e.g., on
~magnetic tape, can be easily realized; and
(e) Other possibilities include automatic IR correction, multistate (19)
. curve deconvolution or simulation procedures and applications to the study
of diffusion-controlied processes by means of cyc]ic-volfammetry. For the
latter type of application, the data processing programmes will, of course,

be different from those employed for treatment of surface processes.
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CHAPTER IV
THE ELECTROCHEMICAL BEhAVIOUR OF IRIDIUM ELECTRODES

4.1. INTRODUCTION

The element Iridiﬁm, was discovered in 1802 by Smithson Tenant.
Its name comes from the greek word "iris", beéause of the "iridescent" colors’
of some of its derivatives.

It is a noble metal, with a natural abundance of < ]0'7% of the.
earth’s crust (231), where it is present'prfmar]y‘as suiphides, since its
oxides are not thermodynamically stable.

\i\ /,f“~ It is obtained mainly as a by-product of Pt extraction by thermal
dFecomposition of ammonium chloriridate at the end pf*the Pt separation
process, its purity at that stage being of §9.9%.
Iridium chemistry is centered around the I, III and IV oxidation

states. It has a d-electron configuration of 5 dg, in its zero oxidation

state instead of the expected 5d7, 652.

As in the case of Pt, its favourable corrosion resistance and
electrocatalytic properties, somewhat offset by its price, have led to a
great deal of work on the electrochemistry of Ir electrodes, specially in
recent years.

The study of Iridium in electrochemistry can be divided into two
main periods: firstly, prior to 1968, when the thick oxide of Ir, with
reversible characteristics was first noticed by Stonehart, Angerstein-
Kozlowska and Conway (20); and secondly, later studies, mainly since 1972.

4.2 PREVIQUS WORK

Iridium has specially interesting characteristics with regard
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to its electrochemical oxidation behaviour. Under certain conditions it
behaves 1ike any other Platinum metal and exh{bits an irreversible f&rmation
and reduction 6f a_mono1a§er surface oxide. However, when the conditions

are modified, it can develop an oxide film hundreds of nm thick that exhibits
;eversib1e oxidation/reduction currents in cyclic-voltammetry but these
currents do not correspond to formation of the oxide from the metal or
reduction of the oxide to the metal. They are currents for a solid-state
redox process within the thick film (232). Other metals such as Ru, Rh, Os
and W can be made to behave in a similar way (50,51,72,77,233).

Because this thick film is quite stabie and can only be removed
under extreme conditions such as potential cycling in strong H2504 or by
subjéctipg it to anodic polarization at potentials greater than 1.7 V,EH for
extended periods of time, extreme care has to be taken when studying this
metal to achieve the desired reproducible states of the oxide film. Thus,
the early Titerature and unfortunately some of the papers in recen; years
are full of examples of this problem.

In the early 1960°s, Will and Knorr (2) and Breiter et al. (234-236)
studied thg behaviour of Ir electrodes under potentiodynamic conditions with
regard to the formation and reduction of very thin oxide films (i.e. with
the oxide at more dr less the monolayer Stage),and the H depositién/ionization
behaviour at the electrode surface. Unfortunately, their voltammograms show
clearly the presence of a film thicker than a monolayer on the Ir surface,
so that the real formation/reduction of the oxide monolayer was not really
characterized in that work.

In 1972, Capon and Parsons (237) noted that the thick film did
not develop in 5 M H2504, so they were able to observe, for the first time,

the true oxide monolayer profile for an Ir electrode, and showed that under
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the effect of pofentia] cycling, a thicker oxide film could be developed,
exhibiting reversible anodic/cathodic, oxidation/reduction currents.

- That -Ir exhibits a reversible redox behaviour, quite d{fferent
from that of Pt, was first noticed by -Stonehart et al.- (20) in this Laboratory.
The reversibility of the film was initially studied by means of reflectivity
experiments in work by Gottesfeld and Conway (235).

This reversible behaviour of iridium oxide films attracted most
of -the subsequent interest so that-the monolayer stage was not further
investigated until the present work was carried out. -

Various Russian workers (239-244) have been active in this field,
carrying out studies on fon adsorption\gt the surface of Ir electrodes and
on the formation and reduction of oxide layers, but there is a complete lack
of consistency in that body of work; éince the initial state of the electrode
surfaces varies widely from publication to publication, i.e. films of
different thicknesses wére evidently already present on the Ir surfaces,
rendering the results of these workers on Iridium oxidation behaviour quite
irfconclusive.

In 1973, Schube;t et al. (245) , by means of Field lon Microscopy,
studied the anodic oxide film formed on Ir electrodes. They observed that,
in 1M H,S0 pe]ow 0.5 V,EH no oxide was detectable, at 1.0 V,EH a monolayer
of oxide-was present on the surface and at potentials in the 02 evolution
region, thicker films were clearly indicated, with the (111) piane being‘
especially resistant to oxide film formation. The films were Smorphous and
the metal/oxide interface was very sharp.

A number of important papers appeareq in.1974: QOtten and Visscher
(246,247) studied the film growth by ellipsomefry and proposed a "pit model"

to account for the experimental results. This model was later proven
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incorrect by Gottesfeld et al. (88) in a more detailed analysis of the
ellipsometric data. ‘ .

Rand and Woods (248) obtained the first i vs V profiles for the
oxide mono]ayer.in_o.s M H2§04 and pointed out the importance of proper care
in the pretreatment of the electrodes. They &etermined the dissolution rate
for Ir under cyclic-voltammetry conditions as being equivalent to 50 uC c:m;2
cycle—] and pointed out that the monolayer of nominaT IrG was completed at
about 1.5 V,EH. |

They also remarked on one of the most surprising féapures of the
thfck film state of oxidized Ir, that is the constancy of the K jonization
charge and of the double-layer charging current, independent of the huge
increase in oxidation/reduction charge that takes place at more positive
potentials. upon prolonged cycling. Rand and Woods (248) tried to explain
this effect on the basis of a very porous structure that allowed the
electrolyte to reach bare metal patches at the metal/oxide interface where
H deposition/ionization could take place, but they could not account for the
unchanged double-layer charging region which implied that a negligible area
increase had taken place during the development of the thick film.

As in the case of Pt, the use of the H jonization charge as an
internal standard for determining the real area of Ir electrodes at the
monolayer stage, was suggested by Woods (52}. It was shown that this
procedure is satisfactory provided the integration of the 1 vs V profile for

H charge is carried out between 0.06 and 0.45 V,EH and that a coveragé, by H

EH,
species, relative to that on Pt taken as 1, of 0.65 is assumed.

The effect of various experimental parameters on the growth of
the thick oxide film was studied by Buckley and Burke (249). They found

that previously formed oxide could be irreversibly lost when the electrode
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was polarized at Ea } 1.7 V,EH for various 1en§ths of time, that the rate
of growth of the film on cycling at 0.1 V s‘T was 13.3 uC cm-2 cyc1e'1 and
that €1 jon did not have any effect on the anodic/cathodic cycle charge or
on the reversible behaviour of the thick oxide films. On the basis of these
observations,‘they proposed that the growth was due to accumulation of an
incompletely reduced bxide,species and that the reversible behaviour of tﬁe
thick oxide films was due to a changé of oxidation state of Ir species in
the oxide which was not reduced to'Ir metal [cf. GotteSfe]d(BS)] on the
cathodic cycles.

To account for the H and double-layer region behaviour, a model
invoiving reduction of the outer layer of oxide to’ir metql [i.e. forming a
sandwich in which most of the oxide remains between the Ir nga] substrate
and the reduced exterior of the film, similar to that in Shibata’s model for
thick films on Pt (37)] capable of acting as sites for H deposition, was

ZZ\;proposed.
Buckley and Burke (249) also noted for the first time that, on

cycling, the oxide films exhibited electrochromic prqpefties, i.e. a change

of color on changing the éppTied potential difference or corresponding
oxidation state of the film.

Later, in 1976, they extended tHeir work to include the study of
the influence of the anodic/cathodic end patentials in the potentiaT-Sweeﬁ
programme on the growth of the thick films (25C). They observed negligible
growth in basic media but this has been proven to be incorrect, since othey
‘work {93), including that described in this thesis, has shownflhat the oxide
film canJin fact,be grown in basic pH solutions.

The nature of the oxide species constituting the film was studied

by Rand and Woods (251) using X-Ray Electron Spectroscopy, and by Kim et al.

3
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1276) by means of ESCA. Both groups concluded that “Ir0," species are present
at anodic potentials, > ca. 1.0 V,EH, and that "Ir03" species are present at
higher anodic potehtia]s, >ca. 1.6 V,EH, i.e. when the film begins to dissolve.
SEM studies performed by Rand and Woods showed a porous film that becomes

loose with increasing thickness. ’

A mechanism of oxide growth was proposed in 1978 by Arvia et al.
(252) that accounted for some, but not all, of the experimental facts. Their
mode] is based on two interfaces, metal/oxide and oxide/electrolyte, operating
simultaneously to allow transpoft of electrons and ions in and out of the
fiim. Incomplete reduction of_an anodically formed species, coupled with
lthe breaking of "metal-metal bonds" to generate new sites for H.deposition
was supposed to account fdr the continuous growth and for the constancy of
the H fonization region charge. However, the complete scheme 1s rather
elaborate and invo]ves‘many species and reactions, some of which are‘improbab1e
ahd tend to obscure the intended explanation. ”

The electrochéomic properties (EC) of the Iridium oxide film
were investigated by Gottesfeld et al. (253) at Bell 1aﬁoratories with regard
to its possible u§e as a display device as described in the corresponding
patent (254,255). They proposed a2 mechanism goup1ing proton transfer with
oxidation of Ir species in the oxide film, similar to that for wo3 (?55,256)
electrochromism, to account for the observed effects on the basis 6f results

obtajned in buffered/unbuffered solutions at pH 3.5. Thus,the redox reaction

‘would be as follows, noting the required role of protons:

. Ir(OH) E===—==1r0 () + -

aex T -xH + xe (4.17)
Later studies by Mcintyre et al. (257) confirmed that the EC

: \
reaction involves a change of oxidatioh state of the film of 1, and that the

“

3.



nd

';: species 1nvo1ved are Ir(III)/Ir(IV) hydrated oxxdes as shown by Raman and
" XPS data (258) _ i
The co]orat1on is attributed to an intervalence transition of
-the type:

'__ e Ir(5d%) + 1r(5d5) —h Ir(SdS)F-J'Ir(SdB) (4.2)

in a mixed valence oxide, involving the injection of "holes into the Sdt
: It . hay 2g
sub-band of the oxide.-

A controversy.deve1oped at that time Between Gottesfeld and
McIntyre (259),and Rice,Beni and Shay (260,261) as td_fhe actual mechanism
of the electrochromic reaction: the 1attef authors invoked OH’.transfér‘
based on results obtained in non-aqueous acidic media, Qhere no EC effect

-

. was observed by them, in relation to the behaviour in non-aqueous basic media
wheré»an %C effect was evident. ' ~ _ |

On %ﬁe other hand, Gottesfeld et al. (259) were not able to obtain
an EC effect fn Li olut1ons without any protons; they demonstrated the
necess1ty for H by exper1ments with buffered/unbuffered stirred/unstirred -
solutions, where they distinguished two processes for the coloration of the
. film: 2 fast one associated with the use of bound wafer as the source of
profons, together with those available at the oxide/electrolyte interface
‘and a slower one involviﬁg diffuﬁion ;2 ionic species from the electrolyte.
McIntyre et al. (257) by means of’Rutherford back-scattering experiments,
also ruled out the possibi1ffy of OH beiﬁg the species 1nvo1véd in the EC
reaction, —

While Beni -and Shay (261) a1so.attempted to modéT their résuIts

after two reacfions; in their case pH-dependent,- their work has an obvious

flaw in the assigment of peak potentials as a function of pH that led them



to erroneous-conclusions.

This.qontroversy is still alive with both sides puBlishing results
that seem to support their respective viewpoints (262-266). One of the
factors complicating the 1ntéFE;étation of the results is the porosity and
high degregﬁof hydration of the film, which makes it diffiéu]t, if not-
impossibie, to eTiminate the gffects'due to bound water. Alsg, the importance

‘pf free access of the electrolyte into the pore system impiies that studies

peﬁ?armed in organic solvents are difficult to interpret because of the
possible blocking,by the solvent molecules,of the pdre system.

‘ Thé nature of the oxide f%lms at Ir was studied by Gottes%e]d et
al. (88) by means of eilipsometry. They found that the oxide (once formed)

- remains present,even at cathodic potentials, where it is very slowly reduced

but never back to the bare metal.
" The effect of H2P0;, C10; and HSOE ions on tﬁe eTectrochéﬁ?éaI
" behaviour éf Ir oxide films was mentioned in a preliminary note by Arvia et
al. (267) but an observed increase in charée in the H deposition/%onization
region with cycling indicates probably the presence 6? impurities, whicﬁ

could have affected the results.

.

Fina11y, in 1980, McIntyre et al. (257) calculated and proved
conclusively that the EC reaction involves 1 e~ and that all the film is
active (at least at the thickness studied by them, ca. 295 nm). They
utilized a st%ipping technidue to remove the oxide film and to determine the
oxide’s weight, SEM observations to estimate the oxide thickness and cyclic-
voltammetry to obtain the total charge corresponding to the EC process. The

Jdénsity of the hydrated oxide, which was indicated as Ir02, was found to be
2.0 g am™>, compared with that of bulk Ir0, which is 11.68 g cn™.

Later, two very important contributions appeared (266,268),
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the results of which will be utilized subsequently in this thesis to support
amdel for the oxide behaviour developed in the present work.

First, an a.c. impedance study of the oxide film indicated a change

in conductance(268) from < ‘IO—2 9'1 -2 (

cm units as in reference 268) in the

bleached state (reduced) to > 102.9“] em for the colored (pxidized) form.
Also the infinite frequency capacitance, Cw, was found to be potential-dependent,

2

i.e. it had a value of 60 »F cm “ at 0.4 V,EH and of 760 uF cm-2 at 1.0 V,EH

for an oxide film 150 nm thick. These results were used by Gottesfeld (266)
to interpret the observed behaviour of the Fe(CN)g3/Fe(CN)é2 redox couple at
2 rotatiné Ir disc electrode compared to that on an Iridium oxide disc

electrode, in terms of the change in conductivity of the oxide as a function

of, the applied potential difference. ~
4.3. THE MONOLAYER STAGE OF Ir OXIDATION

As noted in section 4.2, although Ir has been the subject of many
papers in recent ;ears, the main interest-has been centgred on understanding
the growth and properties of thicgﬂgxide films that can be developed on Ir
under certain conditions, similar to those which can be formed ét Ru, Rh, Os
and W (50,51,72,77,233).

Very few studies have, however, dealt with the thin, monolayer
type f11m, and fhose that have been addressed to the behaviour of the
monb]ayer surface oxidation stage (2,234,237,239) have, it appears, encountered
the problem that the initial surface already had an oxide fiim on {t, thicker
than a monolayer, formed during electrode pretreatment cycles.

This has led to some-conflicting results (235,236,240,241) with
regard to the electrochemical behav;our of Ir at the monolayer stage, which
has been elucidated in the present work, where Ir electrodes have been studied

in the monolayer state of oxidation by taking extreme care in the preparation



'and pre-treatment of the electrodes in order to avoid the deve1opmeét of
the thicker oxide films which show reversible Séhaviour.

| The importance of obtaining,.reproducib1y, the monolayer stage
of Ir electrodes, lies not only in the interest of studying that particular
case (to place the behaviour of the metal in the proper perpective when
compared to the behaviour of other Pt-group metals) but with respect to the
accurate determination of growth of the thick film at the early stageé.

4.3.1. Results and Discussion

4.3.1.7. H Deposition/lonizatioﬁ Region

Ir eTectrodes, under potentiodynamic conditions, present a
potential region for H deposition/ionization that spans the potential range -
0.060 V,EH to 0.45 V;ﬁH in 0.5 M HZSO4 at 298 K. On the anodic side, there

are 3 H—ionizgtion peaks clearly distinguishable, labeiled H H.,, and H

A1> "A2
and will be

A3

(Fig. 15) and a fourth peak that appears as a shoulder on HA3

referred to as HAa' This peak is better resolved at higher swgep—rates or
lower temperatures (52). Due to overlap of the reduction of oxygen

species (see below) with the H-deposition region, the cathodic side of the
profile is less clearly resolved, unless the anodic end potential of the sweep

is Timited to a2 low value, e.g. up to 6.6 V,EH. Under such conditions,ch

and HC3 are clearly distinguished but HC? is obscured by the onset of H2'

evolution and HC4 is again noticeable as a shoulder of HCB’

The coverage of the adsorbed H species in this potential range

in acid solution has been estimated (52) as 0.65 of a monolayer, with respect

¢ (23} at full coverage.

to that at Pt, the latter having a charge of 210 uC cm”
The evaluation of the coverage for solutions of higher pH is
complicated by the overlapping of the onset of upd of OH species [as in the

case of Ru in acid media (54)], although a clear redistribution of the
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adsorbed H amongst the different peaks is evident in Figs. 16 and_]?, where

the change in the i vs V profile in that, potential region can be appreciated
g

-

for 5x10°° M H2504 and 0.1 M Na,CO

2773

The potentials at which the H peaks appear are also a function
of the electrolyte (due to anion adsorption effects) as shown in Table III.
Since the H depositidn/ionizatiOn reaction is expected to have the same pH

'dependence as that of a hydrogen.electrode in the same solution, the observed

dependence of peak potential (Ep) has to be attributed to the following

-

factors:

{2) The effect of adsorbed . ions, since.upon increasing the pH, the H2
region moves to the negative side of the p.z.c*, thus changing the ion
adsorption properties of the surface;

(b) Since the half-width of the peaks also appears to change as a
function of pH, it is likely that the interaction parameter, g, has been
altered; in fact the broadér peaks observea in base indicate a stronger
- repulsive interaction, or a less favorable attractive one. It has to be
noted, however, thét the broadening could 21so be dué, partly, to increased
irreversibility of the process, as indicatedrby the difference between the
apparent peak potentials for the anodic and cathodic components of, e.g.
HAS/HC3 which is 0.045 V in 0.5 M NaQH while it is only 0.010 V in 0.5 M
H2504.

(c) As pH is increased (Table III), the nature and the concentration

of the anions are also usually changed.
(d} Change in the energy of the M-H bond due, or leading to, a combination
of any of the previous factors.
The shape and potential for the HA3 peak, which is clearly resolved

from its neighbors in 0.5 M H2504, presents an interesting opportunity to

* p.z.c.(potential of zero charge).
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evaluate the parameters dischssed by Conway et al. (218) as being characterﬁstic
of a 1 e surface process and-defining the transition (218) between a reversible
and an irreversible surface reaction under the ianuence of increasing sweep-
rate. Such results are shown in Table IV, ‘and the behaviour of the diagnostic
parameters, i.e. the capacitance at the peak maximum, Cp, the ha]f—width‘of-

the peak, AV1/2, and the peak potential, Ep, as a function of sweep-rate (s)

is shown .in Fig. 18a. | '

As can be seen, although the values differ somewhat from the
theoretically predicted ones, partly due to difficulties in evaluating the
parameters from a real i vs V profile where overlapping of peaks is always
present, the agreement and the treng is rather good between the experimentaily
determined values and the calculated ones for the model reaction,(218). The
Cp values are somewhat smaller in the experimental case because, as discussed
previously, the 8, reaches only 0.65 ofaznono]ayéf in the case of Ir, while
the calculated Cp’s are based on a eH =1. A norma1izjng correction factor
of 1/0.65 can be easily applied.

Angerstein-Kozlowska and Conway (230) alsc discussed the
significance of the limiting sweep-rate, so,'corresponding to the exchange
current density, io’ bélow which a surface process is reversible.

A related value, 55, s obtained by extrapolation of anodic and
cathodie ﬁeak potentia?s'as a function of log s to a common point, with
appropiate allowance for interaction effects (230).

A general expression for the relation between s and 56 was

0
derived by the above authors as:

o .
. = = 9 (1- Jo g N
1og %o tog %o 109[1 4'2 (1 ep,irrevﬂ4'4.5 (ep,irrev 2) 2.3 b (4'3).
Thus, for g = 0, as seems to be the case for the HA3/HC3 processes in this

system, log Sq = log sé. The result of this graphic approach is shown in

-
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TABLE IV

Diagnostic Parameters for a le- Surface Reaction

THEORY (ref. 218) EXPERIMENTAL
PARAMETER le- process, § = 0 HA3» 0.5 M H2504

T = '
- : rev. |, 2.14 x 1073 6.7 x 107% |
Cps Fem? : \
irrev. 1.57 x 10-3 5.53 x 10-4 \
rev. , 0.091 ' 0.110 |
i AV] , v ' ‘ !
| /2 irrev.‘l 0.126 0.145 |
: rev. i 0 C ' \

d(Ep)/dUog s)
. irrev.. . 0.118 0.052 |

<
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at /7 -
Fig. 18b, where it ¢an be seen that So = 2 Vs l.

4.3.1.2. Doume-Layer'Charging/Region

As can be_seen from Figs. 15-17, the double-layer charging region

is partia11y obscured by overlap with the currents for final desorption of
H species and the onset of upd of OH species, this over1aplbeing more
'significant in basic solutions, where the onset of surface oxidation is
shifted to less positive potentials (see below) and where there is no
distinguishable double-layer charging region {Fig. 17).

Nevertheless, even in 0.5 M H2504, where the double-layer region
appears to be resolved, a calculation of the capacitgnce of the double-layer,
based on the observed current and the relation C = i/s indicates a value of
93 uF crn'2 which is rather large, since the technique used to prepare the
electrodes does not roughen the surface to such an extent. This result implies

-
that another process, e.g. onset of upd of OH species, already begins to take

place over that potential range. ’

This was proven to be the case by Mozota and Conway (269), in
their work on the effect of C1~ jon on the monolayer stage of surface oxidation
of Ir where, as the céncentration of C1~ was increased, the onset of upd of
OH species was shifted to more positive potentials, revealing a real double-
layer charging profile giving a capacitance of 30 wF cm'z, in agreemeﬁt with
vé]ues previously determined for similar Ir surfaces (246,247) with rouéhness
factors of 1 to 2.

On the cathodic side in the double-layer region, currents larger
than the conjugate anodic ones indicate a component due to irrevers{ble -
reduction of the previously deposited monolayer oxide species, as will be

discussed Tater.
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4.3.1.3. Formation and Reduction of Mono]ayér Oxide Films at Ir:

Reversibility and Hysteresis

Under cyclic-vo]tamme?ry conditions, as the potential of an Ir
é1ectro§e in 0.5 M HZSO4 at 298 K incréases in the anodic direction up to a
maximum of 1.3 V,E, (to avoid growth of thick- oxide films), two broad peaks
are clearly distinguishable at~pgtentia1§ of ca. 0.7 arid 0.975 V,EH (Fjg. 15).
According to the charge isotherm (Fig. 19), they correspond to the upd~of OH
species, the monolayer of which is completed (according to the charge
evaluation, o = 1 at 210 uC cm'z) in the range 1.1-1.2 V,E, (as at Pt),
i.e. after the capacitance maximum of the most anodic peaﬁ, 0A3’ Extension of
.the anodic énd potential of the cyclic programme to values > 1.3 V,EH, up
to 1.6 V,EH indicates completion of a monolayer of "Ir0" at about 1.4 V,EH
and leads into the transition from monolayer to thicker oxide formation that
eventually becomes associated with large, reversible oxidation/reduction
currents due to redox processes within the film, together with growth of the
latter, if cycling is continued. 02 evolution takes place at potentials
higher than 1.6 V,EH.
The first, broad, anodic peak is seen to be composed of two
peaks, clearly distinguishable on the cathodic side of the 1 vs V profile
(Figs. 15-17). The system for labelling the peaks will be the one described
by Conway et al. (19) . for the case of Pt and applied by Angerstein-Kozlowska
et al. (1) to Au and other noble metals. Thus, the first broad anodic peaks
will be designated OA]’OAZ and the corresponding cathodic ones OC]’OCZ‘
The third (broad) ancdic peak will be referred to as OA3 and its associated .
reduction region, which appears over a broad potential range, at less positive

potentials, will be designated 0.4 (see Fig. 15).

When the sweep proceeds in the cathodic direction, it can be seen

1

»

—



- 93 -

- HO5'39vNIA0)D

.Azoog s9123ds HO 30 9beada0d (g) ¢abueys yejo}

(x) “_um A 0DL70 3¢ 4862 .¢Omm: W G0 Ul UOLIBPLXO 4] 404 wisyjosy abuaey) 61 by

0l

(A HI vIINTL0d

05°H WG "I

108

(7w o)304vH)

100¢€




- 94 -

that while the specigs deposited in the-bA1, 0A2 regions‘are'reduced in an.
almost reversible way, the reduction of 0A3 species does not occur in a single
peak, but it takes place, with much hysteresis, in a broadgr potential region
that ‘overlaps with the double-layer and H deposition regions, indicating
strong irreversibility of the reduction process (Fig. 15). ”
As the coverage of Ir0 increases and as higher oxidation states
are attained, e.g. Ir203, these species are seen to be reduFed g]so with
great hysteresis, ov;fiapping the H deposition region and causing diminution of
the coverage by oxide species reduced in Ehe OC]’ OCZ’ regions (see Fig. 20).
The peak multiplicity observeé in the upd of an OH mono]aygr
was interpreted by Conway et al. (19,21) in terms of the formation of 'a
succession of sublattices, namely: "M40H", ”MZOH“ and "MOH" as the monolayer
became comp1éted { éOH ~ 1). The existence of such sublatfices has been recently
proven by Hubbard et al. (24) using LEED to study the case of I adsorption on Pt
from the gas phase. Combarison of the theoretical predictions of Conway et

al. (21) with the experimental results for PtOH monolayer formation gave

- exge11ent agreement and exemplified the importance of the g parameter in

fitting the simulated j vs V profile to the experimental one.
In. the case of Ir, although the multiplicity is not as well
resolved as at Pt, it is nevertheless evident (e.g. see Fig. 15); themdjfferences

arise from the broadness of the peaks, which indicates stronger repulsion

between the deposited OH species*. However, quantitative evaluation of the

* Probably due to a stronger M-OH bond that is associated with ar increased
charge on the OK, i.e. a difference of electrosorption valency with respect
to that for OH on Pt, Au, etc. This is consistent with the onset of upd of

OH species taking place at Ir at potéqtia]S less positive than those at Pt.
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charges for the distinguishable regions of the i vs V profile at Ir show that
the‘coverage, ap, at the peak maxima are lower for Ir than for Pt. Table V
compares the ep values for these two metals.

The idea of increased repulsive interactions between the deposited
OH species is also supported by ihe fact that, at coverages 8on > ca. 0.3, the
-deposited species are reduced with appreciable hysteresis (0A3 peak/OC3 region),
consistent with a high degree of turnover (place-exchange) associated with
a more stable two-dimensional lattice (cf; the behaviour of Pt electrodes:
ref. 21). .

[t is however puzzling that the reduction of this rearranged or
p1ace-exchange§ surface oxide does not occur in a "single-peak" as at Pt*,

Au or other noble metals, But instead appears to be smeared out over a broad
range of potentials.

. The Tower coverages attained over the OAT and OAZ regjons, as
well ashthe weaker effects of ion adsorption at Ir (Chapter 5 ), allow the
reduction of OH species at Oy < 0.3 to occur in a more reversible wéy than
those at Pt.

Thus, it can be conciuded that the scheme suggested by Angerstein-
Kozlowska et a1¢ (1) in this laboratory, for the formation/?eduction of
monolayer surface oxide on noble metals, can be applied to the case of Ir,
as exemplified in Scheme I {page 97).

More information about the behaviour of the monolayer surface
oxide film at noble metals can usually be obtaihed by studying the film
formation/reduction kinetics at constant current or constant potential.
However, such experiments cannot be made unambiguously in the case of Ir

since, if the redetion of the anodically formed oxide is carried out at

* The "single" peak,ften observed at Pt, is in fact resolvable into at least

two regions, depending on conditions (see Chapter 6 ). Similar behaviour is

found at Au (1).
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TABLE V

Surface Oxide Coverages, ep, up to Capacitance

{\‘

Metal Region
a1 Op2 0a3
Pt 0.15 0.40 0.78
0.10 0.18 - 0.54

Ir

Maximum
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constant current, the oxide reduction current component overlaps with the
doub]e-fayef charging and H deposition current components; on the other hand,
if the reduction is observed by means of the sweep method; the extra oxide
formed on holding at constant potential does not get completely reduced in
one sweep but in two or three syccessive ones, thus making it difficult to
identify the charge component due to reduction of the extra oxide in both
methods.

Nevertheless, qualitative examination of the cathodic sweep after
] variable times of application of a constant anodic end potential, indicate

preferential growth of the irreversibly reduced-component; this is consistent

with ob§erved ageing phenomena, such as increased metal/oxygen tugnovef,

found on other noble metals (ref. 1). _
A further ﬁoint §hou1d be méntioned and that is the question of

charge balance between the anodic and cathodic sweeps. Iridium is known to

dissolve anodically to é small extent under potentiodynamic conditions if

the anodic eﬁd potential is more positive than Ei: 1.16 V,EH, the latter

being the Egev value for the ir/aquo.Ig(III) coupT;. “Thus, ihe anodic charge Qa

will always tend to be Ereater than the cathodic charge QC and the aQ = Qa-Qc

will be a measure of the amount of metal dissolved. Values for aQ were

observed in the range of 10-20 uC en2 cycTe-] = 10 ng em? cycle_] in 0.5

M H2504 with £, = 1.3 V,EH which compare with the reported value (232) of

38 ng em™2 cycle_] with E, = 1.54 V,E,, the sweep-rate being 0.05 V sV in

both cases. In 0.5 M Na2C03, the rate of dissolution appears to be smaller,

2

of the order of 5 ng cm cyc]e_ﬁ, under similar conditions to those for the

acid solution experiments.

4.3.1.4. Role of Adsorbed lons in the QObserved Behaviour

It was mentioned previously that adsorbed ions have a marked
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effect on the behaviour of metal electrodes undér cyclic-voltammetry conditions.
As studied by various authors (270-275) and demonétrated for all
noble metals by Angerstein-Kozlowska et al. (1), adsorbed jons play a role
in the\fo]lowing processes which influence the development of oxide films:
(a) Competition between adsorption of ions and electrodeposition of OH
and 0 species;
(b) Displacement of the potential range for deposition of H and OH species;
(c) Change of inner-layer potential;
(d) Rate 'of turnover, growth and ageing processes; anc
(e) State of adsorbed water at the surface.
The extent of ion adsorption effects will be determined by the.
strength of the interaction between the ion and‘the metal compared to the .
interactioﬁ between OH or H species with the metal, and also by the potential
range of the oxidation/reduction region with respect to the p.z.c.. This is
because the latter does not depend on pH, while the other processes such as
oxide deposition/removal and H ionization/deposition are a function of pH:
Thus, in basic media, noble metal surfaces are probably relatively free from
adsorbed anions, except for cases of strong specific adsorption.
A further point is that a metal surface which, for thermodynamic
reasons is relatively easily oxidized, i.e. at iow positive potentials relativeto O V.
EH, will suffer less competition from anion adsorption than a metal which
requires higher positive potentials for surface oxidation to commence. This
is one of the reasons for the differences of behaviour and of sensitivity to
anions of Ir vis a vis Pt (see Chapters 5 and 6).
Inspection of the i vs V profiles in Figs. 15-17, indicates:

{(a) The onset of upd of OH species is shifted towards more positive

1 3

values in the order: 0.5 M H2504 = HC10, > 0.5 x 107" M HySO0, > 0.5 x 100° M
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H2504 > 0.1 M Na2C03 = 0.5 M NaOH;

(b) The reversibility of OAT/OAZ processes incredses in the opposite
order, i.e. Na2603 > H2504;

(¢) The hysteresis associated with 0A3 also increases as in (b); and

(d) Anion effects on the H deposition/ionization (as were discussed in
section 4.3.1.1) similar to those at Pt.

However, anion effects Qith the above eTect}o1ytes are much
smaller than those exerted by ions such as C1 and Br~ which are known to
interact strongly with metal surféces due to greater donicity of lone pairs.

In the present studies (53) of the effect of €1~ ion on the
monolayer stage of Iridium oxidation in relation td'the investigation of the
electrocatalytic properties of IrO2 films for the Clz evolution reaction
(see Chapter 5 ), it was shown how the charge isotherm for upd of OH species
depends on the concentration of Ci~ ion, since the amount of deposited oxide
decreases markedly with increasing C1  concentration. Similar results are
obtained in the presence of Br ion, although the latter is even more effective
than C1~ fon in blocking oxide formation and H deposition.

The growth of the oxide under constant potential conditions can
also be followed quantitatively in the presence of halide ions, where the

growth and the blocking processes compete with each other. In this case,
i g

- e =

the result is essentially tﬁe same as in the absence of these jons, namely

that the growfﬁ of the irreversibly reduced component is favored but
inspection of the i vs V profiles for both cases, i.e with and without halide
ions, indicates that the latter greatly increase the irreversibility of the
reduction of the deposited oxide species (see chapter 6, where such effects

were studied with €1~ at Pt).
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4.3.1.5. Transition Between Monolayer and Thick Film States

When an Ir electrode is cycled or pulsed (246,248,249) between
theappropriateTimits, i.e. E; > 1.3 V,EH‘and EZ < 0.2 V,EH in 0.5 M H2804
at 298 K, the monolayer oxide film (designated as State A) is replaced by
a thicker oxide (labelled State M) capable of undergoing reversible redox
processes in the bﬁ]k of the film. This film grows continuously with cycling
at a rate depending on various parameters which will be discussed later in
section 4.4.

| Once this transition takes place, lowering of the ancdic end

_ potential in the cycles leads to slower growth or even to a decrease in the
anodic/cathodic charge ratio associated with the processes in the film, but
the original A-state is never regained unless the ejectrode is polarized at
Ea > 1.7 V,EH for the necessary length of time ii.e. the thicker the oxide
layer to be removed, the longer the polarization time required) or cycled
in 98% HZSO4, i.e. under conditions for which the film is known to dissolve
or fail mechanically {(250). The latter effect occurs because of 02 evolution.

The A-state i vs V profile,together with the first few cycles
leading to the M state in 0.5 M HZSO4, is shown in Fig. 21. The main features
of the transition, A -~ M, are:

(a) Almost no change on the H desorption and double-layer charging
regions (a rather puzzling effect that remains even at high film thicknesses,
viz. 500 nm ; this will be discussed later);

(b) Appearance of a sharper peak in the potential region of 0A1/0A2’
which will be labelled OA,],Z,r { the “r" indicates that it is associated
with the thick films exhibiting reversible behaviour), the charge of which
increases and the potential for which becomes more positive with successive

cycles;

* E_ and E_ are used to represent the anodic and cathodic end potentials of
the Tine&r potential sweep, respectively.
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(c) Development of a reversible series of current peaks at about 1.0 VLEys
to be referred to as 0A3,r and 0C3,r’ the charges of which increase -
continuously and the potentials for which remain fairly constant until the
film has grown to thicknesses of ca. > 100 Tayers;

(d} A charge increase in the region 1.2-1.4 V,E,, associated with a

H
_reversible system Tabelled 0A4,r/0C4,r; and
(e) The appearance of a shoulder at ~ 1.45 V,EH clearly distinguishable

when the film becomes thicker (see later, Fig. 22) labelled 0 which

A5,r
appears at potentia]s below those for commencement of O2 evolution. Also

a corresponding OCS,r peak can be resolved which can be partially obscured
by the reduction of previously evolved 02. ‘

- These features, as well as their change with oxide thickness,
depend on various-growth parameters, including the nature of the'electro1yte.

These effects, together with a detailed discussion of the mechanism of oxide

growth, will be presented in the next sections.

4.4, THICK OXIDE FILMS ON IRIDIUM

As described previously (p. 101), when an Ir electrode is cycled
between the -appropriate 1imits (to be;discussed below), its i vs V profile
undergoes drastic changes, the main one being the appearance of large
reversible oxidation/reduction currents at potentiails higher than ca. 0.7 V,EH.

ARs the cyclic programme of potential change is continued, the
charge associated with-thé reversible processes continuously increases, while
that of the region of deposition/ionization of H species and double-layer
charging below d.? V,EHvappears to remain constaﬁt. This Tatter effect is
~one of the most interesting features of th;-behaviour associated with the

thick fiIﬁs which can be developed at Ir and Rh (78).

The understanding of the mechanism four oxide growth is important

e
N\~ .
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both for technological and Saéié reasons. On the onhe hand, the ﬁhick oxide
films formed at Ir are of intgreét because_df their electrochromic properties
(259}, which makes them suitablé as display devices (254); on the other hand, .
becduse of their .large active area, interesting electrocatalytic properties
arise, as will be discussed for the cases of Clzf[Fhapter 5 and cf.(SSﬁ and 0,
" evolution (88). . ' T
. The fact that Ir, Ru, Os, Rh and ﬁ (50,51,72,77,233) develop
simi1$r thick oxide films, under similar conditions and with related propgrties{
implies that any knowledge gained in the study of Ir oxide %i]m; wf11ualsbr
contribute to the understanding of anodic oxide film formation at tbé above
metals.
Finally, as will be discussed later (Chapter 5 y, ¥ormation of
the oxide films under cyclic conditions allows the films to be modified in
a controllable way, which is one of the main requirements in an electrocatalytic
study. .
Unfortunately, the same characteristics that make this system .
rather special, i.e. development of Iarge-charge values associated with

reversible redox processes in the film, also make the system difficult to

study, since the i vs V profile maintains constant features (un]ike the case

~

of Pt Lunder the influence of the usual perturbation programmes, at least
until CEF’s > 150 are achieved. fThus, although the i vs V profiles are not
as featureless as those for Ru, the amount of electrochemical information
Ithat can be obtained from them is rather restricted and other techniques such
as SEM, ESCA and AUGER analysis have to be used to compliement the
electrochemical results.

The first step towards obtaining data that could lead to

formulation of a growth mechanism was to study the effect of various
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experimental conditions on the rate of growth of the oxide film.

4.4.1. Dependence of the Rate of Growth of Thick Ir Oxide Films on Various

Experimeﬁtal Parameters

In general, regardiess of the effect of a particular experimental - '
condition, the groﬁth of r? oxide fi]ms proceeds in the way illustrated in
Figs: 22 and 23 for 0.5 M HZSO4 and Q.] M'Na2C03 solutions, respectihe1y.

Once the A - M transition has taken place (section 4.5;1.5),'the
-s;ate of the eléctrode will be degignated as .M, until the electrochromic
effect is observable at CEF’s > gg,DSO.. TQSQ the electrode state will be
ré?erred to as ”MB",_beeaﬂse oflthe-épparent mgtal1ih 4;§Jack change-ﬁn -
colaration as potential is cycled. _when,high oxide thicknesges are achieved'
* (CEF’s > 150-200), the electrode always appears'biack_and this- state will be
referred to as state'”B;i_ |

k It should be‘%entioned that the difference between states:M, MB
and B is due 6n1y to the optical properties of the electrode, which‘are a o
refiectiéq of the oxide thickness and of the effiéiency of the redok process-
taking‘P1ace in the oxide film. Thus, in all these states, the oxide spééiés
(involving various valence states of Ir) present in thé film are proﬁosed to
be identical at any given potential, except perhaps those in the monolayer
oxide.

4.4.71.]1. Effects of Anodic and Cathodic End Potential

In order to determine the effect of the anodic and cathodic end
potential in a repetitive sweeﬁ on the rate of growth, the Ir oxide films
waere developed in 0.5 M H2504 at 298 K and at a sweep-rate of 0.100 V 5_1.
The growth was monitored by measuringthe current at thé capacitance maximum

(Ip) of OA3 . j.e. at = 1.0 V,EH, every 5 cycles for 20 cycles and then

varying the corresponding end potential by a fixed increment of voltage.while
/ .
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scanning the potential region of iﬁterest. fbe 1inearity of'thé growth_for
every end potential was established by graphical means, and Fhe total grdwth -
in a given experiment was well wfthin the 1ineaf region of the growth curve,
as shown later (Fig. 28).

The results obtained are shown ianig. 24, It can be seen (Fig.

24) that there appears to be an optimum anodic potential (E } at

a,optimum

which the rate of growth is a maximum and that as Ea > E » the rate

a,optimum
of growth decreases markedfy, presumably due to some corrosion of the fi]m
by dissolution and involvement of the film itself in the 0, evolution
reaction.

It s also apparent (Fig. 24) that there is am optimum

cathodic end potential (E ), although in this case for éc < E

c,optimum c,optimum

the rate of growth tends to level-off, as expected, since the oxide cannot
dissolve at these cathodic potentials and H2 evolution (as will be discussed
Tater) takes place only at the Metal/Oxide interface and thus does not disturb
the bulk of the film, unlike 02 evolution which is assumed to involve the film itself.
The existence also of threshold potentials, Viz. E, and
Ec,minimum required for growth to start at all, in both the anodic and the
cathodic ends of the sWeep also indicates the need for a certain state of
oxidation or a certain coverage by oxide species to be achieved (at Ea),
as well as the requirement for partial reduction of anodically formed species
at the cathodic end (EC), with Targe hysteresis, by an electrochemical
mechanism or assisted by electrodeposition of H species (at Ec).
It should also be noted that if a film is grown to a certain
thie&gsss and then the end potential of the anodic or the cathodic sweep is

decreased below E » & decrease in charge.is observed, associated

minimum

with a corresponding decrease in thickness. This again stresses the fact
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that the oxide film is s1ow1y_dissolving, probably by a chemical reaction,
~at the same time that it is being formed, but the original A state is never _
‘regained.

4.4.1.2. Type and Concentration of Supporting Electrolyte

In-Fig. 25 1is sthn‘the depéndencé'éfAthe rate of growth on the
anodic end potential of the sweep_on the type ofgélectr61yte, namely 0.5 M
H2504;1M HC1b4.and 0.5 M Na2C03. Results in 0.5 M NaOH are not shown owing
to the extremely slow rate at which growth takes place in that medium.

As can be seen, the rate of growth at any given potential
decreases in the order 0.5 M H_SO

2774
While the shape of the function (Fig. 25) and the E

> 1M HC104>>U.5 M Na CO3>>0.5 M NaOH.

2
are similar for

a,optimum
both acid électrolytes, they are different-for the case of Na2C03; where the
Ea;optimﬁm is displaced to less positive potentials and the width of the
peak-shaped relation is smaller than that for the acid media.

The difference in the rate of growth between H2504 and HCTO4 is
due, probably, to increased éo]ubiTity of.the oxide i;rthe HC1O4 solution
and also to the type of anion present, HSO& g§_CTO£ . The Tatter effect
probably arises because the anion is involved in the growth mechanism, e.g.
anion migration is necessary to maintain the electroneutraiity of the system.
Buckley et ai. (250) pointed out the importance of the anion in discussing
the results they obtained in solutions of H2504 + X Na2504; - They found that'
on increasing the concentration. of Na2504, the rate of growth decreased. This
can oniy be understood on the basis of a change in the anion responsible for
the jonic migration, which is most 1ikely HSO& in acid solutions and becomes
5052 when the concentration of Na,S0, is increased. |

It has also been observed that increasing the acid concentration

decreases the rate of grawth, presumably due to increased dissolution of- the
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oxide.*

As mentioned 350ve, the behaviour in the case of N32003 is quite
different from that in acid media. This effect is'a1so clear in the dependence
of the rate of growth on the cathodic end potential of the sweep, where the ~

£ in Na2C03 solutions is displaced to more negative potentials.

c,optimum
This gToba1 shift of both curves in the negative direction ind%cates a pH .
dependence of the rate of growth which correlates with the unusual pH
‘dependence of the beak potentials to be discussed later.

The very slow rate of growth in NaOH, attributed by some authors
to increased oxide dissolution (250) is more likely to be due to increased
difficulty in breaking the M-M bond or even to the fact that, in the absence
of- strongly adsorbed anions, the turnover procesg is siower since it cannot
be assi;ted by adsorbed anions, thus giving'riée to a slow growth reaction.
The solubility éxp]anation is apparently incorrect, since an oxide formed in
H2504 and fhen transferred to NaOH, can be cycled-in the latter medium for

a 1dng period of time, > ca. 10 hours, without an appreciable loss of charge.

4.4.1.3. Effect of Sweep-Rate

On varying the sweep-rate (s), while keeping all the other
conditions constant, the rate of growth of the oxide film varies as indicated
in Fig. 26, for two different anodic end potentials. Thus, while the rate
of growth is fairly constant at s < 0.100 V s-], it decreases as & linear
function of log s as s is increased. The observed effect could be due to
two factors: First, as s is increased, there will be shorter time available for
turnover of the oxide species to occur before they are reduced, This tends to make
the amount of oxide that is not reduced;and thus able to incorporate itself into the
film,smaller. Secondly,the surface oxidation peaks become irreversible at high s,thus
effectively making a given chosen end potential thermodinamicaily less positive.‘
= : , -

L
-
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The latter effect is based on the idea tﬁat the ménolayef surface oxidation
processes observed in the A state are stil1l operating at the Metal/Oxide
interface beneath the thickening film and are responsible for the growth of

the film bﬁt are obscuredvby the large redox currents for the fi]ﬁ process
itself. This is supported by the fact that all the peaks observed in states

M, MB and to some extent B, are rather reversible (with.the exception ?f,ff//J'.

-

Oy 1 2 p» Which will be proven later not to be involved in film growth), i.e.-

their peak potentials are constant with s up to s > 10V 5'1. Therefore,

;he observed éffect of s capnot be attributed to the influence of increasing s
in any of the re&ersib1e processes occurring in the film. )

| A last factor invoives the possibility that,ég the oxide is not"
_epitaxially grown, increase of sweep-rate could induce faster dissolution

‘ due to greater stress (176) during oxide formation but this factor is probably
a minor one, since the observed linear depéndence of rafe of growth on log s
hints that a process whose properties are also linear in log s is responsible

for the experimental behaviour,i.e. the irreversibility of the oxidation peaks as f(s).

4.4.1.4. Temperature Effects

The temﬁerature dependence of the rate of growth in 0.5 M HZSO4

1, for the range 298 < T 5_340 K, presents a shallow maximum

at s =0.100 Vs~
around 308 K, while at T > 308 K the rate of growth'deéreases quite markedly
and eventually at T > 345 K, the thick oxide does not grow any further and,
if present on the surface,it dissolves away (74). These effects are
associated with two competing processes: one is the increase in the rate
constant for the processes involved in oxide formation'with inbreasing
temperature and the other 15 an increagé in the dissolution rate of the oxide,
both chemically and electtochemi;a11y, and finaily because the 02 evolution

reaction, which involves the oxide film itself, occurs at less positive

potentials at higher temperatures.
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4.4.1.5. R9tating Disc Experiments
| Although no change in rate of growth can be-deteéted by stirring
the solution with N2 with respect to the rate observed ii quiescent solutions,
it has géen suggested {257), because of the porous structure of the oxide films
as seen under the SEM, that a d1sso]ut1on/redep051t1on growth mechanism possibly
takes place. A study of the rate of growth 2s a function of rotation speed of
an Ir disc electrode was therefore carried out in order to elucidate the role,
L if any, of disso]ution and redeposition of Ir species in solution on the rate

of growth of the oxide film.

The resuits are shown in Fig. 27 and, as can be seen, no trend

in the siope, i.e. rate of growth, can be observed with respect to the

rotation frequency, «. The spread of the slopes of the relation in Fig. 27

for the various w values is. smaller than £he calculated standard deviation, o,
of the data. Thus, it can be concluded that dissolution/redeposition is not
involved in the growth mechanism at the early stages of film formation. It

js possible that such processes could play a role once the fiim achieves a
certain thicknes;, but then such processes would be undetectable 1in the above
experimént due to the insensitivity of the processes taking place inside the.

pore system to electrode rotation or bulk solution stirring.

4.4.1.6. Experiments at constant potential

When the anodic end potentiél‘of the sweep is maintained constant
for a controlled period of time, the oxide film on Ir does not continue to -
grow, regardless qf the length of the holding period, e.g. up 1o 2 h; and

only undergoes minor changes during this time. If the Ea > 1.6 V,E,, then

H)
some dissolution of the oxide takes place.

On the other hand, when the cathodic end potential is held constant,
the oxide film does not get reduced back to the bare metal, nor is it Tost

mechanically, regardless of the rate: of H, evolution.  The only appréciab1e
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Fig. 27. Growth of an oxidé film on a rotating Ir disc electrode

as a function of the number of cycles, for various frequencies

of electrode rotation, w, (values as shown), in 0.5 M H

at 0.100 v s™', 298 K.
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change is that onte the potential sweep is resumed in the anodic direction,
there is an increase in charge in the 0A 1.2 p region, and a certain increase in
N 3 sy

the 0A3 region, while the rest of the profile, including that for the cathodic

r
>
scan, remains constant. After two or three sweeps, the f’xg V profile returns to
its original shape.

4.6,1.7. Effect of C1” ion on Oxide Film Growth

As will be discusseﬁ Tater in more detail (Chapter 5), the presence
of C1~ jon inhibits the A ~ M transition. However, once the oxide has been
developed in the absence of C1 jon, the addition of C1 to the e]ectro]yte‘
indicates that the ion has no effect whatsoever on the charge or shape df the
profile at potentidls > 0.7 V,EH, as expected since the oxide does not get reduced
back to the metal in every c}c1e and C1 ion is known to exert its influence by
adsorption at the metal in thé monolayer stage of surface oxidation (see Fig; 50,

- paée. 166). However, the C1  ion c]ea}ly blocks the deposition of H species in a
similar way to that seen for the "monglayer" processes at Ir before thick film

%formation has occurred. - ‘

,;/ Once the thick oxide film is present on the surface, no further growth
can be achieved in the presence of C1~ ion. This inhibition of the growth reaction
arises either from blocking of oxidation of bare metaT sites needed for continuous.
growth or by blocking of deposition of H species which could play a role in the
growth—mechanism, as probosed by Shibata (38) for the case of thick oxide films at Pt.

4.4.2. Oxide Growth Law

The current at the peak of the capacitancé maximum at ca.l1.0 V,EH,

i.e. 0A3 r region, is plotted as a function of the number of cycles in Fig. 28

for the case of 0.5 M H,50, at 298 K and for a sweep-rate of 0.050 V s
As can be seen, the extent of growth { measured by the CEF)

initially increases linearly in time { as shown for the first 500 cycles).
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This Tinear behggjour,that extends up to ca. 1000 cycles, can be described

by an equation of the form

‘1 = A . #cycles + 1 (4.4)

7 p P,>0

ghe%é A‘is a function of the electfolyte and depends on the other éxperimenta]

;oﬁditibns previously discussed. After 1000 cycles, the film growth starts

to level off inaparabolic way as the film continues to fhicken further.

Limiting values were observed.for film thicknesées but no correlation could

be found between this, phenomenon and the other experimental conditions.

Behaviou% Timited by anion and W diffusion in-pores is probab]y.invb]ved

when.appreciab1é film thicknesses are developed. .
Thisrgepera1'behaviour was expected since the growth of the film

s presumab]y due to accumulation of oxide species that are not comp1eteiy

redﬁced in each cathodic sweép. Thus, as TOnguas mass-transport or IR drop

problems do not become Timiting factors beéaﬁse of film thickness, oxide

accumu1atioﬁ proceeds in the same fashion; since the growth.rate is not very large,i.e.

.the rate of growth in 0.5 M H2504 at s = 0.050 Vv s-'1 is about 13.3 uC f:m'2

cyc'le~I which is about'B% of a monolayer of OH species, growth can continue

undisturbed, until the Timitations mentioned.above fdr thicker films begin

to interfere with the growth process.

4.4.3.0ptical Studies of Iridium Oxide Films

Iridium oiide films prepared under various conditions were
examine& by means 5f optfca1 and scanning electron microscopies.

The surface characteristics of the electrdchemically grown films
were foun& to be dependent mainly on oxide thickness. Thus, the oxide layer
appeared inisialTy as a continuous smooth film showing some cracking and a
great deal of apparent porosity, as shqwn in Fig. 2%9a. As the oxide film

thickness becomes increased, cracking of the film is observed (Fig. 29b),
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pfobably due to stress created by the-large dmbunt of electrolyte inside the
film, and the difference of lattice constants of the IrOZ'fiIm and the Ir
‘substrate. However, the surface of the oxide species appears relatively

-

smooth, as shown in Fig. 29b/
For thicknesses of ~ lumor CEF’s > 100, the film consisted of ~
islands of.oxide separated from each other by wide cracks (Figs. 29¢c,d); af
 the same time, the surface of the oxide appeared rougher than before, as
also seen in Figs. 29¢,d. . '

That the cracking effect was not an artifact,due to the vacuum
conditions in the SEM chamber, was confirmed by optical microscopy. Electrodes
bearing freshly prepared oxide films we}e obse;ved undeﬁ the Nomarski optical
microscope while still wet and the cracking of the film was already evident.

These e]ectrbchemica]]y grown films were quite d%fferent from
the films of I_rO2 that can be prepared tﬁermé]]y by exposing an electrode
to a gas f1éme. The surface of the thermal oxide is shown in ??g; 30a‘where
grain boundaries are clearly detectable but are absent in the electrochemically
prepared oxides. ) | - _
 The oxide fiims, régard]ess of thickness, appear to follow the:

substrate topography, as -shown in Figs. 30b,c. The former figure shows the
surface of an o%ide film thinner than that of Fig. 30c; the sugﬁtrate can be
clearly seen jn regions were the oxide fell-off and it appears to be very
‘rough. In the case of ¥ig. 30c, the oxide appears tc have a thickness of ﬁ\\
d:;? i anq is evidently becoming.detached from tﬁg/sérféce. The Tatter effect
probably originates from the effects of 02 eiOIZtion on tﬁat oxide. It seems
that the O2 evolution reaction jnvo]ves species in the film and causes fiim

"~ dissolution and mechanical failure. However, this effect gives us an

opportunity-u:examinezthe film and the underlying substrate in an excellent

]
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way, as.1is seen from Fig. 30d, where the roughness and macroporosity of both
the oxide and the substrate are evidené. ‘The substraté can be better seen at
higher magnification, as in Fig. 3la. '

Bécause of these observations, efforts‘were made to determine if
tHeunder1yingsubstrate was actually metal or an oxide Tlayer. For this.
purpose the surface of a sample, where a wide crack existed between two
oxide patches, was mapped for the preseﬁce of Q by means of X-Ray emission
spectréscopy. As shown <in Fig. 31b, there is a clear difference betweén the
amount of oxygen in the two rqgions, the quantity being larger on the oxide
pieces; however sohe 0 signal.is still c1éar1y seen from within the‘crack.

Similarly, when the substrate where the oxide had peeled-off
and the oxide itself are both analyzed by XES, thé results indicaté the
presence of 16 = 6 atomic percent oxygen in the substrate region and 75 + 20
atomic percent oxygen in the oxide‘regicn.. The latter result suggests,
as expected, an IrOé stoichiometry, the large uncertainty being due to the
lack ofappropriate\standards. However, the former vaiue indicates that some
0 is present on the substrate. _

‘ By the same technique, XES, it was determined that the oxide film
contains some S, probably due to incorporation of 50;2 from the electrolyte
during the oxide growth. By comparing the two XES spectra corresponding to
the substrate and to the oxide, a peak at 2.29 eV, characteristic of a KA
Tine of S,was visible only for the case of the oxide. A standardless analysis
of the peék indicated about 8 afomic percent of S in the sample, assuming
Ir to be the only other constituent. |

This is a rather interesting result, since the presence of S in
the oxide film has been previously suggested {257) but,to our knowledge,this

is’ the first experimental confirmation of this effect.



~

Fig. 31. {a) SEM micregrapn of the surface shown in Fig. 30d, at higher

magnification to indicate-the underlying substrate morpholegy.

(b) Oxygen mapping of an oxide film saﬁpie, similar to that shown in
Fig. 29¢. The oxide and the substrate showing in the cracks were
both analyzed. Notice Jower density of 0 signals from the

material inside the cracks.
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4.4.4. Spectroscopic Studies of the Iridium Oxide Films

In order to complement the electrochemical and optical resu1ts;
the iridium oxide fi]ms-ue{e subjected to analysis by ESCA and AUGER
spectroscopies at the N.R.C Laboratories by Dr. D.Mitchell.

The samples were two Ir disks on which thick oxide films of-
different thicknesses had Been p}epared. The electrochemical characteristics
| of both samples, A and B,are shown iﬁ Table VI: '

The appearance of both samples under the SEM Tndicated that sampie
A (Fig. 32a) consisted of oxide islands exposing an uﬁﬁe{1ying substrate
which could be roughened metal covered by a certain amount of oxide. Sample
A had.an apparent oxide thickness of ca. 500 nm. Sample B showed & more
uniform oxide Tayer covering the surface (Fig. 33a); however, the layer
exhibited widespread cracking and was thinnér than that on the A sampie. The
thickﬁess of the oxide on the B sample could not be estimated by SEM bﬂt due
té the 2:1 ratio in CEF’s between samplies A and B,tﬁe thickness of‘sample B
should have been ca. 250 nm. | |

The general AUGER and ESCA scans(Figs. 34a,b) indicated th;-
presence 6f Ir, xygen and a small amount of arbon located in inclusions
in the surface; the C probably arises from the diamond saw used to cut the
Ir discs from an Ir rod.

The ESCA survey'For both sampies (Figs. 35 a,b) indicated no
-appreciab1e difference between them, thus the 01s and Ir 4f 5/2,.7/2

spectra were consistent with the presence of Ir0 Based on Au 4f 7/3 = 83.8 &V

-
sample - A B

0 1s 530.9 531.13
Ir 4F 7/2 62.00 61.95
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) TABLE VI

FORMATION CONDITIONS AND ELECTROCHEMICAL CHARAGTERISTICS OF

THE OXIDIZED Ir SAMPLES USED FOR SPECTROSCOPIC ANALYSIS

QUANTITY SAMPLE A SAMPLE B
| E. (V.E}) 0.061 0.061 -
E, (V,E) 1.467 . 1.467
s(vsTh 0.100 0.100
T (K) - 298 - 298
Growth time {min) 977 380

Cyclic programme
teminated at E .

Optical appearance

(freshly prepared) black metallic
Charge (C cn™®) . 0.0184 0.00888
CEF 87 _ : 42
Electrolyte 0.5 M H2504 0.5 M H2504

Thickness ratio 2 - : 1
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SEM micrographs of sampie A, used for spectroscopic studies:

(a) oxide freshly formed; and

(b) after spdttering.




Fig.

SEM micrographs of sample B, used for spectrocopic analysis:

(a) oxide freshly formed; and

{b) after sputtering.
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It should be noted that after a certain time of exposure in the
a{r, sample B, which had been removed from the cell at the cathodic end of
the sweep, 1qst its ﬁéta]]ic éppearance and turned bluish-black, presumably.
because IrO2 is the mostlstqpie form of Iridium oxide. fhis transformation
R ppssi51e onléccount of fhe great amount of water that the oxide film
contains. o | ; .

| | The Auger sputtering pﬁofi1esfor both sampies (Figs. 36a,b)

_indicated that the oxide layer was nonFuhiform in both cases. The estimated
oxide thicknesses according £6 the sputtering times Qere given as 70 nm
foriéamp1e A and 40 nm for’sampie B but. because of lack of knowledge of the
density of the oxide and éxteﬁt pf_porosity of the samples, the sputtering
~ rate could have been overestimated. However, even when the reported film
" thicknesses appear to be smaTleg-than the ones expected according to the SEM
qbservatjons and to the results of other authors for similar oxide films
(257,25%,265), the ratio'is-sti11 close to 2:1.

" An interesting aspect of the properties of the film was observed
when samples were examined under the SEM after_the sputtering)exgeriments
h&d been perforﬁed on them : thus, because the metal and the oxide are assumed
to sputter at about the same rate, a sputtered sample should retain the .
initial toﬁography of fhe sample. This is observed in Figs. 32,33 where the
;putte}ed surfaces of samples A and B are shown (Figs. 32b,33b)}. As can be
seen, the appearance of the sample is ﬁaintgined in the sputtered material
but all the oxide had been removed. This was-confirmed by means of in-situ
X-Ray analysis of the samples which indicated thaf no 0 was present in the
sputtered section of the sample. From the unsputtered region of fhe sample,a

large Oléigna1 was detected.
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4.4.5. Prdgertie = ' o,

‘ _ Hav1ng discussed the rate of growth of the oxide f11m and its
dependence on var1ous exper1menta1 cond1t1ons, as well as the results of
optical end epectroscop1c studies on such’ f11ms, we shall now proceed to
discuss the behaviour of the various current peaks that appear im the i vs

.V profile of states'M, MB and B; that is, how do the current peaks develop
w1th cycling, what is the1r dependence on sweep-rate and what special features
do they exhibit?, This will help them to be asswgned'to-the.approprzate
electrochemical processes in the film. |

As‘a reference for further discuesion;‘typfca1 i vs V profiles

for the M state in 0.5 M H2504, 5 x 1073

¢

! M H2504, T M hCTO4‘and 0.5 M Na2003
are shown in Figs. 37-40, respectively.

As shown, e.g, in Fig. 37 and discussed in section 4.3.1.5, the
following regions of the i vs V profile for thick Ir oxide films can be
 ~distinguishad: |
/

,//””’ L (a) A région of H deposition/ionization, almost identical to that of

. ‘the bare metal,although the total H charge decreases by about 15-20% as the

oxide grows. Some redistribution of the adsorbed species (H) occurs amongst

A

the various peaks with cycling.
On the cathodic.current side, the H deposition region overlaps with
Ehggrfor1rrever51b1e reduction of oxide spec1es which takes place with large
~____,z’/hysteres1s
(b} A region of double-layer chhrg1ng that appears to remain constant,
regard]ess of oxide thickness. This region extends to 0.6 V,EH where the
onset ef current for redox processes inrthe film obscures the double-layer
- chargihg currehts. On the cathodic side, larger currents indicate a reduction

.coﬁbohent again Tikely to be due to the reduction of irreversibly formed

N o
A
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oxide species or to the comp]etiﬁn of a_solidtbtate redox process in the
film, the potentials for which are continuously displaced in the negative
d{rection due to slowness of pH equilibration.

(c)} At around 0.6 V,E, the first electrochemical process involving the
thick oxide éppears, manifested by an anod%c peak, and a corresponding
cathodic one which appears as a very broad region without any well defined
shape. The anodic peak is labelled OA,T,Z,r’ as discussed previously, since
in some instances jt can be clearly seen that it coﬁsists of two components.
The cathodic region is correspondingly labelled as OC,l,Z,r' |
. The potential of the anodic peak shifts in the anodic direction as

the film thickens until it becomes merged with the next peak, 0 Its

A3,r’
charge also increases with cycling but, because of .extensive overfap with
its Targe neighbor, it is difficult to evaluate the charge increase
guantitatively. This latter probiem also makes it difficult to determine
the relation between i and s but, after allowance for overlap with 0A3,r’
this peak appears.to be associated witha surfacé process (i.e. 1 is linear

in s). However, the peak is very irreversible, as indicated by the variation
of 1ts peaképotentia1"with log s, even at s as Toyw as 0.0005 V s_l. This
large degree of irreversibility makes it impossible to determine the kinetic
parameter, So° since as shown in Fig. 47, no range of s where Ep was
independent of log s could be reached. The dEp/d(]og s) for this peak was

= 0.070-0.090 V decade™', as indicated in Fig. 41.

As the sweep-rate is decreased in the range 0.0005 < s < 0.050 V s'],
the 1 vs V profile is shifted in the cathodic direction, i.e. below the zero
current line, probably due to an increase in the charge of the reduction

b9

component which is controlled by H+ diffusion to a certain extent. Also a

limiting current after the anodic peak maximan is clearly distinguishable
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v

as can be appreciated in Figs. 42a,b,c. Such a 1imiting current could indicate
a.diffusion-contro1led process, following an eiectrochemica1 reaction.

The shape, location and resolution of this anodic peak are greatly
influenced b(‘ioﬁs of the solution; thus, in 0.5 M H2804 the peak, OA,I,Z,r’
is sharper than in HC10, and cannot be detected at all in 1M HyPD,. Of the
other-hand,in.O.S M Na2C03 solutions, it is ndt distinguishable until the
film is qﬁite thick. These observations could also indicate that the jons
affect this peak indirectly by determining the solid-state characteristics
of the oxide film as the latter is grown in the different electrolytes.

-When tﬁe cathodiccounterpaf of this peak is analyzed by plotting
the current at the capacitggzg“maxf&a, ip, g§_51/2, a straight line is found,
indicating the reduction t6 be diffusion-controlled. This agrees with the
observed featureless shape of this peak which ﬁan be related to the fact
that on reducing an bxide species protons are consumed, as in the general

electrochemical equation
Mo+ H o+ et === M0_,(OK) (4.5)

Thus if the reaction responsible for this cathodic shoulder occurs near the
Metal/Oxide interface, the supply of protons for the reaction could beéome
rate-controlling (diffusion-limited), especially if this reduction stage
occurs after the reduction process corresponding to the main peak, 0C3,r’
takes place, and which consumes protons too.

That-OA,],z’r is not associated with a reaction of the metal
substrate itself was clearly demonstrated by Beni and Shay (263) 1in their
study of the electrochromic propertiesof an iridium oxide film formed by
oxidizing 50 nm of Ir metal sputtered on Sn02-g1ass: when all the metal had

been converted to oxide, the 0A 1.2.p peak was still clearly distinguishable

indicating that it is due to a process within the film itself and not on
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Fig. 42a. Series of cyclie—wotfammetry C vs V profiles for the Op 4 0,/
OC,l,Z,r region on Ir in 0.5 M H2§O4 at sweep rates as noted

in the figure.
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Fig. 42c. As in Figs. 42a, 42b. MNotice the presence of i

71m1t1ng’ after the

capacitance maximum.
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the metal. However, because df the conductivity properties of the Ir-oxide
system, which will be diséussed later, this current péak is probably
associated with reactien in oxide layers close to the'uﬁﬁer1ying_meta1.,

The potential of OA,l,Z,r is seen to shift in the cathodic directian
when.the electrode is Teft on open-circuit immersed in solution overnight
but, after a few cycles, the system returns to 1ts'previous behaviour. This
indicates the importance of hav1ng an equilibrium concentrat1on of both
protons and anions at the Meta1/0x1de intérface. The pore system becomes
dep]eted to a certain extent during the cycling experiments but jon
concentrations are reestablished overnight. As a result of the potential
shift of this peak, the cathodic shoulder, Oc,l,Z,r’ éppears harrdwer and_
better defined as a peak, which stresses again its dependence on availability
of protons.

| The peak potential shift towards less positive potential va]ues‘
is also observed when the anodic end potential of the sweep is extended into
the 0, evolution region, E, > 1.6 V,E,, especially for the case of HC10,.
As the rate of growth ih the Tatter electrolyte is low, a less porous, more
cdmpact film is expected so that when the fiim is disturbed by application
of high anodic potentials,which lead to its dissolution together with
evolution of.D2 gas (which electrochemically involves the film itself), the
structure "opens” making it easier for protons and anions to reach the
Metal/Oxide interface. Thus_the'reaction at OA,T,Z,r 1s facilitated. This
idea of "opening” of the structure is supported by the observed increase
in double-layer charging curren;s, consistent with more roughened metal
being exposed to the electrolyte.

{d) Next,a peak system Tabelled 0A3,r/oc3,r is seen in the profile,

centered about 1.0 V’EH’ This peak system has the largest pseudocapacitance
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of the whole profile. Its charge.in:réases continuous&y with cycling and its
peak potential rgmains relatively constant with respect to jnéreasing sweep-
rate, although the So for this peak appears to depend on the oxide thickness{
as shown in Fig. 43. Thus, it is found that,as the oxide thickness increases;
j.e. in going from state M to MB tp B, the:1ower is the So value, i.e. the~

process{es) involved become irreversible at lower sweep-rates with increasi

-

film tﬁicknéss. Fig.43 also indicates another interesting property of th
system; thus, while the variation of the cathodic peak potential
s has a slope of 0.060 - 0.070 V decade-] of s,regardless\ of Film thickness,
the behaviqur of .the anodic peak is rather complex, since dEp/d(1og s) seems
to change from 0.050 to 0.280 V decade™ (Fig. 43) as theJ%E'Fincreases.

| This anomalous behaviour can be understood on the basis of the
changes that take place in the i vs V profiles of the iridium oxide films
at the sweep—rates>for which the unusually high slopes are observed. As
can be seen in\Fig; 44, whéfe the C = i/s vs V profile is shown for an Ir oxide
film in state B.for various sweep-rates in the range 0.005 < s < 0.100 V S_L;~\\\

there seem to be two processes, labelled 0 and OAB , associated with

A3a,r
0A3,r’ while 0C3,r'appea?s to be related only to O

b,r

A3a,r’
' Thus, in the anodic sweep, the complex behaviour of dEp/d(Tog‘s)

for the anodic peak is due to the facf that the ratio of the charges %or

the two processes depends on the film thickness and on the'éweep-rate, with
0A3b,r , being favored at higher thn;&nesses and sweep-rates. (Once OASb,r
becomes predominant, high slopes are observed > ca. 0.150 V decade'] because
of diffusion related limitations associated with this process.

Then, if the system is carefully analyzed in terms of evaluating

3a,r
predominant process*(Fig. 45),-it can be shown (Fig. 46} that dEp/d(]og s)

dEp/d(log s) only at the early stages of film growth when 0A is the

* This is relatively §a56 to distinguish since once 0A3b r Starts to take
over, the currents in C3.p decrease well bejow the™" " expected values.

3
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Y

. . . __] .
for 0A3a,r is about 0.070 - O.JEP V decade ', while that of 0A3b,r can be
as high as 0.300 V decade'T, as shown in Fig. 43. This clearly indicates.
that other factors, besides kinetic irreversibility, are involved in
determining the behaviour of 0 b as a function of sweep-rate, since such
W7

a high slope would be difficult to interpret according to conventional,
treatmen 218,219).

‘ ThjS peak system, 0A3,r/0C3,r’ is assumed to correspond to the main
redox process occuring in the oxide film. Since that process has been shown

to.correspond toale chénge (257), and because the main speci

film, according to ESCA {276, section 4.4.4), appears to be ir (which 1is

also consistent with the Color of the electrode at anodic potentjals > 1.0 V,EH),_

the reaction respoﬁsib1e for this current peak is thought

. S
0 === Ir(0H), + H + e~ ‘ (4.6)

Ir(OH)3 + H2
. . I
which can also be written as - _ {
Ir0y + H0 === 21r0, + 2H +2e \ (4.7) -

Ir0-0H + 2 Hy0 === 1r0,"24,0 + HY + e (4.8)

2

N

depending on the degree of hydration that is attributed to the oxide species.

The peak potential for the OAB . Process appears to have a pH-

], and close to 0.080 V pH'1. It is

dependence different from 0.059 V pH~
believed that the latter value-arises because the peak potential measured is
an apparent'va]ue due to the overlap of the two components under the

under conditions where proton supply is becoming diffusion-controlled, it

is reasonable to expect that the charge ratio of 0A3a,r and OA3b,r will be

a function of pH and thus that the apparent peak potential could vary in an
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unusual manner with pH.

These ptpblems of proton availability and equilibration can be
better appreciated if a modeixcalcu1ation is made reflecting the events
taking place during oxidationx(co1oration) and reduction (bleaching) pfocesses
in the film. Thus, for a film with a charge of 10 mC cm'z; an increase in
the oxidation state of the film of one involves the ejection of ég,%O'?
Faradays of e and of 1077 moles of protons per em™2, Assuming that 50% of
the voTumeﬁéiftﬁe film consists of eTectro1yte;fi1led pores, and taking the
film thickne;s as 300 nm~__, . (in agreement with SEM estimates, see section
g=2?3f37j the local pH in pores in a 0.5 M HZ-SO4 so]utioﬁ wﬁ11 be changed.
from 1 to -1.9. On the other hand, during bleaching, stidies of the #
reflectivity transients (259) indicate that there are two processes; a fast
one and a stower one. Since,in this case,the reactjon requires protons, the
" fast one js associated with the use of the protons available at the oxide/ -
electrolyte interface or ﬁrovided by the bound water at fhe oxide surface.

‘The slower- process fs-related to the diffusion-gontrolied arrival of protons
- from the buik of the eléctro1yte to sités undergoing reduction.

As can be apprecﬁéted; fhe_b1eachin§ prbcess will be more sensitive
to pH changes (local pH in the pores can.gb from 1 to 11 due to the use of'
the available protons‘by the fast component) than is the coloration.

Thus, studies performed at variab]e s in unbuffered solutions or
at constant s in solutions of variable buffer capacity indicate (259) that,
while the avodic peak is simply displaced towards more positive potentiaTs
at high s or low buffer capacity {due to the local decrease-in pH), the
cathodic peak becomes, under the same extreme conditions, a featureless

broad region extending into the H deposition region. ThiX is because of the

continuous shift of the equilibrium potential of the cathodic weaction due



- 149 -

to a | pon-equilibrium situation, such-as described above.
(e) After the peak system OA;,r/OCS,r is crossed in the anodic direetion,
a flat region of the profile obscures a peak 1§be11ed 0A4,r/oc4,r’
distinguishable in 0.5 M Na,CO, (Fig. 40, pagém136)_ThiS is due to the fact that
.the pH dependence of this peak.is djffereht from thét of 0A3,r/oc3,r (i.e.
0.054 and'ﬁ.080 v pH'l respectively). It is also more evident in HCTO4
than in H2804 (compare Figs. 37 and 39))indicating again the ro]e of the
anion in the processeé that occur in the film, or on the charaéterisfics of
the latter dépending on the growth rate _and media.
) Althpugh the peak appears,to'be associated wiih'qufte a large charge;
the fact that the currents in this potential region appeariéIways reversible
{even though 1in NééCOg at high s it is apparent that the 0A4,r/OC4,r peak
starts to become irreversible) indicates that there is probably another
process taking place at ;he same time. This is a process which has a large
capacitance and which behaves very reversibly.
It is proposed that this very.reversib1e process is, in fact, the

\

charging of the real double-layer capacitance of the porous oxide material. This
capacitance now tru]yicorresponds to the increased area of the‘ogqagzed electrode
and can be completely charged due to the conductivity of the oxide at these poteqtial
Relating the increase in area to'the CEF value on a 1.: 1 basis (as a first
aproximation which does not take jnto account increased roughness), about

70% of the charge in that region of 0 /0C4 . can be aé;ounted for as a

Ad,r _
result of real double-Tayer éharging; The reversibility of this region has
also been testied at high frequgncies in a.c. impedance‘measurements (268)
and the resultsshow that it is unlikely that the fast response observed

could be due to an electrothemical surface process- : -

61594/ﬁﬁg;_gﬁ*3§{;e film*is destroyed. by means of 0, evojution, .the
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- charge assoéiatgd with this potential region decreases less than that
aésbciated with the bAé,r/0C3,f region, as expected,since the-1oss of material
is somewhat balanced by the opening of the bxige structu;e: thus diminishing
the loss of area, while the loss of charge due to redox processes in the

film is irreversible and uncompensated for..

o

-

| The proﬁess'fhat takes p]ace-over 0A4,r/oc4,r:15 probably related
to oxidation of part of the film to a highér valence state, but with the
process being restricted to the outer layer of the oxide.

“(f) Finally, Qefoqﬂ‘pz evolution commenceé at 5 measurable rate, a
shoulder on the 1 vs V profile around 1.5 V,EH‘indicates the formation of
2 higher oxide species. This peak is labelled OAS;F' This state.of the
oxide f% partly reduced in a cathodic peak counterpart, OCS,r’ which 1s
lsomewhat over]apped By the reduction of adsorbed 02 evolved in_the previous .
‘anodic scan. | o |

(9) Beyopd_negiph OAS,r/Oés,r strong oxygen evolution, coupled with -
fi1m corrosion, probably as Iroa2 so)gp]e SpecTes,fé\observed together withr
the development of a purple soluttfon.

To facilitate the comparison of the varioqﬁ peaks, their properties
and the possible processes ;o wﬁich they correspond, a table 1isting all
t%ese features for the peaks described in this section 1is presenéed onYthe
next page (see Table VII). o
4.5. MODEL’bF OXIDE FILMS AT\IRIDIUM

In discussing a model for the thick oxide films of Ir, there are
two factors that must be considered:
(a) The mechanism of oxide growth; and
{b) The exp]ana?ion of the observe perties of the oxide £i1ms.

These two factors are, of course, related since the reason why the



- 150a -

: o Fe
t346LUJBA0 UOIIN|OS BYF UL PasJauL 312415 uado U0 333 St
2apo43da(3 3yj J491je sierjuajod 3a13Ls@L sSa| spaemol SILUS -

o ‘sw|lj 9pLXO
ayj o mu_um_gmuumgmcu Y3 Aq u:m suot Aq pajdagse K|buouass -
$30044NS [RRW 8Y] 03 8SO|D S43he| IPLXO

-ayy je momp~ 03 saldads Q4 J0 :wwpmmﬁxo y3}LM pajeLiosse -
. e .
. A ,m“:m:oascu
. /s
OM} 40 3SISUOD 0} U3IS BQ ued 3L SUOLJLPUOD 3WOS Japun -

’ ) . ‘padamMo] SL S se

‘wnwyxew asuejtoeded By} 43R PIAUISQO S| m:@u_s_—w ue

’ # M mpum A 5000°0
J€ UBAd JUPISUOD 30U SI am 30u1s "9[qeA4dsqo jou mm -

‘ Q
mﬂ-mwmumu>cmoJo-oho.omﬁm mo_vw\mwg
. wmcwpuau uo .;.m<o ojuL .
d

m -

.
* V b :

. saraddessip yead mf:a Pwucz .w>wp_moa.mLoE Sawodaq
. ' ’ .
. tBuL 24D uo saseasdut abuaeys -

SIS 143 L0VAYHD 2

thn £ ¢
H AN <o

3°A 9°0 < 3

NOI93d 1YILNILOd AVid

ITA 318VL

SJAONY WNIOIYI zq SWI4 J0IX0 ¥21HL 404 31140dd A SA L 3HL NI Q3d0T3AI0 SHvid 40 SOTLSIMILIVHVHD
. &

-



- 150b -

mg.mmco :p_zx—:mecmum_UOmmmmnoum;mmagm Lﬂmuo

109348 {J3) 21W04Yd04323|8 2y} 404 I|qLsuodsad

‘os|e St yd1ym ssasoud xopad ¢9a1/%0%41 yatm pajeroosse

cssauyotys apixo uo spuadap O

taloa e Aeid 59550204d P3| 043U0-UOLSN}SLP

jeys bupgedspul _apeoap A 06L°0 < st ¥Vg oy qew

t

t,-2P223P A 00L°0 - 00°0 @ 51 %Vg w0y (s bo1)p/t3p - /
‘paurelje ade ‘Ol < 439 "ed
»mmmmm:xuw;u m_aawumggam {13un juejsuod ajLnb supewsu qm -
| $buL | 242 uo saseaudul abaeyd -
. v ‘alLjoad y SA L 9y} ul wajlsAs yead upew - Hyep ool -®0 ;wmuo\;.mqo
¢|e3ow ayl 01 mwoﬁu sdake| apLxo je .
o;_‘oa saloads momLH awos 4O UOLJONPad Y3 LM paleLd0sse - \nz
mm\ﬂm utL mecwr Sl QW *9'L ‘poaLLOAJUOI-UOLSNYSLP
awod3q 03} w;mmqam yead 2ipoyzed ayj ‘paseaddul st s se - ¢
tA9PLNOYS 559 34Njedy ~ .
e 1Nq nxmma Ae3|2 B j0U St juauodwod Jipoyjed a3y} - :m.> Ge°'0 > um Lﬁm.ﬁuo
NOT93Y WILN3L0d W3d

SOILSIYILIVHYHI

(*3u03) JIA 379VL




£31042 JLpoue 3y} UL PIA[OAD No poqJospe 03 anp juauodwod

uoL3onpas e 3 uo pasodwidaadns sey u:m:omsou JLpoyjzed -

- ”,

I

¢93e3s uoLlepL¥xo J3aybLy

e 03 mgmxcp 8pIX0 J3IN0 By} 4O UOLIBPLX0.UBYFAN 03 2np - .

‘aouepjioeded sake(-a(qnop (eas e j0 Buibuaeyo ayjy

I —_

" uo pasodwiaadns osye st 1] .L.cQOmmhwmo 0} Jefuts - A Gy L e

A muO\L m<o

*(AT)41 ueyy aaybiy $33e3s :o_wmnpxo o} -

3

W(ts BPLXO OY3 JO SJae| 4BIN0 BY} 4O HOLILPIXO () . .

pue ‘aduejloeded

wacplm_asou paseadoul , [ead4, ® jo butbaeyd (e) x .

:59552204d pasoduiJadns oM} 40 S3sLsu0d A[qeqoud - -

pue $3ssauyoty) ybLy e uaAa wajlsAs

‘huL 242 uo saseaaoul abaeyds - Hycp g21 "

rSIILSTYILIVIYHD

tsajed-~daans :

2| qLSABABL AUBA -

NOI93Y TYILIN3LOd

(-3u02) T1A 378VL

2493

o/t Wo

AVId

rd



R

- 151 -
oxide grows according to a certain mechanism will be expected to be related
to the observed (electrochemical) properties of the film.
- \- .
One of the main difficulties encountered with earlier models (93,
™

249,252), has been to account for the constancy of currents in the H and
double-layer charging regions up to 0.7 V,EH, regardless of the oxide thickness.

These observations appeared to indicate that no area change has taken place

while, on the other hand SEM observations and C12 evolution kinetic studies

" {see Chapter.5) clearly indicate an appreciable thickness of the oxide and

indirectly,therefore, an increase in the real area of the electrode.

On the basis of the experimental evidence presented in this work,
together with the results of a.c impedance measurements presented by Glarum
and Marshall (268), and with the heip of Goodencugh’s model for describing
the electronic structure of the oxide, an electrical and structural model
will now be described for the oxide, based on tHe change of conductivity
of the oxide film as a function of the oxidation state of the sﬁecies in the
film, i.e. as a function of potential. _ <

This model will lead toaqualitative explanation of the observed
properties o% the oxide fj1ms"and will a]so.shed some 1ight as to the growth

mechanism.

-

As discussed by Glarum et al. (268) in their study of thick Ir

oxide films under a.c. conditions, the conductivity of the oxide is ‘found

2 cm_2 (units as reported in ref. 268) for the

2 -1

to change from Ga.c < 10

bleached form of the oxide, to Ga.c > 10 (:m'2 for the colored, oxidized,
form. Also the C value,~i.e. double-layer capacitance sincé at infinite
freguency, doub1§-1ayer charging is the only process that can follow the a.c.
perturbation, was found to be 60-70 uF t:m'2 at 0.4 V,EH and > 800 uf cm'2

at 1.1 V,EH.
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This experimental evidence lead us to formulate a model based on
a high-area,fﬁorous, rough oxide film which 1ies on top of the Ir metal
substrate exposing about 70% of the substrate surface to the electrolyte

through the pore system. Due to the potential-depenaent change in corductivity,

_the oxide can be "turned on" or "turned off" in the electrochemical sense,

i.e. it undergoes redox processes in the film and is able to support electron
transfer reactions at its surface only at potentials higher than 0.8 V,EH, -
T>e when it becomes colored and conducting (“turned on"). In its bleached
state, the oxide is essentially a very poor conductor. However, because of
thé large amount of elect?o]yte available through the pore system at the
metal/oxide interface, the latter (actually a metal/"electrolyte" interface)'
can undergo’ charging processes (H and doub]e—]ayer capacitance). In the
reduced state, the oxide behaves as an insulator, i.e. "grains of sand" on
top of the metal surface,and the oxide simbly exerts some blocking effect
at the surface similar to that producﬁd bg a neutral, non-réactive molecule.
Thus,under these conditions, the oxide is “"turned off".
It can then be understood how the épp1ied potential difference

is di§ttibuted across the metal/oxide/electrolyte interphasial system:

| At the cathodic end of'a‘potential sweep (insulating region} the
applied potential difference -will be located mainly at the metal/oxide
interface, as shown in Fig; 47a. It also probably affects the fir;t few j
1§yers of oxide close to the metal (OA,1,2,r/0t,1,2,r processes). For 1
these conditions, E deposition ?ﬁkes place on bare metal sites and the amount
of surféce blocked by the oxideis approximately 20-30%, as determined by
the experimentally observeﬁ qecregge in H ionization charge. At the same

time, the double-layer charging currents appear to remain constant, regardless
\

of oxide thickness due to the fact that only the metal/oxide double-1&ger
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Fig. 47. Schematic model of the thick Ir oxide films:

(a) at caﬁhod{c potentials, where the applied potential difference

is Jocated at the meta]/oxide.intefface.

. 3
(b) at anodic potentials, indicating the increase in area.



. is charged. Hence, un&ey those con@itions} the area of the e]gctrode appears
| to be éPout the same as that of the initial substrate metal, regardless of
the fac% that a large agea oxide film has been developed on its surface.

As the potential becomes more ancdic and the oxide film becomes
colored, i.e. it increases its oxidation state, the film becomes an excellent
condﬁctor. Then all the available double-layer capacitance can be éharged,
i.e. that for both the metal/oxide and the oxide/electrolyte interfaces, as
indicated in‘Fig.4Zp. The 1atEEr interface includes the pore system plus
the outsgde surface of the oxide film. This.accounts for the observed value
of C_ being higher at anodic than cathodic potentials, and for the process
occurring in the region OA4,r/OC4,r (Fig. 37) which is partly associated with
the charging of 2 real double-layer on the porous oxide film.

Since the oxidé if such a good conductor, the "IR" potentiaf drop
across it is qqite Tow, so that electron transfer processes can occur at its
interface with the electrolyte. It will be remembered that sfudies of Cl,
-evolution kinétics on’such.surfaces (Chapter 5) have proven that an area
increase, proportional %0 the oxide th{cknesS, has almost certainly taken
place.

This [ack of potential drop across the oxide a156 explains wh} the
latter does not grow at constant pﬁtentia],_since a field across the oxide
is needed to support ionic transpoft necessary for the growth to occﬁr.

rThe e1ectroéhemica1 oxidation and reduction of ir species in the ~
thick films must proceed according to an equation of the type given in
Chapter 4, eguation 4.6. This implies that (a) electrons and (b) protons
are required for the reactioﬁ to proceed in eifﬁer direction. Thus, since
the change in conductivity of the'oxide fiIm, as a function of potentiai,

appears to involve a change in the oxidation state of the species in the
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film, the relation between conductivity properties and the type of oxide in
the fi]m will now be estab11shed The availability of protons as a function

of pH in the pore system and in the bulk will also be ment1oned since pretons

are required for the processes in the film to occur.

It has. been proposed (259) that, at anodic potentials > 0.7

V,EH, the species present in the film is mainly Ir02, although a mixed system,
e..Ir203 + IrOz, is impossible to rule out. This jdentification is based

on XPS data (276) and on the color (cf. EC effect) of the oxide fi1m, together
with the fact thaf IrO2 js the most stable oxide of Ir.

‘S;nce the process associated with the electrochromic properties of
the film appears to be a 1 e~ transfer, then it is obvious that the bleached
form of the gxide, generatgd_at cathodic potentials, is Ir203 in a . hydrated

form. .

In Ir02, Ir has a d5 electronic configuration which, accord1ng to

'F1g 4, places the Fermi Tevel inside an aliowed band, as shown aiso by Pt

-

Mattheis (122) in his calculations of the density-of-states functaon for IrO2
(Fig. 48). This imparts good electronic conductionrprdpeffies to the oxide.
On the other hand, when the oxidation state of Ir decreasgs, as in
Ir203, the electronic configuration of Ir becomes d6 and, as can be seen
aga1n in. Fig. 4, this places the Fermi 1eve1 in the m1dd1e of a band gap.
This situation can also be appreciated in F1g 48 where,if it assumed that
the density-of-states function will not change very much from Ir‘O2 to Ir203,
it is clear, from that.figure, that adding one e  to the system will bring
the Fermi Jevel to an energy state above which the density-of-states function
has a low value. A1l this results in the Ir203 film being 2 poor
conductor.

Thus, the experimentally observed conduction properties of the film
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as a function of potential can be underspood on the basis of the dependence
of the é1ectronic configuration and band structure of the oxide species
involved in the main redox process }n the film, on state of oxidation of Ir
in the film. ’

fhese~conductivity characferjstics of the film also make the redox
process in the film, i.e. the Ir203/1r02 reéction, occur in an interestiné
fashion. Thus, when the oxide consists of Ir203 species so that it is then a poor
conductor, the oxfdation proceeds from inside to outside, i.e. it starts
near the metal substrate and as successive layers are_oxidized, it spreads -
towards tbe outside. The reduction process must take place in the opposite
direction.

At any time during the redox process, mobile reacting species, i.e.
electrong and protons are injected/ejected at two opposite interfaces. On
coloration, electrons are injected into the metal at the metal/oxide interface
and protons are ejected into the electrolyte at the oxide/electrolyte interface.
On bleaching, these processes are reversed.

This model also explains the observation by Gottesfeld (266) on
the behaviour of the Fe(CN)j/Fe(CN)é3 couple at a rotating disc electrode
compared to that at a rotating Ir oxide disc. Thus,_whi1e both electrodes
behaved in a si%iTar manner at anodic potentia1§, the currents observed at
potentials negative to the main oxide peak, i.e. for the bleached state of-
the oxide, were much smaller for the case of the Ir oxide disk. This
observation indicates a decrease in electrochemically available area. The
above behaviour is consistent with the appiied potential difference being
available for reaction at the oxide/electrolyte interface at anodic potentials,
but only at the metal/electrolyte interface at cathodic -potentials.

The above description, then,. is able to provide an explanation for

the properties of the oxide film and its behaviour under various conditions.

%

»
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However, it remains to be understood how the oxide grows ffpm'fhe first layer
to the > Tumthick films which can be observed under the SEM.
Initially, when the potential of an Ir electrode exceeds 3.3 V,EH,
‘(1n state A) the coverage of 0 species reaches a value such that a Targe
degree of turnover of the Ir/0 lattice is necessary to- establish a more
stable two-dimensional lattice. As the potential is made more positive, this
reconstructed 0/Ir lattice is further oxidized to Ir203, thchpresumab]y wou'td
perturb the first 2 or 3 layers of the metal ina three-dimensional way. Owing to the
fact that the potential at which these transformation occurs is positive to
the equi1iprium potential for the Ir203/Ir02 couple, some of the Ir203 species
will tend to.be further oxidized to Ir02.

At the same time, once the anodic potential is more positive than
1.15 V,EH, some metal will dissolve, roughening the substrate and,ifEa
exceeds 1.5 - 1.6 V,EH, some oxide will also dissolve.

On the next cathodic sweep, the IrO2 species present in the perturbed
layer are reduced to Ir203 in ggaks OCS’ 063,r while the remaining Ir‘ZO3
species are incompletely reduced back to the bare métal with large hysteresis
(266). Because of the 1ar§e hysteresis in the latter process, not all the
oxide species are redﬁced back to Ir metal and a certain amount, ca. 6% of a
monolaver in 0.5 M H2504 at 0.1 V S_] remains on the perturbed layer, initiating
what will become,in subsequent cycles,the thick oxide film.

These processes occuring at the metal/electrolyte interface will
continue to take place regardless of film thickness, the latter only
influencing the reversibility and availability of protons necessary for the

surface monolayer reactions at the metal/oxide interface beneath the film

to occur. These monoiayer type surface oxidation processes are responsible

for the continuous growth of the film on éyc1ing.
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Again, the conductivity properties of the oxide must play an
important role. Because thg.ogide{in 1 layer, 2 layers or in a thick film,
is a goqd'conductor at potenéééfé Bigher than 1.0 V,EH, the interface of
the oxide/solution system becomes almost an equipotentia] surface. Th%s will
allow a potential difference of almost "constant" magnitude to be established,
regardless of film thickness,at the oxide/solution interface. Then.the above
mentioned processes, typical of a monolayer stage and leading to oxide growth .
by accumﬁ]ation, can occur.

These considerations lead to the proposal that the i vs V profile
characteristic of states M, MB and B, reflects exclusively the reactions
occuring within the film but these have no influence at all on the film growth
processes. The latter continue to take place, as in the monolayer stage,
at the metal/oxide interface but are gvershadowed by the paraliel currents for the
film redox processes, because these currents are much farger, inrproportion to CEF.

This is confirmed by the effect of sweep-rate on the rate of growth
(paée.112) where a decrease of rate of grcwth is observed as the sweep-rate
is increased, even for s values for which the, i vs V profile remains constant.
Thus, the growth processes, which are verying with sweep-rate, are not
distinguishable in the i vs V profile corresponding to the thick Ir oxide
films.

4.6. CONCLUSIONS

We can then conclude that a @odel of the oxide fi]m, based on the
change of conductivity of the film as a function of potential, accounts for
the experimentally observed properties of the Ir oxide films and helps to
formulate a growth mechanism.

- This change in conductivity of the oxide film 1is understandable
on the basis of the electronic configuration and band structure of the two

main species in the film, viz. Ir,04 and IrQ,. -
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The availability of protons plays an important role since the redox
procésses taking p1aEe in the.f%1m,and the growth processes, both consume
profons.

Ir metal behaves, at the monolayer stage, 1ike any other noble
metal, as diséussed by Angerstein-Kozlowska et al. (1) in their comparative

study of surface oxidation of Pt, Ir, Ru and Au.
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. - CHAPTER V T -

ELECTROCATALYTIC EFFECTS OF MODIFIED IRIDIUM OXIDE ANODES
ON C1, EVOLUTION KINETICS
- L 3

-
-

5.1. STATEMENT OF OBJECTIVES

As was discussed earlier (Section 1.5) at the potentials at whigh

. the C]z evolution reaction is'expected to proceed, the surface of Ir anodes.

S

is totally or partially Eovered,by an oxide . film. It is therefore this oxide,
that is associated with éhe e]eétrdcata]ytjc properties of the anode, és
shown by Conway-and No@ak (99,100) for the case of Pt in their studies using
anhydirous CF3CDOH a§ a solvent which enabled them to obtain oxide-free
surfaces of Pt at which the rates of C12 evolution cﬁu]d be compared with
those of oxide covered surfaces in the aqueous medium.

It was also indicated how the development of the D.S.Aﬁ)e1ectrodes
by De Bee; {55-57), revalutionized the chlor-alkali industry. These electrodes
are based on RuO2 on a Ti substrate and,although they were initially prepared
by a thermal decomposition teéhnique, it was shown by various authors (58,59,
80,581,269} that the e1ectrochemica11y prepared RuO2 films are also good
electrocata1&tic substrates for anodiC'C'ﬁ2 evolution.

Simi1ar1£ies between the electrochemical behaviour of Ru and Ir
have been noted in terms of their abiIity.to develop tﬁick oxide films showing
large reversible oxidation/reduction currents corresponding to electron-transfer
processes within the oxide films, coupied with proton ejection/injection.
Studies on the naturé of the processes in formation of the thick oxéde fiTms
at Ir (Section 4.4) were carried out -in order to provide a basis for

investigating the behaviour of modified iridium oxide anodes as electrodes
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for the C12 evolution reaction.

A correlatidn was sought between the cobserved oxidation/reduction
behaviour of the Ir oxide films and the surface modifications achieved with
respect to changes of rates of.the C12 evolution reaction at sﬁch surfaces.

The approach through which the D.S.A(EDeTectrodeS'were developed,
i.e. testing of many electrocatalytic preparations on d trial and error basis,
clearly indicates that a better understand%ng of the electrocatalytic
phenomena could Tead to improved procedures for the design of better electrodes.

Surmmarizing the previous work done on C12 evolution at Ir and
IrOZ’anodes (Section 1.5 ), the fo]]owing‘tonc1usions can be reached:

(a) There is noagreement between various authors as to the mechanism of
the C]Z.evoTufion reaction on Ir and Ir02 substrates;

{b) There is noag}egment as to the presence or absence of & linear Tafel region
gnd the qubted values of the Tafel slope vary widely; N

(c) Although our own results and those of -ail the other workers in the
field indicate that high current densities are generated at low overpotentials,

—~most of the availabie data has not been corrected for IR drop, nor has it
<;\ been corrected for the influence of the backward reaction which is certainly

important at overpotentials, n, < 0.100 V for active electrode surfaces;

(d) The surfaces at which the kinetic studies were carried out were not
in any way characterized prior to or after the experiments; and

{e) Most of the previous work has been carried out on thermally prepared
oxides, which are not as easily and controllably modifiable as the
electrochemically prepared ones.

In view of this situation, the purpose of this part of the work
was to study the electrocatalytic properties of modified iridium oxide anodes

for the C12 evolution reaction in such a way as to avoid what are considered
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as shortcomings in earlier work.
- In order to achieve this goal, the present work was performed in
the following steps: |

(a) Modification of the anode surfaces by varying the oxide thickness;

(b} Study of the effect of C1™ ion on the formation, stability, growth
and reversibility of the oxide films in the monolayer and multilayer stages;

(c) Characterization of thé surfaces prior to_and after the C12 evolution
experiments by cyclic-voltammetry and SEM observations;

(d) Study of éhe kinetics of C]Z evolution on the modified anodes by
means of steady-staye po1arizatﬁon curves corrected for IR drop and the back
reaction current component near the reversible potential; and

{e) Correlation of the observed kinetic effects with the surface
.gmdifications achieved.

\

5.2. RESULTS AND DISCUSSION

5.2.1. Modification of Iridium Oxide Anodes

The surface properties and charaqteristics of iridium oxide anodes
depend, to a great extent, on'the conditions under which the films are
developed (93,237,246,248), asiig implicit in the materiaﬂ given in Chapter 1IV.

For the study of the kinetics of the:§12 evolution reaction on
oxide 5urfaceg, the Iridium oxide anodes were modified only with respect to

the oxide thickness developed, i.e. all the films were grown in 0.5 M HZSOA
1

7

in the absence of C1~ ion by a cyclic potential programme at 0.100 V s
at 298 K, with the potential limits of the programme being E, = 1.485 V,E,
and E. = 0.055 V,EH. ‘ -
The growth was continued for variable lengths of time, while

-

the apparent oxide thickness wes monitored by measuring the charge corresponding

to the area under the i vs V profiles, and determining the CEF (charge
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enhancement factor, see definition on page 48).

Films were prepared with CEF’s ranging from 1 to 200. Such
electrodes covered the whole range of states of the Ir oxide anodes diﬁcussed
previously (Chapfér 4.), i.e. states A, M, MB and B (Fig. 49). The main
characteristics of such states are:

(a) State A: the electrode bears a monolayer surface oxide;

(b) State M: large reversible oxidation/reduction currents are observable
and the electrode bears a thicker phase oxide, consisting (88) probably of
an Ir(III)/Ir(IV) hydrated mixed-valence oxide;

(c) State MB: the same as state M, but an EC effect is observable; and

(d) State B: the electrode appears always black, implying that the film
is not 100% efficient with respect to the reduction cycle of the redox
processes occurring in it.

Once the state M has been attained (after a few cycles), the type
- of oxide does not change further except that the thickness and probably the
roughness or porosity increases. As greater film thicknesses are achieved

(CEF’s > 100), the film starts to crack macroscopically {see Fig. 29a-d).

5.2.2. The State of Ir Electrode Surfaces in HZO as a Function of C1~ Ion

Concentration

As mentioned in Section 4.3, in a cyclic-voltammetry experiment,
an Ir eTectfode in state A behaves 1ike most other noble metals (1). 1In this
state, when C1° ion is present, the following effects, shown in Fig. 50, are
observed: H deposition is blocked by the competitive adsorption of the C1~
-1on » SO that the charge under the i vs V profile decreases and the peak
potentials are shifted to less positive values with increasing C1~ concentration.
Also, a double-layer charging region becomes better resoived since C1~ ion

adsorption shifts the onset of upd of OH species towards more positive

.
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pofentiais and of H to less positive potentials. This eliminates” the overlap
between the regions of H ionization and commencement of upd of OH species
which otherwise almost obscures the double;1ayer region at Ir'[and at Ru(269)].

of particu1er interest here is the displacement of the surface
oxidation region at Ir to more positive potentials by blocking on account of
strong competitive adsorption of €1~ ion, as a]se occurs at Pt (99,273) but
in a-somewhat different manner. This blocking of surface oxide formation is
conveniently measured from the diminﬁtion of oxide formation charge on eech
anodic sweep,fo]1owingsuceessive additions of C1~ ion (cf. ref. 99).

The'e;tent (as %) to which the formation of‘the monolayer surface
oxide is biocked as a function of concentration of C1~ ion is shown in Fig.
51, compared with that observed (99) at Pt under similar conditions. As can
be seen, both'5e1ations have the same initial slope but,to aeh{eve the. same
% blocking, the concentration of C1~ ion in the caSe of Ir must be 10 times
Targer than that for Pt. This is because surface oxidation of Ir starts
already at a potentia] of 0.45-0.5 V’EH’ making the metal surface less
sensitive, thermodynamically , to competitive adsorption of C1°.

The charge isotherm for megoTayer surface oxide formation as a

function of C1~ concentration, measured at various end potentials, Ea, in

anodic sweeps, is shown in Fig. 52, which indicates two regions of influence

of C17 corresponding to the two broad oxidation peaks (Section 4.3,Fig.-15) ebserved

in the absence of ¢ don. .

In the case of Ir anodes on which a-thicker oxide has been grown
in the absence of CV~ ion, the addition of this ion produces simi]ae effects.
in the H region to those observed on the bare metal in that region, as

described above.



"(0G6 *614 uL pajeosipul sjyead peouq om3 ay3 03 puodsaduod IT pue | uoLbay)

- 168 -

*3d 404 Y051y 10 pue u1 w0y Yos% 1 5 0 st 91k (0un00]0 buigaoddng

. ' ‘{66) 3d 03 padedwod se d] 404 H-S_ bo| jo0 :o.Sch,m se (9 Aa payoolg
‘uofjewsoy dipoue s}y Joy abuteyos se paanseaw ‘apLxo ajejuns Jo mmmu:.mu.hma 1§ b1y
| [e-wp 10w iy ONOD] B0
0 |- _ - - b- G-
- T I 0
. . \R
. +.\+
e
Aww_xo:C._H +
. +\
y —s2
. +
\\+\. o}
(8pIX0)(1T) 41 —10G
+ .
. +\ .
_ " (AI'l o4 dnapixo) 14
. . o~ | ,
+\+ \ :
& G

, d3IXD0718 34IX0 %



- 169 ~

~

(05 b4 ui se ‘]I pue | suoibay) ‘sdasams dlpoue 30

${P1JUa}0d pud SJUdLDSHLP 40} palenieAd ¢ ﬁ-—uu 60| 40 uO1jOUN) B SB SUOLINOS

1oYW % + P95 1 S 0 uL sapouazosga 4f je ‘obaeyd se ‘sabedanod apLxo adejans  *2G "OLy

[ c- WP low*(OM 'ONOD | 60

e i == v=rvevey 10
200 e e t o V- Y—y- |
O T e T
¢0 Q.lllllll..mw//xfll’x”lx:lf!x D....FD/DI -

’ . .llllll.x
o'l O.I.l.llllll g ..lll.x.l.. )
O/O Q/.Q’IIQIIJQ xlx/X]
:l//l///lf . QIIIDIIIII AV
. + : o/o,.. .
m /.+. o}
/+llfl+ /Of
. /+ ,
+
. | I J/ﬁ
(4]) 1MW + YOSTHWGO

.y

- W'D 7/ 39HVHO



- 170 -

These two situanons are compared in Fig. 53; with the thicker
oxide {curve 1), it is experimentally ob§erved that H deposition is diminished
to.some extent by the presence of the Qxidero the % blocking of the H region
at low C1~ concentrations is higher than that {(curve 2) for C1” adsorption
~ effects at the "bare" metal since the blocking effect is calculated as a %
of the K charge ﬁeasured.at the "bare" (oxide free) metal. As the C1~
concentration increases, the behaviour of both types of surfaces referred to
above is remarkably similar. This indicates, as discussed in Section 4.5
where a model for the oxide structure was proposed,rthat the film is porous
enough to allow C1~ jons to reach "bare" metal sites beneath the oxide film.
No time effects are experimentally observed in the C1  9jon blocking effect,
so that diffusion-controiled movement of C1~ ion through the pore system
does not seem to be involved significantly.

However, in the oxide region, the C1  ion seems to have no effect
whatsoever. This is as expected, since the oxide has already been deposited
(see Section 4.4) and does not get reduced to bare metal in every cycle (248),
as does an oxide film at Pt (i9). For these conditions, therefore, C1~ ion
can have no effect on the behaviour of oxide fi]mé already formed at Ir.
Continuods cycling of a previously oxidized Ir eléctrode in C1  causes only
a slight decrease in the LEF, probably due to some dissolution of the oxide.
On the other hand, attempts to continue growing the thick oxide film,
exhibiting reversible redox processesl in the C1° solution, were unsuccessful;
this may be for various reasons, e.g. enhanced rate of dissolution of Ir
and/or (more 1ikely) interference of adsorbed C1~ fons with the growth

mechanism eifher by blocking H deposition that could be needed indirectly.

for the growth ( since a minimum potential in the cathodic sweep of ca. 0.2 V,E

H
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is required for oxide érowth to be maintained in the cyclic regime) or by
inhibiting the underlying méta1 surface from participating in the film growth
reaction. Such inhibition is most likely to be responsible for the observed
effect of C1~ ion in preventing continued oxide film growth at Ir, since
continuous oxidation/reduction of the underlying metal surface is essential

for the growth of the thick oxide film, as discussed in section 4.5.

—2

5.2.3. Ci, Evoiution Kinetics on the Conditioned Ir Oxide Films

‘ In order to study the kinetics of the C12 evolution reacfion on
the modified iridium oxide anodes, steady-state i vs V relations were obtained
potentiostatically. As all the surfaces studied were very "active", i.e.
large current densit}es were observed at relatively small overpotentials, <
ca. 0.200 V;he-data were corrected for IR drop effects, the latter being
measured by a current interruption technique (18&,184)..

The IR drop-corrected log (current-density) vs n curves for
t]é evolution on the oxide films at Ir, prepared to vari0u§ extents of tﬁickness
(CEF), are shown in Fig. 54. As can be seen, ithe apparent electrocatalytic
effectiveness of the surfaces of these electrodes increases steadily with
increasing CEF up to a limit, after which the C12 gvo]ution currents become
independent of the CEF. The relation between i at a given overpotential
and CEF can be represented by a linear iog-log_p1ot (up to the Timit mentioned
above), as shown in Fig. 55. This line has a slope close tc 1. A similar
s1ope.was obtained by Trasatti et al. (90) for 0, evoliution on RuOZ; and was
attributed to increasing concentration of "defects" in the film, although
in their case (90) no 1imiting region was found.
As the overpotential values are quite small, viz. < 07150 ¥V from

the reversib]g potential, it is important to eliminate fhe influence of the

back reaction in the polarization plots of Fig. 54.
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Thus, according to the Butler-Volmer equation, the current for

an electrochemical reaction will be given by

= 1a-1c =i, (exp (anF/RT) - exp -[(T—u)nF/RT]} (5.1)

| —

or,if the back reaction is neglected, the normal exponential Tafel relation

is obtained

% =3 = io exp {anF/RT) (5.2)

taking logarithms

—

—_ > ﬂ LT ate) -

Tog £ = log i  + ¢ 2.303 (5.3)
which is the standard Tafel relation, used in Fig. 54.

However, if the back reaction cannot be neglected, then
rearranging eqn.(5.1) gives o

L= i exp (anF/RT) (1= exp -(nF/RT)} (5.4)
so that by plotting

I .
" E 7= exp -(aF/RT)Y Lo (5-3)

the current component due to the back reaction can be taken into account.
When this is done, as in Fig. 56, the data become represented

by straight 1ines the slopes of which are «F/RT and the intercepts of which

represent In 10. For all of the Ir oxide electrode surfaces, the value of

F/RT was 34 « 4 V™|

, which corresponds to a value of e =1 ( or a Tafel
sIopé of RT/F) for the C]z evoiution reaction at these surfaces.

That the slope remains constant over all the range of CEF values
is rather important since such behaviour indicates that the mechanism is the

same for all surfaces developed. This allows us to speculate on the reason

for the observed apparent enhancement of C12 electrocatalysis on a common

basis for each of the CEF values and corresponding states of the oxide films.
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Steady-state log {current density) vs overpotential plots for
anodic C12 evolution at Ir, as in Fig. 54, corrected for back-

reaction current component. (T = 298 X).
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The we1j-def1ned Tafel slope of RT/F is aﬁ unusual value in
electrode kinetics but three types of‘explanations for such a vaiue have
been proposed for other observed examples:

(a) The rate is controlled by an heterogeneous chemical recombination _
step in which “activated" chemisorption of the C1° intermediate applies (277);
| (b) The C1  discharge is foPlowed by rate-controlling quasi-chemical
surface-diffusion step (to sites where C1° is desorbed) (278); or

(c) Barrierless discharge (279) applies.

We shall not attempt to-argue a preference for applicability of
one or other of these mechanisms to the present results except that {c) is
unlikeiy since a transition-to a Tafel siope of ca. 2RT/F (8 changing from
1. to 0.5) is not found with increasing n (Fig. 56). This then implies that
the discharée step is not rate-controiling. Also it shouid be mentioned that
Kuhn -and Mortimer (111) found Tafel slopes from RT/2F to 2RT/F for CTZ
evolution on RuOZ, Sbr and Mraz (280) the same range for MnO2 and Morita et
al. (281), the-value of RT/F for MnO2 doped with Ir or Ru, so that the slope
of RT/F for C12 evolution has been encountered previously in other systems.
By contrast, at Pt, avalue of RT/2F is convincingly found.

. 5.2.4. Stability of the Ir Oxide Films

From a practical point of view, it is important to note that the
anodes with larger CEF were more stable with respect to their activity as a
function of time. Thus, an electrode with a CEF of 123, when held at n = 0.120 V
(apﬁarent current density 0.10 A cm'z) for 2 hours,'10st only 7% of its
activity, méasured as C12 evolution current, at a given n. Afterwards a
potentiostatic poiarization for 60 s at 0.0 V,EH, restored the activity to
within 1% of the original value. In contrast, e1ectrodés with intermediate

i
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degrees of oxide formation were less stable.

Electrodes having a CEF higher fhan 50 were visibly black whén
pd1arized anodically [known_EC effect (259)]. This served as a sécondary
feature enabling flaking of the film, which occurs under certain conditions,
to be observed. This Phenomenon is quite evident during O2 evolution in the
absence of 61; ion, indicating that this reaction is in some way more
intimately connected with the state of the oxide film. For C]Z evolution
experiments at comparable rates, however, no flaking is observed and mechanical
jntactness is preserved.

Cyc]ic—vp1tammmograﬁs of the anodes taken in 0.5 M H2504 after
5r01onged CIZ evolution indicate that the electrochemical redox behaviour
of the various anodes remained esentially unchanged, as expected, since IrOé
does not grow on anodic potential holding (77). However, electrodes with
intermediate CEF values lost some of their charge {as much as 60%} during
the 612 evoiution, while electrodes with CEF’s > 50, suffered no appreciable
change in the i vs V profile under the same conditions. This explains ihe
time effects observed in the activity of the electrodes studied as being due

to mechanical or electrochemical reasons.

5.2.5. SEM Examination of the Oxide Films

Our own SEM studies on Ir oxide films grown in 0.5 M H,S0, (Section
4.4) show that as the CEF increases, an apparently macroporous, initially
relatively uncracked film (Fig. 29a), develops wide cracks in between oxide
patches (Fig.29b,c,d).

The oxide structure appears to remain unchanged in going from a
cyc1iqg regime in HZSO4 to one in C1~ solutions. Thus, it appears that C1~
jon does not chemically attack or modify the film, although it probably

enhances metal and film dissolution rates by‘faci1itating the formation of



[Irxmy]'z soluble complexes. /'

However, after the C]Z evolution experiments, SEM obgervations
of the.morpho1ogy of the oxide film showed that substantial changes had A
occurred. The film had ﬁive]oped widespread cracking,as shown in Fig 57a
for an oxide film whose surface appearahce was comparable to that in Fig. 29a
before the evolution of C12 took place. Under high magnification {Fig. 57b)
some porosity was still observabié. Also the surfa;e waé gquite homogeneous
in terms of its cracked appearance and no oxide fragments had fallen off due
to mechanfca?/fai]ure. On the other hand, if O2 evolution had taken piace
under similar conditions on the same electrode preparation, pieces of oxide
film could be séen to have become detached from the surface. The underliying-:
roughened hetaTis then exposed and the remaining oxide.patches appear rough

-

and spongy (Fig. 57¢). This observation corroborates the idea.that O2

evolution involves, in an intimate way, the 0 species of the oxide film itself.

5.2.6. Electrocatalysis in the Ci, Evolution Reaction at Ir Oxide Anodes

In discussing the electrode kinetics of a reaction at an oxide
electrocatalyst substrate which is being modified in some way, two factors
must be taken into account:

(2) The possible change of real area (of technological importance}; and
(b) Changes of iﬁtrinsic electrocatalytic activity (of fundamental and

3
!

;echno]ogpca] interest).

\\-Factor (b) may be due to changes of energy of adsorption of
intermedjé%;s, changes of transition state of the reaction, modifications of*
eTectro{ic band structure of the material due to changes of vg1ence states
of metal ions in the oxide structure, efc. (see Section 1.6.2).

C]Z evolution appears to proceed by either the Volmer-Tafel or

Volmer-Heyrovsky type of mechanism (98,103,145). (see page 28). The fact
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that' the observed Tafel slopeé clearly remain unchanged (ng. 56) with
radically changed thickness .of the surfaee £i1m, means that the mechanism .
remains unchanged. Although. the value’ of R7/F for the Tafel slopg.cannot be
unambiguously interpreted (see above) in terms of mechanism, it is reasonable
to'suppose that the surface modification-(at least in going from state‘A to
thicker ox1des, in wh1ch a monolayer surface oxide becomes rep]aced by a
th]ck, phase oxide f11m) could affect the b1nd1ng energy of Cl 1ntermed1ates
in the reaction.

However, the observed changes of rate of the C12 evolution

reaction must first‘be-considéred in terms of‘nossib1e chanées ofrreaﬁ area
of the substrate, as the relation between cunrent at a given overpotential
and CEF (Fig. 55) seems to indicate is the case.

The fact that the K and doubTe—iayer chargfng-regions remain
relatively constant regard1ess of tﬁé oxide‘thiclness} has been interpreted
by some authors (89,248,249 ,252) as 1nd1cat1ng that no area change takes
place when the thick oxide film is developed on an Ir substrate.' However,
thé SEM appearance of the film, porous and rough, and “various other opserﬁations
discussed in section 4.4, indicate\that the oxide film has a much greater
area than the metal substrate.- 7

For an electron-transfer process to occur at a‘eertain.poinﬁ on‘ -
the oxide surface, it is neccesary fhet a potential difference across the
oxide/electrolyte interface exists at that point. Thus, the important
parameter that relates the observed currents to an area'facton is the
distribution of the applied potential difference across the'meta]/pxide/ .l
electrolyte system, as a function of thickness and oxidation state of the
film. |

As discussed in Section 4.5, where a model for the oxiae film
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was proposeu, the evidence avai]ab]e indicates tuat the film is not a very
good conductor at Tow anodic potentials; for the 1atter cond3t1ons, it can
be assumed that the applied potential deference is 1ocated ma1n1y at the
metal/oxide interface. This explanation accounts for the observed constancy
uf the currents over the H deposition/ionization and double-layer charging
potential regions, singe the system behaves as Ir metal in contact with
glectrolyte. The latter would be~avai1ab1e at the mefa]/oxide interface on
‘account of the porous nature of the overlying oxide film, (Fig..47a).
zh order to account for the observed results for C12 evoiution

rates, we utilize other features of the proposed model, which indicate
_that, as the potentia] increases in the anodic direction, the conductance
of the film increases (268) and the oxide/SEEumes a mete1iﬁc conductor.
Thus, the oxide f11m as a whole assumes a potential difference with respect
to the e]ectroTyte as a resu]t of the app11ed potential difference, (FTg. 47b).
Microscopically, of course in a porous structure, such a situation wou1d
require a distribution of oxide-to-solution interfacial potential drops-
throughout the thick film when it is in the conducting state. The real
equiva1ent-circuft for such a situation is then qu{te complex but e1ements
of it will be 1ike the circuit for a low resistance trensmission Tine.

Soﬁe‘pofentia1 difference remains, of course, at tHe metal/oxide
interface (actuai}y, the metal and the oxide become an a1must'equipotentia1
surface with respect to the electrolyte) and a fraction of the applied
potential is Tost across the film, due to residual IR drop, this amount being
presumably a linear function of the film thickness. ‘

Thus, C12 evolution, which occurs at high anodic poténtia]s,
takes ptace under conditions where; in principle, the whoie surface of the

oxide, i.e. the outer surface + interface of the pore structure, is available

_—
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for gelectron transfer. In the case of iridium oxide films, the change in
conductivity df the oxide on varying the oxidation state of the film, acts
as a switch.-with respect to the area of_the system,"turning“‘the area "on"
at high anodic potentials and "turning it off" for the corresponding
cafﬁodic ones. - |
~_ - . . _
The changes in the distribution of the applied ‘potential”
dif?ereﬁcé across the interphasial system discussed above are illustrated
in Fig. 47, page 7153
As the thickness of the film increases, an increasing IR drop,
coupled with mass-transport limitations at the:bottom of the pores, restricts
the real area available for the reaction.
~ Furthermore', the change of location of the appiied potential

difference with change of conductance of the fiim has been "confirmed in

this part of the work by carrying out H, evolution studies on the same modified.

T

oxide film covered Ir electrodes.

According to the proposed model, at cathodic potentials the
applied potential difference is located mainly at the metal/oxide interface;
thus, any increase‘?n real area of the oxide film with increasing CEF s
irrelevant for a reaction, such as H2 evolution, which occurs at cathodic
potentials, siéce the oxide cannot support electron transfer at the jnterfaces
of its pore structure if it is esentially non-conducting.

ExperimentéT results indicate that, as expected, the po]érization
curves for the Hy evolution reaction remainessentia11ycpnstaht)regard1ess
of the CEF, aﬁd exhibit a Tafel slope of 2RT/F. The small observed variation;
in the polarization curves for various CEF’s, in the range CEF =1 - 160, can

be attributed to roughening of the underlying substrate with continuous

oxidation and to the change of metal area available for the H, reaction on
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account of some mechanical failure of the overlying oxide fiim. However, it
_is clear that even with an increase of CEF > 100, no corresponding increase
in H2 evolution currents is observed.

Related work from this laboratory, to be published elsewhere (112),
on the electrocatalytic behaviour of oxidized Ru e1eétrodes for CI evclution
showed that a changed state of monolayer surface éxidation could be induced
by cycling at that metal over a restricted potential range; the observed C12

evolution rates were then enhanced some 30 x, independently of any area change,

which was unamb%guous]y less than 5%. On the other hand, at the thickened
" oxide films that can be formed at Ru in a similar way to those at Ir (54),
CTZ evolution rates were found, in the present work, not to increase with
increasing CEF of the Ru oxide film. This is due to the different, impervious
character of the oxide film at Ru in comparison with that at Ir, as can be
observed micrescopically, and stresses the importénce of the open-porous
struéture of Ir oxide films, that allows thé internal -area of the pore
structure to enter the reaction as a catalytic substrate surface.

The enhanced C12 evolution rates found with the conditioned
monolayer at Ru leads to the conclusion that possibly, also at Irs the d-
e]ectroq configuration of the oxide may play a role. Thi; was_a]ready stressed
by Arﬁigzo et al. (103} who suggested that, in the case of Clz evolution at
) IrO2 anodes, this qxide which has a (tzg)5 electronic configuration showed
an activation energy for the C1, evolution reaction of 29.7 KJ mol ™" ..
Theoretical ca1cu1atioﬁs for the activation energy of the reaction, based
on a square pyramidal or pentagonal bipyramidal geometry of the activated
complex, gave values of 14.2 and 28.4 KJ mo1'1, respectively. Thus, these

data sugéested (103} artransition state having a bipyramidal geometry of

the form: E
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From that configuration amixed mechanism could arise where the aﬁsorbed C1°’s
either recombine or react with CT'P depending on n, the geometry of the site,
ete. ' |
b

The rather sharp 1imit in activi}y €nhancement which js eventuaTTY‘
reached with increasing CEF (Fig. 55), COu{d be explained in terms of two
factdrﬁ: First, an increasing IR drop within the fi]ﬁ (which would not be
included in the.experimenta11y measured IR drop in the solution due to "RC"
coupling in the equivailent circuit of the film itself) with increasing thickness.
This would account for fall-off of the rate of.activity increase with €EF,
but hardly as sharp an inflexion as observed (Fig. 55); and second,Cl mass-
transport Timitatsons that render the innermost regions of the film inactive
because of the ultimate diffusion-control} in C1™ migration into fhe pbres.
The redox processes occurring in thé film Jtself are affected in a simi]ar'
way as shown by the fact that at high CEF, » Eél 150, the fiim appears a]ways‘
black (B state) indicating that the EC reaction is not 100% efficient any
more in terms of amount of oxide involved in it.

Attempts to model the situation for the case of C12 evolution
encounter the following problem: consider that at t =.0 a potential
step is applied to the system which depletes the surface of adsorbed (17,
and C1~ jon is allowed té migrate to the surface from the bulk under the
influence of a concentration.gradient and/or a field. The diffusion problem in
this situation is one that could be solved if the electrode was a planar surface but,
in.the real case, when C1” enters the top of the pore system it can be electrolyzed

at that point. Thus, the diffusion towards the lower parts of the structure, i.e.

“
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thbse closer to the meta],\is diminished and the differential eduations
relating concentration to distance down pores as a function of time beéome
almost impd:;ib1e to solve. —
5.3. CONCLUSIONS

[t can be concluded, then, that the apparent large enhancement
of electrocatalysis of the modified iridium oxide films for C12 evolution
is due mainly to an increase in real, microscopic surface area with increasing
CEF. Also, that IR drop across the fiim, coupled with diffusiop Timitations,
accounts for the teveling off of the activity at CEF’s > 100. By comparison
with the behaviﬁu; of RuO2 films, it is apparent that the d-electron
configuration of the Ir oxide films could play some role in the electrocataiytic
activity, a]thqugh compared to the area factor in this case, it is a minor
one. A Tafel slope of RT/F is observed for the CIZ evolution reaction on
the mddified oxide films and could arise on account of a mixed mechanism,
due to the geometry of the transition state or, more Tikely, to a quasi-
chemical rate-determining step, following C1~ jon discharge. The experimentai
results have been accounted for in terms of a model for the interphasiatl
potentiai distribution across the metal/oxide/electrolyte system, discussed
in Section 4.5 and- based on a conducting state of a micro-porous, hydrated

o

thick film of Ir oxide in the Ir0, state.
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CHAPTER VI
EFFECT OF C1~ ON SURFACE OXIDE FORMATION AT Pt

6.1. INTRODUCTION

As discussed previously {section 1.4}, ions of the solution'
electrolyte (especially anions) have a marked effect on the formation of
surface oxides at noble metals, and on the reversible characteristics of
their reduction. The work described in previous chapters has referred to Ir.

In the case of Pt, early work by Breiter (273,282) and By Bagotzky
et al. (283), indicated that the halide ions, except F , specifically adsorb
on that metal, even at Tow éoncentratibns, i.e. about 10'6 M, in the order
of strength: f~ << C17 < Br < I . The main effects of the adsorption were:

(a) Compression of the potential range for hydrogen adsorption, i.e.
blocking of H deposition, and shifting of the H adsorption region to iess
positive potentials (3,284,285,286); and

(b) BTocking of the initial stage of Pt surface oxidation with an
associated tendency to increase the irreversibility of that process (34,273,
287,288). '

These effects were studied at room temperature by various authors
(273,282,283) and more recently by Conway and Novak in a more quantitative
way (99,100,289). The latter authors showed that the effect of Cl™ jon was

different from that of Br and I , in presenting a linear dependence of the

“ oxide blocking on the log [C]’], i.e. linear dependence in chemical potential

of C1°. This difference in behaviour was attributed to a difference in the
electrosorption vaiency {290) of Ci~ and Br or I, which is a measure of

the actual charge that the adsorbed ion retains in the adsorbed state,
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- (1-v)e ‘
X" + Pt ———PEX T+ e (6.1)

It was concluded that the value of vy was close to zero for €1~ and near to

one for Br' and 1, indicating that the latter ionS'are'adsorbed as almost
neutral atoms. Lane and Hubbard {291) and Bagotzky et al.h(283) had previously
reached similar conclusions with respect to tﬂé effects of {» adsorption on.‘

H deposition on Pt.

Another interesting observation reported by Conway and Novak (289)
was that €1~ ion appears to b10c$ selectively the OH monolayer which 1s
completed at Pt, in the absence of C1~ ion, at about 1.1 V,E., and that the
liAear logarithmic dependence of blocking arises after about 50% of the OH
monolayer has been selectively blocked.

On account of these interesting features of the effect of €1 jon
on tﬁe surface oxide formation at Pt, it was decided to extend the previous
work (289) of C17 adsorption to studies at low temperatures, i.e. 213 ¥
since, under such conditicns, it is known that at high sweep-rates it is
possible to distinguish the reversible, eariy stage of oxide formation (19)
from the later, irreversible one. Thus it would be possibie to determine
the effect of C1~ ion on thereversibiT%tyof the distinguishable states of
p+ surface oxidation and compare the effects with those at Ir (Fig. 50).

At the same time, it was also considered of interest to study the
grewth of Pt oxide at constant potential as a function of €1~ ion concentration
in order to observe any effects in the growth kinetics resulting from
competition between €17 adsorption and continuing OH and O deposition.

Preliminary work in this area had been carried out by Gilroy et al.
(29,30) and also by Vetter and Schultze (18,27) in the absence of C1~ {on.
Both these groups of authors concluded that the growth of Pt oxide at constant

potential obeys a direct 1ogarithmic'1aw in time as a result of a place-exchange
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growth mechanism. -

6.2. EXPERIMENTAL

From the experimental point of view, the study of thé effect of
€1~ ion on the growth of Pt oxide at constant potential, presents important
difficulties, some of which cannot be overcome, as discussed below. Thus,
a special potenfia1-time programme had to be devised to ensure the accuracy
and reproducibility of the results.

6.2.1. Potential-Time Proaramme for the Study of Pt Oxide Growth in Ci

Solutions

when studying the growth of oxide at a nog1e metal surface at
constant potential by the potentiodynamic method, i.e. using cyclic-voltammetry’,
jt is important to realize that the time spent, g in the sweep to reach
the required growth potential can influence the results if it is of comparable
magnitude to the growth time, i.e. the holding time, T In order to
minimize rs-in relation to T for short Tho @ potentia]-steppiné programme
;s recommended to reach the holding or growth poctential.

After the programmed growth time, T the oxide is reduced in a
corresponding cathodic sweep, and integration of the 1 vs V profile allows
tpewﬁm?qpt of oxide formed during the growth time to be calculated. However,
the cathbdic sweep should be fast enough to avoid probiems of continued’
oxidation on the initial part of the cathodic sweep after the latter is
initiated. Effects of this kind can occur if the oxide reduction presents
a large hysteresis, which results in continuation of net ancdic currents
during the early stages of the cathodic sweep. This behaviour is found at
Au and in some cases at Pt (1,19).

It should also be noted that it is neccesary to scan the H ionization

region at the same sweep-rate as that at which the oxide was reduced and H deposited,
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in order to avoid erroneous measurements which arise from H jonization taking
-place during the growth time, if the step to the growth potential is initiated
from 0.0 V,E,. |

whiie all the above effects$ can be minihized in é controlied way,
the last experimental difficulty proves to be the quiting one in terms of
applicability of the technique. A problem also arises in terms of the |
potential-dependence of the C1~ ion coverage, especially because in the

anodic direction, which spans the range 0.0 - 1.4 V,E,, the p.z.¢c. of Pt

H?
is crossed in the potential step. Thus, if a step is applied to reach the
growthlpotentiaT immediately. after the H species are ionized (i.e. about
0.45 V,EH),the coverage of adsorbed C1~ will be quite low and for short
holding ﬁimes Ty < 10'2 s and/or for low C1~ concentrations < 10_4 M, the
equilibrium coverage cannot be established. This can result in a much lower
degree of C1~ blocking than expected, as is seen experimentally.

In order to circumvent this problem to a certain extent, and the
others mentioned above, the potential-time programme shown in Fig. 58 was
used. It can be described as follows:

(a) Formation of oxide at a given anodic potential, Ea’ for programmed
periods of time, Ty

{b) Reduction of the oxide and deposition of H at 20 V s'];

(¢) Ionization 0% H at the same sweep rate, viz. 20 V s_], followed by
continued potential sweeping at that sweep-rate, up to 0.75 V,EH, since no
Pt oxide is formed up to that potential during the cyclic programme;

(d) A holding period of 10 s at 0.75 V,EH to allow C1~ to es%ab]ish an
equilibrium coverage at that potential; and

(e) A step, at s > 200 V s from 0.75 V,E, to the desired oxide growth

potential, Ea'
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it should be mentioned that when {c) was eliminated from the
programme, the results deteriorated to the point that it was impossible to
extract a;y informatidn from the experiments. Although an equilibrium
coverage of C1~ ion can be established at the potential of 0.75 V,EH, this
does not guarantee that equilibrium coverage will be reestablished at the
Ea potential chosen for oxide growth,but this procedure does appear to help
minimize that problem, i.e. it extends the lower limit of the range of 28
and of C1~ jon concentrations that can be accurately studied.

Inconclusion, we can say that of the various programmes that were
tested and whose results were analyzed in terms of the.above mentfoned
difficuities, the programme described above proved to be the begt. The
experimental limitations were evident for results obtained at T < 10'2 3
and [CI'] < 107% M and the extent of thé limitation depended on E,- Howevér,

~
under most other conditions the results appeared quite satisfactory and

the deviations observed for conditions below the above limits, agreed with

the trends discussed above. For rh>10_2 s, there are no serious problems.

6.3. RESULTS AND DISCUSSION

Thé results obtained will be dealt with in two parts: first, the
C1™ ion effects at low temperatures and second, the growth of Pt oxide in
the presence of this type of jon.
6.3.1. Effect of €1 Lon on the Pt Surface Oxide Formation at Low Temperatures

L
. The effects of C1~ ion on the surface oxide formation at Pt have

been recently studied at 298 K by Conway and Novak (289) in 0.1 M H2504 and 3
0.1 M HC]O4. In order té be able to carry out the experiments at the
‘temperature of interest, yiz. 213 K { acetone-dry ice bath), it was necessary

to increase the acid concentration to 6 M in H,30,, since more dilute solutions

freeze at these low temperatures.

']

I
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This increase in acid conéentration, however, brings about, as
discussed previously (2921,an unavo%dab1e increase gn the blocking of Surfacg
oxide formation at Pt dﬁe to the adsorption of HSO& ions. -Normally Hso;
adsorption is much weaker than that of C1~ ion but becomes substantial at
the hi§h, 6 M, concentrations. This "extra" blocking by the HSO& i;n appeérs
to be similar in behaviour to the effect of C1~ ion at Tow concentrétions,
viz. ;O'G - 10'5. Thus, it blocks and disp1ace§ the H peaks and selectively
blocks the initial stages of surface oxide formation at Pt, indicating that
its electrosorption valency (290,293) is, as with Ci~, close to zero.

The effect of C1 ion was first determined at a sweep-rafe of 0.100
' s‘T, with a growth potential, Ea’ fixed at 1.4 V,EH. The amount of oxide
deposited in the anodic sweep was measured by integration of the i vs V
profile of the cathodic sweep, i.e. over the oxide reduction peak, in the usual
way.

The results shown in Fig. 59 were,in principle,similar to those
observed by Cdnway and Novak under the same potentiodynamic conditions but at
298 K, as shown in Fig. 60 and Fig. 59 (curve b).

The Tirst competitive effects of C1~ adsorption on the surface
oxidation of Pt at 213 K become discerned at ca. 107° M compared to 2 x 10'6 M
at 298 K. The difference can be understood on the basis of blocking by HSO&
adsorptjon which already competes with C1~ jon adsorption at low concentrations
of the latter ion, since the % blocking is measured relative to the amoqpt of
oxide formed at a given E, in the absence of C1™ ion (in this case in the
presence of HSO&). .

Once the blocking effect at 213 K becomes measurable at [CI'] > 10'5,
the relation between % oxide blocked and log [CT'] is found to be a linear

5 3

one for the range 107 ° - 1073 M, as seen in Fig. 59. As [C1'] > 1077 M, the
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‘ blockingris alreadygreaferthan 80%.and'tends to .approach a 100% iimit
(note that determination of such small amounts of oxide, as 100% bjocking
is approached becomes . unavoidably rather 1naccurate) * Thus, the behaviour
compares to that observed at 298 K, Fig. 60, where a linear dependence was

-5 ]0—1

found in the range 10 M €17, with the % blocking being close to 75%
at the higher concentrations. | _
" The smaller range of linearity of %-blocking with log [C1'1 at
low temperatures, es well as the higher slope of the relation in Fig. SQ,
.viz. 37% oxide blocked per decade of [C17] at 213 K compared to 173 at 298 K
{Fig. 60), can be accounted for in terms of tﬁe sma]}er coverage by oxide
in the low temperature experiments, wﬁich makes the surface oxide formgtion
more sensitive to blocking effects. Thus, in the absence of C1” ion, it is
evident -that in going from 298 K to 213 K the amount of oxide formed at 2
given Ea is'subftantia11y less at the lower T,-e.q. there is 40ﬁ;1ess oxide
formed ‘at 213 K for'Ea = 1.4 V,Ey with éh =0s. The ]after-effect 15 ‘
" rerated to slowdown of the oxidation processes involved.  Then, even though
the Ea was the same for each of the series of experiments at 213 and 298 K,
: the teta] oxide deposited aﬁ a given Ea'is not comparable. For this reason, -
as will be shown below, the results at 298 K for Ea =1.4 V,EH aee more
comparable to those obtained at 213 K for Ea = 1.6 V,EH; at’which potentiaT
. the oxide coverage becomes similar to thae at 1.4 V,E, for a temperature of 298 K.
- . The most important difference betweeh the two results (Figs. 59,60)
is at 10w [C1_] where the blocknng effects commence significantly. Thus,
while at 298 K an S-shaped region is sken before the 11near re910n becomes
predominant, end was attributed io'se1ective blocking of the early stages
of OH monolayer formation, this S-shaped region is absent in the resuIts at

213 K. However, comparison of the results at 298 K (Fig. 60) for H2504 and
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HCIb4 clearly shows that wfth inc}easing anion adsorption from the su;port}ng
e1ectrolyte,-the S;shaped region becomes less evident. Since the low T - )
experiments have to be performed &t high concentrations of HéSO4, which
results in some initié] blocking of tﬁe OH monolayer, it is reasonable that
the S-shaped region is found to be absent in such solutions at 213 K.

The study of C1~ ion_adsorptjon effects was extended to higher
sweep-rates and higher oxide formation potentials, Ea’ Thusi for fhe case

of s =10V 5! and E, = 1.6 V,E, the effect of C1~ fon on surface oxide

formation at Pt is shownh in Fig. 61, curve a. .As can be seen,the linear

5 1

dependence of % blocking on log [C1_] is observed from 107> - 107 M, as

at 298 X, with no limiting region being detectable. The % blocking at 1077 M
was about 70%, combared to 75% at 298 K, and the slopes for both temperatures
were similar, viz. 19% blocking decade™ of [c17] at 213 K, compared to 152
at 298 K. However, as mentioned earlier, the S-shaped region at low [Ci_]

was absent at 213 K, as expected.

B It was proposed earlier that the difference between the extent of
the Tinear dependence of oxide b]ocking in 3@9'[c1'] at—213 K and 298 K
(integrated upfto Ea =1.4 V,EH) was due to\fhe smaller oxide coverage
obtained at a given Ea at Tow T. The results of Fig. 61,cu}ve a, obtained
by integration up to 1.6 V,EH, confirm this conclusion, since under the latter
conditions the oxide coverage is increased and the behaviour becomes closer
to that observed at 298 ¥ for a similar oxide coverage. This stresses the
importance of compgring results on the basis of total oxide coverage initially
present at the surface.

The stydy of C1~ ion adsorption effects at higher sweep-rates, ca.

10V s_] was also carried out in order to determine the influence of this

jon on the reversibility of the early stages of Pt surface oxide formation.
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'As discussed in Chapter 1 (page 10), the early stéges of monoTayéF 6xide

- formation and reduction at Pt, viz.ISOH < 15%, are almost reversible as
was shown b} Angerstein-Kozlowska et al. (19) in experiments performed at
Tow T and-h{gh s, and.also by Conway et al. (293) by means of -reflectance
measurements. |

By increasing the sweep-rate to 10 V 5_1, it was possible to
distinguish clearly the reversible component of reduction of the early
stages of surface oxide formation at 213 K, as shown in Fig. £2a-e. As the
cencentration of C1° ion was increased, the blocking effect of surface
oxide formation, discussed above (Fig. 61) becomes apparent. However,.the
effect of C1° jon on the reversible component of oxide reduction (Fig. 62a-e)
is rather surprising, since it was expected that C1~ ion would tend to block
this process already at low [C1—} by favoring the formation of the irreversible
component through increased rate of turnover.

However, as-can be seen in Figs. 62a-e, and as analyzed
quantitativeﬁy in Fig. 61, curve b, C1~ fon appears to have oniy a small
effect on the reversible component up to [C1-] = 10_3 M; at somewhat higher
concentrations, thisAreversibTe component becomes blocked over a relatively
small range of increased concentration. This leads to the conclusion that,
at 213 K: the rate of turnover is slow enough not to be influenced drastically
by therpresence of adsorbed €1~ ions.

Attempts were also made to study the reversibiiity of the early
stage of oxidation in HC104, since C10£2 adsorbs much less strongly than
HSO& and thus should allow us to observe the reversible component much better.
While this is the case (Fig. 63a-c){ E M HC'IO4 solutions tend to freeze at
213 K, making it impossible to carry out experiments over a tong perioq of

time. Nevertheless it was possible to observe the reversible reduction of
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oxide species at low coverages in experimenés carried out before the solution
froze exfensively. _ ‘
' Figs. 63a,b compare the i vs V profiles in 6 M HC10, at-298 K and

213 K,"at 10 v sV As can be seen, there is Tess oxide at 213 K, but the

reversible component is more evident at the latter temperatures. By increasing

the cathodic sweep-rate to 66 V s‘], while keeping the anodic sweep-rate

constant, the main (irreversible) oxide reduction peak could be seen, Fig. 63c,
_to consist of twe compdnents,as also found for the case of Aul(1). In the

fatter Fig., the Ea.was made less positive soﬂg% to increase the relative

amount ofreQersib]eoxide and thus to make it more easily dist%nguishab]e.

6.3.1.1. Calculation of the Interaction Parameter, g

The blocking effect of C1° fon and of halide ions in gengral, was
treated in a quantitative way by Conway and Novak {289) in terms of competitive
adsorption isq£herms modified by interaction effects.

Froh their treatment qf this problem, a general equation for the
calculation of the interaction parameter, g, was obtained.

By using an isotherm of the form:

&

75 = K exp (VF/RT) exp (-g8). ¢ (6.2)

and relating two halide ion (X ) coverages through (6.2), such as Cx- =0.75

and CX' = 0.25, the equation

) - Cy— : -
g=2Tn =22 - 219 (6.3)
X ,0.25
was obtained which allows the interaction parameter, g, to be calculated if
CX— is known for becth coverages. ' \

Referring back to Figs. 59 and 60, it can be assumed, as a first
aproximation, that the coverage of X is equal to the % oxide blocked and,

as the relation.is linear in that % blocking range, the fact that HSO& is

\
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also adsorbed does not interfere with the results.

-

-On applying such a treatment to the present results and to those

. of the above authors, the following results are obtained:

T E (BE) g ORTygq ¢ (KIMOT™) QRT,5
298 1.4 10.41 26 18 =0
213 R DR 1.97 5 | 55 L2
23 1.6 7.61 19 13.5 =0

Again, as described previously,_it is seen that the results at
298 K for Ea =1.4 V,EH are more similar to thése at 213 K derived for
E, = 1.6 V,E than to those obtained at 213 K’ for Ea =1.4 V,EH. The Tatter
results are qualitatively more similar to those d%tained for Br  and I at
298 K. This similarity can also be seén in the shape of the relation between
% blocking and log [C1_]', where, while the % biocking vs log [C]‘] relation
.at Tow T for Ea = 1.6 V,EH is a]mogfllike that at é98 K, corresponding
behaviour at 213 K with Ea =1.4 V,EH tends-to be similar to the §-shaped
curves observed at 298 K for Br~ and I surface-oxide blocking at Pt, which

do not present linear regions and indicate the attainment of 'ca. 100% coverage.

6.3.2. Growth of Pt oxide at Constant Potential in the Presence of 1~ Ion

Measurements of the growth of surface oxide layers at constant |
potential normally yield interesting information on the growth mechan{sm
and on the "ageing" processes in the film, i.e. with regard to transition
between reversible and irregérsib1e behaviour.

In the case of Pt, as is now well known {19}, the early stages
(aOH < 15%) of surface oxide formation behave almost reversibly in terms of
reduction of the deposited OH speciesj As 50k increases, a place-exchange
process is assumed to be responsible for the cooperative turnover of the

Pt/OH layer which Teads to irreversibility in the subsequent reduction of
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the restructured oxide film.

When the oxide is formed at constant potential, the turnover .
Process, which is relatively slow, has more time to take p]ace -As shown
by Conway et al. (]9) as the growth time increases, the amount of surface

‘oxide which is 1rrever51b1y reduced becomes larger,

Since one of the effects of adsorbed anions on surface oxide
formation at Pt.is to assist the turnover process, Presumably by 1ntroduc1ng
a lateral repulsive interaction between the adsorbed qrwon and neughbor1ng '
OH surface dipoles, 1t_was considered to be of interest to evaluate the
effects of C17 jon on the kinetics of growth of Pt oxide at conétant potential
as a function of the €1~ ion concentration. First, however, we shall describe
the kinetics of Pt surface oxide growth in the absence of C1” ion.

As described in section 6.2, a special potential-time programme
was devised for this work (ng. 58).

6.3.2.1. Kinetics of Pt Oxide Growth in the Absence of C1” Ion

The growth of Pt oxide at constant potential in 0.5 M H2304, in
the absence of CTf ion, obeys a direct logarithmic faw in growth time, Thy»
as shown in Fig. 64a,b for the range 7, = 10-3 to 100 s, for various anodic
growth potentials, Ea. ~The relation can be expressed by an equation of the

form

9 = A leg ¢+ SN (6.4)
where qt=0 is the charge in a mq?tisweep experiment at high s and A is a
constant. Both A and 9t=0 depend on Ea, S0 that as Ea increases, A and
qt=0 also increase. The dependence of A on Ea will be examined in more
detail below.
It can also be observed in a qualitative way (Fig. 65a) that, as

the growth time increases when Ea is Tow (ca. 0.9 V}, it §s the‘re1ative .
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Fig. 65. Cyclic-voltammetry i vs V profiles for Pt in 0.5 M H,50,,
. -2 -0 -
208 ¥, after various z.: 0, 1075, 1072, 167, 1, 10 and
100 s, at Ea =0.9 V,E,,; {a) 0.5 ™ 32§04; {py 0.5 M HZSO4

+ 1'x_10'6 M KCT.
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amount of the more irreversibly reduced coemponent that increases with time.

This observation is in agreement with previously published results by various
authors (18,19,27,29,30) on this point.

6.3.2.2. Xinetics of Pt Oxide Growth in the Presence of C1~ Ion

When €17 ion is added to the supporting electrolyte, i.e. 0.5 M
_\HZSO4, there are two immediately apparent effects, as described previously:
'_-\'\\_ﬁ deposition is blocked and shifted towards less positive potentials and
surface oxide formation is also blocked by the competitive adsorption of €1~
ion.
In addition, however, as the oxide grows at constant potential
in ‘the presence of €1~ jon,it becomgs qualitatively apparent (Fig. 65b} that
C1”™ adsorption leads to pFeferentia] formation.of the more irreversibly |
reduced component(s) (compare Figs. 652 and 65b), i.e.Cl” increaseg the.extéhf
: or rate of turnbver of the deposited QK/0 species.
Fig. 66 shows 2 series of i vs V pra}iies Tor various increasing
C1~ ion concentrations { 0 to 10'] M}, for oxide growth at Ea=1.1 V,EH for

various }' ( 10"3 to 100 s), which c1éar]y demonstrate the progreésive]y

h
inereasing blocking of oxide formation as the C1° concentration increases,
together with favored growth of the frréversibie component. Thus, the
apparent peak potential, Ep,_determined at the capacitance maximum for oxide

reduction is displaced iﬁ the negative direction as shown below for rh=100 s3

[C17] ™ £, (V,E,) o
0 . 0.750 1.3 , '
107° 0.750 0.93 -
107% 0.741 0.79
1073 ‘ 0.733 0.50
1072 0.672 0.19
107" 0.568 0.08

together with the oxide coverage evaluated with respect to an aOH'for monolayer
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CURRENT

POTENTIAL,EH (V)

Fig. 66. Series of cyclic-voltammetry i vs V profiles for Pt in

-3

-7 -
0.5 M H,50,, 298 X, for various <,: 0, 1077, 10672, 10 T

1, 10 and 100 s at Ea =1.1 V,EH', for various C1~ concentrations:

(a) 0: (b) 107%; (c) 10'& (d) 1073 (e} 10-2 and (f) 1071 M.
P .
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charge taken as 210 ucgcm'z. -
This effect of Ep'becoming 1gss positive with dihinishing 0K due
to C1~ adsorption is even more striking if.it is noted thdt as the concentration
of C1~ jon increases, the coverage of OH species becomes substantially
decreased. Contrarily, in the absence of_C1', as discussedﬁby Angerstein-
Kozlowska et al. (19), the Ephnorma11y appears -at more positive potentials
‘with decreasing surface oxide coverage, i.e. as reduction'becomes less
irreversibie.
The présénce of C1~ ion does not seem, however, to change the
direct logarithmic -dependence of extent of growth on time,as is shown 1in
" Fig. 67, where it can be observed that as the concentration of C1  ion
increases thé stopes of the lines decrease. Notice that for low C1°
concentrations and small rh’s the charge readings appear to be too high;
this is for experimental reasons as discussed in section 6.2.
However, Qhen this graphiEaT approach is applied to the data
obtained at all ‘the E_ studied, viz. in the range 0.85 - T.4IV;EH, tﬁe slopes
of the charge vs log [C1h] Tines behave fn‘a rather intergsting way as
illustrated in.Fig. 68. Thus, two types 6f behaviour are observed: first,
for [C1_] =0, 10'6, 1072 and 107 M, the values of the sTopes.increase
with increasing Ea but” after a narrow S-shaped transition region, the relation

2 and 1071 M in Fig. 68 are

becomes “linear. The curves for [C17] = 10"
obvious]y.disp]aced towards higher potentials due to }hé strong blocking
effect of C1~ at these two high concentrations for which the onset of oxide
formation l’e Abeen displaced to 1.0 and 1.05 V,EH, respectively.

Second, although it should be expected that the results for [CTJ]i

-5

~10 7, 10-4 and 1073 should fill the gap between the two extreme types of

behaviour mentioned above and behave in a similar way with respect to.

e
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increasing Ea, this is on}y observed, to a certain éxtent, up to potentials
Ea < 1.05 V,EH, quite close to the potential at which the monolayer of OH
speciés is cqﬁp1eted at Pt in the absence of C1 . At~Ea > 1.05 V,EH,
however, the va?ue of dq/d(log t) appears to be higher than expected,
although the S-shaped region, followed by the linear region, is still
maintained. |

It is our opinion that the abnormally high slopes observed when
E, > 1.05 V,E, and [CT'] = 10'3, 107% and 1073 M are due to competition
between oxide growth and oxide biocking by means of C1~ ion adsorption.

Thus, at low C1~ concentrations, viz. 1Of5- 1073

M and with Ea < 1.05 V,EH,
the €17 ion blocks the oxide formation in the expected way. However, when
Ea >‘1.T V,EH, then the oxide formed on thé surface competes actively with
the adsbrbed C1™ ion, probably reducing the coverage of the latter and thus
increasing the growth rate, i.e. the dq/d{log t) value. It is evident from

the charge vs log t plots that at longer <. and high Ea >ca. 1.1 V,EH, the

h
1ines correspanding to the above C1” concentrations tend to join with the

-

one corresponding to the absence of C1~ jon.

On the other hand, for high €1~ concentrations, viz. 107¢ _ 197} M,
the effect of C1~ ion is strong enough that the e]éctrodeposition of oxide
cannot competesuccesgfu11y(at ]east_at the maximum-Ea attained, viz. 1.4
V,EH) with the C1° blocking effect and hence the curves behave as expected.

The change in behaviour around 1.1 V,EH was anticipated, in a sense,
since thgﬁg%evious work had indicated that C1  ion blocks selectively the
formation of the OK monolayer before starting to block the formation of
oxide in a higher state of ox%dation. The transition is even more evident

when the ¢ oxide blocked is plotted as a function of log [C]—] , for various

Ea and for two Th values, as shown in Figs. 69 and 70.
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The behaviour shown in Fig. 69, is similar to that.found in the
multisweep studies of Conway and Novak (289) and shows a linear-log region
for the blocking effect which. starts to curve and reaches €lose to 100% blocking at
high [C1'] for £ values < 1.1 V;Eh (compare with Figs. 59?60).

When the results for a"longer growth time are plotted, as in the
case of Fig. 70 for T = 10 s, then the linear region disappears for Ea >
1.1 V,EH, indﬁcatipg again that some other component is %Ptering the picfure.
Notice that the curves for Ea =1.2, 1.3 and 1.4 V,EH, appear to have become.

5. 10-3 M, the same range where the higher dq/d(log t)

bent down in the range 10~
values were found (Fig. 68). This bending effect is consistent with the
higher slopes observed in Fig. 68 and thus indicates less blocking than
expected on the basis of comparison with the behaviour in the absencé of C1°
jon (Fig. 64).
6.4. CONCLUSIONS

" In conclusion;, it can be said that despite certain limitations of

the experimental procedure available for study of C1~ ion effects on sﬁrface

oxide grthh and reversibility, some clear and interesting new effects have

-

been demonstrated. C1~ ion, as expected, blocks the formation of Pt surface
oxide and reduces the rate of growfh at constant potential, excépfﬂ?or
conditions such as high anodic potentials and low [CT_] , where it appears
that the oxide being formed is able to displace C1 from the surface and thus
an unexpectediy high rate of growth is observed. At the same time,.CT" ion
favours the growth of the irreversible component_of Sufface oxide reduction .
by probably increasing the rate of turnover. {
On the other hand, the effeci of C1~ ion on surface oxide formation

at Pt under cyclic conditions at 213 K is similar to that observed at 298 X

in that a Tinear relation is found between % oxide blocked and log [CT'] .
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However,'if is clear that, for comparative purposes,‘resu1ts shou1d e
referred to-the' same initial oxide coverage. At 213 K, the behhvf@ur of .C1~
ion.at low oxide coverages resembles that of Br and i' at higher $xide
coverages at 298 K. Using the treatment by Conway and Novak (289); it is

) possible ;0 calculate a value for the interaction parameter, g, baéed on

the adsbrption isotherms. ' -

The reversible coﬁponeﬁ%.of surface oxide‘fp%matfon at Pt is
clearly distinguishable at 213 K in 6 M H,S0, and even more in 6 MHCIO,.
Investigation of the effect of C17 on the extent to which £his coméohent
can Be resolved showed smaller than expected effects relative to those on

the irreversible component .

- *
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APPENDIX I

Tkis appendix contains the iistings for some of the computer
programs and subroutines that were used in the present work for; |
| (a) data acquis{tion and storage from-a cyclic-voltammetry experiment;
(b) output of stored data onto.an X-Y recorder; and
(c) cémphter control of steady-state polarization expe;imenté.

The'de;ai]s.of the respective programs and subroutines are given

in the commentaries that appear in the listing.
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As mentioned in program JPG1.FOR (page 224), the subroutine
JFGIM.MAC (page 225) f&rms part of a program package developed in our Laboratory,
in order to utilize the computer as a programmable function generator.
. One of the problems in electrochemical research is the need, in
some cases, of sofisticated electronic instrumentation. Int particular

case of cyc1{é?vd1tammetry, complex potential-time programmes are neéded to

-

elucidate the kinetic parameters of some surface processes. QLH‘_,,z”’“‘\_H/)
: r

As minicomputers are becoming more and more common %n the research
laboratory, it is ObQ%OUS that a computer-based programmable fuﬁction generator
could be a useful tool if only for those occasions in which a complex wavefqrm
is required. |

The approach used—in our Laboratory consisted in building a
symmetrical friangu]ar waveform between the required potential limits, in
,ggtentia1 stgps of width determined by the‘resqution.of the D/A converter
uﬁi1ized (in our case 2.5 mV). This triangular sweep was then output,
through the D/Aconverter,point by point at time intervals determined by software
according to the sweep-rate or holding time for that portiﬁn of the sweep.

Through software programming,the user indicates at which points
in the sweep a change in programme has to take place, whether the new programme is
to be sweeping or holding, and indicates the time parameters for either of the latter
regimes. The program then calculates the codes for the clock status and buffer.

At this stage a set of a}rays has been built:

I: contains the symmetrical waveform; ,

NP: contains the number of programmes/sweep; \_l

NS: contains the clock codes for every programme;
NC: contains the counter values for the counter buffer of the clock; and -
MS: contains the number of points/ﬁrogramme.

By ca]]ipg the MACRO subroutine JFGIM.MAC, the waveform is available

at the Y channel of the D/A converter on a real time basis, in a continuous way.
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A

CONTRIBUTIONS TO ORIGINAL RESEARCH

1. A PDP-11/34 minicomputer based system was adapted for the acquisition

and treatment of cyc1ic;vo]tammetry data and the ﬁecessary software and
interfacing procedures developed.

2. The monolayer surface oxidation stage of Ir was studied in detail

for the first time, after the necessaryv precautions t:avoid the deveIopment

of thick ‘oxide films on the electrode surface wers taken. It has been found
that,at the monolayer level, Ir behaves like any other Pt group metal, but

the differences n properties that are observed are a function of the different
interaction of Ir with ions in solution and of the strength ?f the OH and H

t0 metal bonds.

3. The s0 value for the H state, HA3’ on Iridium in 0.5 M H 504, 298 K, has '

2
been determined.

4. -The influence of a seriés of experimental conditions on the growth rate
of the th{ck oxide fiims at Ir has been studied. Of special importance are
the_resu1ts obtained with a rotating Ir disc electrode which ruled out the
possibiljty of a dissolution/redeposition growth mechanism.

5. A detailed study of the oxide films has been performed for the first time
in Na2C03 solutions. Thgse resqus indicated the possibility of growing the
oxide in media at Basic pH’s and showed the anomalous dependence of the peak
potential on pH. d . |

6. Studies of the oxide film in dil. H2504 and HC]O4 solutions

. have also been perfomed for the first time.

7. A1l the current peaks in the i vs V profile of the thjck oxide films have

been annotated and related to processes which are likely to be occurring in
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the film over the corresponding potential ranges. The peakrproperties'have

" also been discussed. | .

8. It was also found that the main current peék in the thick oxide state,
0A3,r’ appears fo consist of two separate'peaﬁs; whose relative charges are

a function of oxide thickness:

9. A model based on the change of conducti@ity of the oxide film as a function
of applied potential is proposed and accounts for fhe experimentally

observed propertiey of Ir oxide films. _ ,
10. A growth mechanism, involving continuous mono]aygr surface oxidation of
the underlying substrate, combined with incomplete reduction of the deposited
oxide species in the cathodic sweep, is also proposed and is consistent with
the oxide modei.

11. The apparent electrocatalytic effects of the modified iridium oxide anddeé
for the C12 evolution reaction, has been proven-to be due to a remarkable
increase in real area of the electrode as a function of the oxide thickness.
The model referred to above has been used successfully to account for thg
distribution of the applied potential difference across the metal/oxide/solution
interphase. H2 evolution experiments carried out on the same Ir oxide surfaces
confirmed the importance of potential-dependent conductivity changes in the
oxide.

12. €1~ ion was shown to block the monolayer surface oxide at Pt al Tow-
temperature, ca. 213 K, in a manner similar to that at room temperature. The
impo;tance of comparing results at different temperatures on the basis of equal
initial 9xide coverages has been demonstrated.

13. A special potential:time programme was developed to study the effect

of C1~ ion on the growthukinetics of Pt oxide at constant potential. TIts

advantages and limitations are discussed.
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14. C1f ion lowers the rate of growth of Pt oxide at constant potential;

the growth follows a direct logarithmic Taw in time, favoring ap;the same time,
a reIative increase in the most irreversible component. At intermediate C1™ ion
concentrations and high anodic potentials, a competition appears to be
established between oxide growth.and C1~ blocking, with the former beiﬁg able

to offset the latter.

15. The reversibility of the early stages of monolayer surface oxidation of = °

) - &~ ,
Pt has been studied at Tow T in‘6 M H2504 and 6 M HCTOa. The#gffects of C1°

ion on this process have aiso been demonstrated and quantifatively evaluated.
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