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Abstract

In this thesis, the investigation of the mechanism of chlorine evolution reaction at:
i) both freshly reduced and pre-oxidized Pt electrodes; i) RuQ,-TiO, electrodes (DSA);
ili} other noble metals such as Pd, Ir, Ru and Rh by means of computer controlled
anodic polarization, potential-relaxation transients and a. ¢. impedance measurements,
will be presented.

As descﬁbed in Chapter V, the influence of co-deposited CH and O spescies in
the surface oxidation process on the extent of chemisorption of the Cl' intermediate in
the Cl, evolution reaction has been carefully examined. Experimental results reveal
that the reaction rate at reduced Pt surfaces is much greater than tﬁat at pre-oxidized
ones. This is because the oxide species have a significant effect in blocking the Cl,
evolution kinetics. The detectable surface adsomtion pseudocapacitance, which is
associated with the “overpotential deposited” Ci intermediate, at freshly reduced Pt
and oxide free Pt surfaceé in non-aqueous trifluoroacetic acid (TFA) medium supports
this conclusion.

In chapter VI, some exploratory experiments at other noble metal (e.g., Pd, Ir,
Ru, and Rh) electrodes in non-aqueocus TFA solution have shown very interesting
interfacial capacitance information, which must be: interpreted probably in terms of
more than one adsorbed reaction intermediate beirg present.

In Chapter VI, a possible mechanism of -zcombination kinetically control has
been proposed for the Cl, evolution reaction at RuQ,-TiQO, electrodes, based on.the
observations of their steady-state behaviour, and electrochemical data from potential
relaxation and a.c. impedance measurements. Local supersaturation of Cl, in the

microstructure of the oxide film appears to make a contribution to the



pseudocapacitance behaviour.
Some of the results In this work have been published or in press, as listed

below:
1.
influence of co-deposition of the CI intermediate”, P.Gu and B.E.Conway, J. Chem.

Soc. Farada Trzas. 86(6) (1990) 923.
2. "Behaviour of the adsorbed Cl' intermediate in anodic chloring evolution at

“Surface electrochemistry of the anodic chlorine evolution reaction at Pt

thin-film RuQ, surfacss”, P.Gu and B.E.Conway, J. Appl. Elecirochem.. in press.
3. "Evaluation of Cl!' adsorption in anodic chlorine evolution at Pt by means of

a.c. Impedance and potential relaxation experiments: role of the state of surface

oxidation", P.Gu and B.E. Conway, J. Chem. Soc. Faraday Trans., in press.
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CHAPTER 1

General Review of the Anodic Chlorine Evolution Reaction

1.1 Introductory Remarks

Electrocatalysis of anodic processes that take place in aqueous solution, is
~different in an important way from that of cathodic ones, for example, the hydrogen
evolution reaction or electrochemical hydrogenation; this is because the anode
materials normally develop initially a two-dimensional surface oxide film in the case of
noble metals or a three-dimensional bulk phase one in the case of base metals. The
anodic reaction, for instance Cl, or O, evolution, may take place at appreciable current
densities on the oxidized anode metal surface. Therefore, the oxide film will directly
influence anodic Faradaic reactions. Alternatively, anode materials may be conducting
bulk oxides like RuQ,, IrQ, or SnO, supported on corrosion-resistant metal substrates
such as Ti or Ta.

The investigations described in this thesis are: i) the influence of pre-build oxide
film to the mechanism of chiorine evolution reaction, and ii) the behaviour of the
intermediate Cl species in the Cl, evolution mechanism on the noble metal electrode
Pt and on pre-formed RuQ,-TiO, oxide electrodes in aqueous medium; (i) studies, as
in (i), applied to the behaviour of chlorine evolution reaction in anhydrous
trifluoroacetic acid (TFA) medium in which Pt can be used as an unoxidized metal
surface, and (iv} Some preliminary studies at Pd, Ru, Ir and Rh electrodes of the Cl,
evolution reaction in a non-aquecus TFA solution.

The methods that were employed in this research work are listed below:

a) Digital recording of potential transients on an open-circuit, following the

interruption of a polarizing current, the so-called potential-relaxation method. This
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technique has been applied to study the adsorption behaviour of the " overpotential
deposited * CI' generated as an intermediate in the anodic Cl, reaction at an
appreciable current. A new procedure for the data processing of acquired in the by
this method, which we cail the potential decay " fitting method ", has been developed
by the present author in collaboration with Dr. R. Brousseau in this laboratory and is
used to evaluate one of the required the experimental variables.

b) A.c. impedance method was employed to study the adsorption bshaviour of
the CI and applied both a developed equivalent-circuit treatment and the kinetic
mechanistic approach for quantitative interpretation of the obtained a.c. behaviour by
means of computer simulation procedures. .

¢) Cyclic-voltammetry, coupled with computer programmed data-processing. This
procedure has been used to study the growth of the oxide film during the chlorine
evolution reaction at Pt. This aspect of the work has led to an improved understanding
of the properties of the oxide film and the role it plays in determining the

electrocatalysis and kinetics of the Cl, evolution reaction at the Pt anode surface.

1.2. Introduction Concermning the Anodic Chlorine Reaction

1.2.1. Brief Historical Aspects of Cl, Production Technology
Historically, carbon and magnetite anodes were initially used for industrial

production of chiorine by the electrolysis of brine at elevated temperatures, 90 ~ 95°C.
However, since 1900, graphite has been extensively used, even up to the late 60’s.
Although the use of carbon anodes has been common for many years, much attention
" has been given to study of the behaviour of various noble metal and noble metal
oxide surfaces as anodes for commercial electrochemical Cl, production™ in order to
diminish Cl, overvoltage and associated power loss and to increase anode lifetimes.
These materials are:
(a) titanium electrodes coated with a noble metal.(e.g. Pt, Pd, Ru, Rh, Ir)"?

and {(b) titanium electrodes coated with oxides of Ru and Ir*”, etc..
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Although Pt is considered as one of the best catalysts, it is not commercially
used because it is too expensive and also it is known that Pt electrodes undergo
strong passivation, furthermore, extensive corrosion occurs when Pt is used as an
anode for Cl, production. However, Ti-supported Pt-Ir alloy anodes have shown much
better performance since Ir contents as low as 0.5% were found sufficient to almost
completely eliminate the passivation effects?

Special attention has been given to the electrochemical behaviour of metal oxide
fims, particularly RuQ, on a passive metal support such as Ti/TiO,, the so-called
" dimensionally stable anodes (DSA) which were first developed by Beer™ in the 1950s.
Such oxide films have been found not only to be good electrical conductprs but it is
likely that they also play an important role in the electrocatalysis and méchanism ot
the anodic Cl, evolution reaction.

Recent technology employs ion-exchange membrane cells in which the anodically
generated Cl, is completely separated from the cathodically generated H, This is

accompanied by the production of a pure NaOH solution.

1.2.2. Thermodynamic Aspects of the Cl,-Cl' Reaction and its Columbic Efficiency

The thermodynamics of the chlorine - chloride reaction at equilibrium:

Cl, + 28" ==== 2CI [1.1]
are well established™. The recommended™ standard reversible potential is 1.35828 V,
R.H.E. corresponding to a Nernst equation:

Eee = Eer - (RT/F) In[ag- A%l [1.2)
where a,- is the hypothetical activity of the CI ions and f., the fugasity of Cl, gas.
Reaction [1.1] is very reversible and can be established as a practical reversible
electrode at platinized or platinized-iridized Pt surfaces in a way similar to that
employed for H,-H* reversible electrodes.

As O, has a standard reversible potential of 1.230 V, the thermodynamics

indicates that it should evolve before Cl, at unit fugacity and unit CI' activity. However,
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the exchange current densities for Cl, evolution on noble metals and carbon are
usually substantially greater than those for O, evolution. In the other words, Chlorine
evolution is kinetically favoured but O, evolution is thermodynamically preferred, thus,
Cl, is normally the preferred anodic process in the electrolysis of an aqueous CI
solution, except at high dilutions. Moreover, CI' ion adsorption competes with the
development of the surface oxide film which is anodically formed at noble metals, and
changes the critical state of the film enabling Cl, evelution to be even more favoured
kinetically.

In commercial Cl, evolution from brine, the current efficiency is usually better than
98%. However, in dilute solutions, of course, Cl, evolution is less favoured first
because its exchange current is diminished in some power of the chloride
concentration corresponding to the reaction under determined by the transfer
coefficient and mechanism of the reaction; and secondly, because at sufficiently high
current-densities, the reaction will eventually become diffusion controlled, allowing O,
gvolution to arise competitively from the discharge of water prior to, or in parallel with,
Cl, evolution so that the current efficiency for Cl, evolution wili tend to become
diminished. Additionally, these conditions allow the possibility of anodic generation of

ClO and ClO, gases which further lower the current efficiency.

1.3 The States of Oxide Films on Anode Surfaces

1.3.1 General Behaviour

The states of oxide films on anode surfaces are of major importance in
determining the electrocatalysis and pathways of anodic reactions in agueous solution.
Metal surfaces usually undergo, or participate in, several types of oxidation reactions
as anodes in suitable electrolyte solutions:

(i) oxidation of the metal to free solvated metal ions; e.g. M == M* + ze’

whera M* is solvated.

(i) oxidation to form an oxide film by an electrochemical reaction with the
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electrolyte; e.g. M + H,0 ---— MOH + H' + €.

(iii) dissolution as solvated ions by the passage of metal ions through the
oxide film.

(iv) O, evolution on the oxidized metal surface is a subsequent reaction but it is
often electrochemically coupled with the surface oxidation process.

(v) other anodic gas evolution, e.g. Cl,, on the oxide covered surface depending
on the composition of the solution.

Obviously, whether these reactions occur at a given metal depends on several
factors: (a) the properties of the metal itself; {b) the experimental conditions, such as
choice of electrolyte, polarization potential and temperature; and (c) pH and electrolyte
concentration. This means that some metals such as copper or nickel can undergo
anodic dissolution in acidic solution, while, in alkaline solutions, their surfaces become
covered with an oxide film of significant thickness (5 to ca. 100nm).

At sufficiently positive anodic potentials, most metals become coated with an
oxide film leading eventually to " passivation " of the metal dissolution process. This
behaviour occurs in a relatively narrow potential range, and the thickness of the
resulting film depends on the metal and on the conditions of the oxide film growth (
interfacial field, temperature etc.) and can be in the range of a few layers to a few
thousand layers. These films, of course, can be compact or porous depending on the
conditions under which they are grown. They also may be distinguished according to
their conductivities, for example, oxides formed on Pt are known to be fairly thin and
conducting, while those at Ni thicker and conducting and those at the * valve " metals
( Ti, Ta, Zr, Al ) are thick but behave as insulators''®. Such films are usually highly
protective since diffusion of metal cations or O anions through the film is so slow that
they almost completely inhibit dissolution of the underlying metal. However, the oxide
flms on these metals" thicken in proportion to the potential applied across them by
mechanisms involving either defect cation or anion transport, or in some cases, both.

Few leakage currents do arise through the films and this is ascribed to defects in the



film or to the presence of pits'>'*"™.

At extreme positive potentials, O, can be made to evolve upon the protective
films if sufficient voltage is applied to overcome the high resistivity of the films. At such
oxide films, there are two regions where ion or electron-transfer occurs: one at the
metal/oxide interface and the other at the oxide/solution interface.

Ancther type of behaviour can arise at heavily oxide-coated metals where the
anodic oxidation process is either partially or completely the anodic dissolution of the
metal itself. This process may take place with or without formation of an intermediate
reaction film on the electrode surface. In the case of Al or Fe, depending of the type
of electrolyte, anodic oxidation is coupled with the anodic dissolution of the metal”. Al
can develop solid compact oxide films which are virtually insoluble ( borate or tartrate
buffers, pH = 5 - 7 ) or finely porous films which result from slow dissolution of the fim
itself (acidic solution: sulphuric acid). Some metals such as Fe or Ni'*'**® exhibit a
transition between so-called active and passive states. The first is characterized by
either a dissolution of the metal itself or by the formation of a porous salt or hydroxide
layer, which becomes transformed into a passive, protective form as the oxidation
state of the metal is increased and the oxide film is formed directly or when the lower
hydroxide is converted into an higher oxide.

Less noble metals such as Ag, Cu and Ni tend to form thick oxide layers'™"
depending on the conditions of their formation. In the material which follows, attention
will be concentrated upon the behaviour of very thin oxide films formed on the noble
metals, especially Pt and on the properties of bulk, conducting oxide films such as
RuOQ, or IrQ, etc. '

1.3.2 Thin Oxide Films at the Noble Metal Pt

Since the most detailed mechanistic studies of the Cl, evolution reaction have
been addressed to Pt and the most extensive knowledge of surface oxidation

processes is available for this metal, some account will first be given on the state of
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the oxidized Pt electrode surface in the absence of Clion as this indicates the type of
surface oxidation processes that can go on prior to or in parallel with Cl ion discharge
and will determine the competitive adsomtion which CI' experiences over the potential
range in which an oxide film is formed at Pt.

The interpretation of the properties and formation of the oxygen layer on the Pt
surface is rather complex since three factors contribute to the difficulties of studying
the system. First, the state of the bare metal surface itself, as it is important that a
perfectly clean surface be present initially without any other impurities being adsorbed,
except inevitably anions from the eleciroiyte. Second, the irreversibility of the film
formation and reduction processes, leading to a displacement of the potentials of the
current peaks for oxide formation and reduction in comparison with those for reversible
processes. Third, the possibility of eventual formation of a multi-layer oxide fiim,
beyond the initial monolayer, in contrast to that for H for which only a monolayer film
is formed.

The methods that have been applied to the study of oxide films on noble metals
are cyclic-voltammetry, ellipsometry, radio-tracer studies of ion adsorption and some
modem techniques such as X-ray photo-electron spectroscopy for chemical analysis

(ESCA) and Auger spectrometry; some of these will be mentioned below.

1.3.2.1 Information from Cyclic-Voltammetry

A method developed by Breiter, Knorr and co-workers®?' and especially by Will
and Knorr®, involves the observation of potential-dependent charging currents which
result when a repetitive or a single potential sweep, linearly varying in time (V, = V,, *
st), is applied to an electrode by means of a potentiostat at a rate s = dv/dt,
programmed by means of a function generator. The change of potential V with time t
is referred to as a " potentiodynamic sweep "; in the repetitive mode, when potential is

cycled " anodically " and " cathodically " over some set potential range, this method is

called "cyclic-voltammetry”.
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Many papers have been published on the study of oxide film formation of
platinum, especially two groups of investigators: Vetter and Schultze®* and Schultze®
who reported results of some detailed galvanostatic and potentiostatic experiments.
They favour a place-exchange mechanism coupled with high-field ionic t-ansport and
they detecied a true phase up to three oxide layers in thickness. Anather group,
Conway, Kozlowska, Sharp® with Tilak?, identified®™™ three anodic current beaks up to
monolayer OH coverage (1.1 V RHE ) at Pt corresponding to passage ¢i 1 electron
per Pt atom. This resolution can only be achieved with very clean solutions, made up
from pyrodistilled water®. Conway et al® also concluded that the resolution of the i - V
profile into three distinguishable peaks below the OH monolayer coverage which
corresponded to successive stages of occupation of the surface lattice of Pt in three
significantly different overlay structures of OH electrodeposited on Pt from H,O or OH"
depending on pH. Each 2d sublattice has a different structure identified as " P, OH *, *
Pt,OH ", " PtOH " but these are not stoichiometric compounds. The " P{OH *
sublattice corresponds to the first peak in the i - V profile Q,, (see Fig.1.1)} in which
only one OH group is electrosorbed per four Pt atoms on the (10Q) lattice plane. The
maximum adsorption charge in that stage is q, = 55 uC cm® The second peak O,,
requires an additional 55 pC cm® to fill the " Pt,OH " sublattice. To attain the
monolayer stage, a total charge q, = 220 uC cm?® is needed. In the broad region

beyond 1.1 V E, ,"PtO" species arise after further oxidation by processes such as:

PIOH ——-—2 PO+ H' + & {1.3]
PtOH ---ee-my OHPt [1.4]
PtO - --— OPt (1.5}

The important fact that all species adsorbed in the anodic sweep are reduced
apparently in one cathodic peak O, over a less positive range of potentials, no matter
how slow the sweep rate is, can be rationalized in terms of formation of an irreversibly
formed, rearranged surface phase of lower free energy than that of species

progressively deposited in the anodic sweep.
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corresponding to successively formed OH overlay lattices on Pt. Behaviour depends
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Q./Q, isotherm for surface oxidation as a function of potential.
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A rearranged, so-called " phase oxide " fim can be more stable than a two -
dimensional chemisorbed layer of OH or O species on the Pt surface since lateral
repulsions are believed to be smaller or absent. The rearranged states, PtOHPtOH or
PtOPtO ... can also be thermodynamically more stable than the 2d Pt-OH surface
dipole array . The mechanism can be represented schematically as follows and
involves the process of " place-exchange " between chemisorbed OH's and undetlying

Pt atoms :

gescan  meseas
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This idea of " place-exchange " originated in the interpretation of the growth of
oxide films on Fe by Sato and Cohen® and in the treatment of chemisorption of
oxygen on metals by Trapnell®®. The idea was also applied to the problem of anodic
surface oxidation of Pt by Reddy, Genshaw, and Bockris®** and by Kozlowska,
Conway and Sharp® in their interpretation of the irreversibility of Pt surface oxide

formation and reduction.

1.3.2.2. Information from Optical and Spectroscopic Methods

In the last decade, electrochemical studies of the formation and reduction of
oxide films on noble metals, particularly platinum, have been supported by several
complementary nen-electrochemical techniques. The earliest optical technique applied
to this problem was ellipsometry; other methods such as electrochemical refiectance,
Auger, and ESCA spectroscopy have also been used to obtain information on the

formation of oxide films, their nature and their properties.
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The first report on the application of ellipsometry to the study of oxide formation
on platiﬁum were published by Reddy, Genshaw and Bockris®* who calculated from
the ellipsometric phase shift A and amplitude % parameters the thickness of the oxide
film as a function of potential. However, they failed to detect any change of A and y
until a sudden change of optical properties became observable at about 1.0 V RHE.
Between 0.8 V and 1.C V, the A and y did not correlate with the measurable charge q
for oxide film formation. Beyond 1.0 V, the optically detectable film grows linearly with
increasing potential up to 1.6 V. However, in the later work by Greef® and by Conway
et al®™* using more sensitive instrumentation, it was shown that the very initial stages
of oxide film formation also could be detected optically and the A , x and relative
reflectivity change does correlate with the oxide formation charge. When a monolayer
of OH species is formed at 1.1 V, a discontinuity was observed by Greef® between
charge,q, and A ; hence, the conclusions of Reddy et al® on the properties of an

oxide film above 1.0 V RHE are essentially correct.

1.3.2.3. Growth of the Oxide Film on Platinum

A number of theories of oxide growth on Pt have been presented by Ord and
Ho", Reddy, Genshaw and Bockris™"; Vetter and Schultze®**; Gilroy and Conway*?;
Gilroy** and in a series of pépers by Damjanovic et al***’, The growth of the oxide
film arises because a given coverage of O species at Pt is not a thermodynamically
well-defined quantity at any potential as is the coverage by H. Such growth behaviour
arises on account of progressive place-exchange which is kinetically controlled and
allows more oxygen species to be deposited at a given potential with increasing time,
than would correspond to an equilibrium adsorption isotherm for that potential, as for
underpotential deposition. Experimentally, the extent of growth of the Pt oxide film at a
given potential is logarithmic in time, a relation that has been called the " direct *

logarithmic growth law expressed as:

Q=Alog(t+t) [1.7]
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where t >> t, for the main region of logarithmic growth and t, is an integration constant
of the differential kinetic equation for growth. Practically, t, corresponds to a time of
the order of a ms or less, the time required for adjustment of the potential during
which some immediate formation of a sub-monolayer of oxide takes place. This type of
behaviour was observed by Gilroy and Conway* and, in later work, by Gilroy**. The
log growth law applies over 3 to 4 decades of time. However, there appears to be no
discontinuity in the film growth kinetics between the growth below monolayer levels
and that above, up to thicker films at Pt. Possibly a succession of place-exchange
events is involved, as discussed by Sato and Cohen® for Fe. For thicker, post-
monolayer film growth at base metals such as Ti, Ta, Al and Zn, an " inverse "
logarithmic growth law applies having the form 1/Q, vs log(V"), as described by Mott

and Cabrera®,

1.3.2.4. Ohmic Resistance of the Oxide film on Pt

Consideration has been given to the importance of the conductivity of oxide films
in anodic electrode processes. Although only very thin oxide films, several monolayers
in thickness®¥4**, can eventually be formed on Pt anodes, their conductivity can
somehow change. Thus, it has been found that under conditions of strong anodic
polarization, two types of oxide films are, in fact, generated at Pt:

i} a so-called o oxide, PtO, reducible over a broad potential range, is formed only
to a limited extent®>*,

i) a B-oxide, PtO,, is reduced over a narrow potential range which extends into
the H deposition region, and is much more negative than that for reduction of the «
oxide. This film grows at much slower rate to form a multiiayer”. The conductivity of
these two types oxide has been measured by Shibata®™.

In his experiment, Shibata® formed a series of different states of the surface
oxide at Pt electrochemically and determined their conductivities in the dry state, ex

sity, in a sandwich-like cell between Hg contact electrodes. The oxide films were
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formed for various periods of time, 10 sec to 210 min, at 310 K with a current density
of 0.2 A cm® When t < 4 min, only the PtO o-oxide was formed; this oxide has
virtually the same conductivity as Pt until a film, corresponding to a redgction charge
over 2100 nC cm? (approximately five PtO layers) was formed. Beyond the 2100 uC
cm? extent of oxidation, the resistance of the film increased, an effect that was
ascribed to the development of the B-type oxide. The thicker the layer of B-oxide was,
the larger the resistance of the oxide film. The specific conductance of the B-oxide
could not be exactly evaluated as the precise thickness of the B-oxide was unknown.
It might be assumed that the monolayer thickness for the PtO, layer is twice as great
as that of the PtO layer; the specific conductance of B-oxide would then be about 1.1-
2.1 x 10° Ohm.cm?.

Except at very high anodic current densities for Cl, or O, evolution or at pre-
oxidized electrodes, the less conducting thick B-oxide film will not normally be formed.
Therefore, conduction problems at Pt surface oxide films will not normally be as
significant in the kinetics of the above processes under ordinary conditions as they are
at metals such as Ti, Zr, Ta, where thick insulating films are normally present when
they are used as anodes. However, the oxide film does play a significant role in the

kinetic pro:esses involved, e.g. in the anodic Cl, evolution reaction, as will be

discussed more extensively in later chapters.

1.3.2.5. Conclusions on Oxide Film Growth on Pt

It woulc be useful to give a summary on surface oxide film formation at Pt. This
is conveniently done by means of the scheme shown in Fig.1.2. The oxide film
formation involves a transformation associated with place-exchange or reconstruction
of the Pt surface as OH or O species are deposited. These processes are of major
importance in determining the absorbability of Cl and the CI intermediate in the Cl,
evolution reaction, and the electrocatalytic properties of the external electrode surface

for Cl, formation or parailel O, evolution.
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1.3.3. Oxide Films on Other Noble Metals(Ru, Ir, Pd, Rh)
1.3.3.1. Ruthenium

There are only relatively few studies on the formation or dissolution of ruthenium
oxide. Under anodic polarization in acidic or alkaline solution ruthenium undergoes
dissolution, especially at high pH. These processes have been studied by Llopis et
al®* and by Gorodetskii et al.*', Trasatti et al.* and Galizzioli et al.’ have reported on
the electrochemical behaviour of chemically prepared RuQ, which they compared with
the behaviour of electrochemically grown RuQ, on a ruthenium electrode. The cyclic-
voltammetric curves for these two kinds of electrodes are presented in Fig.1.3. From
the curves they concluded that the formation of RuQ, on ruthenium occurs at
approximately 1.0 V, following the onset of metal surface oxidation at 0.55 V. On’
ruthenium electrodes, no definite separation between the hydrogen adsorption and the
oxide reduction regions is observed, as it is at Pt. Conway et al.®*® were able to show
more clearly the hydrogen adsorption peaks of electroplated ruthenium and they also
detected some absorption of H in Ru. As the potential scan rate increases, the cyclic-

voltammetric curve becomes less structured.
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1.3.3.2. Iridium

. Ir, with potentiodynamic ¢ycling, shows the characteristics of a reversible oxide
film formation reaction. Figure 1.4 depicts the potentiodynamic potential-current
relationships in acidic and alkaline media for oxide formation and reduction®. These
curves are consistent with those reportet:'i by other authors®*®, The reversible
character of oxide formation is illustrated in the instantaneous change of sign of
current as the potential scan is changed from the anodic to the cathodic direction.
Also, the anodic peak and the corresponding cathodic peaks do not exhibit the
pronounced hysteresis characteristic of other noble metals. The reversible character of
the oxide formation was also confirmed by optical measurements in work by Conway
and Gottesfeld™.
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Fig.14 Cyclic-voltammograms of an iridium electrode in a) 23 M H,SO,;; b) 0.1 M
NaOH at 25°C

The behaviour of iridium on repeated potentiodynamic cycling is unique™™. As
the number of cycles increases, the anodic oxide formation current, as well as its
reduction current, increase continuously. This effect is not due to a surface roughening
since the hydrogen adsorption and oxidation peaks are not modified to such an
extent™™. This can be explained by assuming a pit oxidation model where the oxide is
formed preferentially in pits or crevices of the iridium electrode. The mechanism for
oxide formation on this metal, taking into account the pit model, was proposed” as
follows: the oxide is formed in pits below 1.2 V but they become full of oxide at 1.2 V.
Above this potential, the underlying metal layer is further attacked and penetration

becomes important.
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1.3.3.3. Falladium

In the case of palladium, the review paper by Hoare™ shall be mentioned. There
. is evidence from the charging curves™” that two types of oxides are formed at
palladium, namely PdO and PdQ,, as at Pt. The cyclic- voltammetric curve is similar to
those for other noble metals such as Pt, Rh and Au in that hysteresis is observed
between the oxide formation and reduction processes.

Palladium behaves like gold in this respect; a small limiting oxide coverage is
attained in the potential range of 1.5 to 1.7 V, and beyond this potential, the oxide
coverage increases, and also a roughening and colouring of the surface occurs. The
stoichiometry of the oxide formed at potentials about 1.5 V is concluded to be one

oxygen atom per palladium atom, i.e., corresponding nominally to a PdO species.

1.3.3.4. Bhodium

Shibata” examined oxide film formation and reduction on rhodium electrodes by
means of galvanostatic transients. At constant current, a linear increase of potential
with time from 0.6 V (versus SHE) to almost 1.6 V {(versus SHE) was observed. In
another paper, Khrushcheva et al.” studied the time effect in cyclic-voltammetric oxide
formation and reduction. They found in acidic media when the potential was held at
1.0 V, the peak for reduction of the oxide film is shifted by a few mV in the cathodic
direction. However, if the anodic potential is 1.4 V , the charge in the reduction peak
increases as the polarization time is made longer and the cathodic shifts becomes
much more significant, as also found at Pt or Au. From these results and similar ones
obtained in alkaline solutions, Khrushcheva et al. concluded that there were two types
of oxides on the rhodium surface, the more stable one arising from oxidation at 1.4 V.
The first state is interpreted as chemisorbed oxygen of the type " RhO ". As the
potential increases, the oxide Rh,Q, begins to be formed. However, for very thin films,

the significance of such bulk stoichiometries becomes indefinite.
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1.4. Chloride lon Adsorption and its Effects on Oxide Film Formation at Noble Metal
Ancdes { Pt Ru, Ir)

In anodic C), svolution, the reacting ion, CI, is not simply the initial reactant in the
overall process but it also modifies the state of the anode surface on which it is
discharged. On any bare metal sites, for instance at Pt, CI' is normally chemisorbed.
This leads ™% to a strong inhibition of the formation of a monolayer surface oxids,
especially at Pt and Rh, that would usually be completed at potentials less positive
than those required for Cl, evolution. Thus, CI adsorption changes the properties of
the electrode surface on which the reaction of Cl, evolution occurs. In addition, CF
adsorption will tend to increase with increasing positive potentials of the electrode and
maintain competitive adsorption with respect to electrodeposition of the monolayer or

multilayer surface oxides.

i.4.1. CI" Adsomtion on Pt and lts Blocking Effect on Oxide Film Formation

The first quantitative studies of CI" ion adsorption at nobie metal eiectrodes were
made by Breiter” and later by Bagotskii et al.®, Conway and Novak®™® investigated
the effects of the CI ion, over a wide range of concentrations, on the blocking of the
electrodeposited surface oxide at Pt in relation to the kinetics of anodic Cl, evolution.
The quantity of surface oxide generated at Pt electrodes up to potentials at which Cl,
avolution commences significantly, decreases to about 10% of a monolayer as the CI
concentration is increased to about 1.0 M.

Two effects are involved: firstly, increasing CI ion concentration progressively
diminishes the extent of surface oxidation attained at Pt at a given potential 0.8 V
E.. In fact, a selective effect is involved, the more reversible states, "Pt,OH" up to
"PtOH", of the surface oxide being preferentially blocked by CI. For the initial rise of
the extent of surface oxide blocked by adsorbed CI with increasing log[Cl!], a linear
logarithmic relation for Cl ion blocking of surface oxidation of Pt is observed over four

decades of CI concentration. Secondly, as CI concentration increases, the reversible
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potential for Cl-Cl becornes less positive, so that significant (‘;I2 evolution rates tend to
arise at potentials for which less surface oxide would have been generated.
The indication of the role of the adsorbed Clion and its effect on the oxidation

isotherm of Pt is obviously important for the understanding of Cl, evolution kinetics.

1.4.2. Oxide Film Growth in the Presence of CI' lon

Recent experiments by Conway and Mozata®, and Conway and Roscoe® showed
that oxide film growth in the presence of Cl' on Pt also obeys the so-called direct
logarithmic law ( g, = A log (t+t,)). Practically, the A is smaller compared with that for
growth in ag. H,SO, solution alone; this is due to the blocking effect of the adsorbed
Cl'ion. One interesting point is that the linear logarithmic relations pass again through
the charge value for monclayer coverage by OH species ( 210 pC cm? ) without any
change of slope. This implies that there is no discontinuity in the process of oxide film
growth or involvement of CI as the monolayer of OH is completed and further
extended in thickness with time or high potential.

The lack of discontinuity in the growth curves through " © = 1 * arises presumably
because there is a continuous and progressive place-exchange reconstruction process
taking place with increasing OH- or O- to -Pt ratio as potential and/or time is
increasing. Unlike underpotential deposition processes, the process of place-exchange

in surface oxidation is not limited by 6, or 8, becoming 1.

1.4.3. CI' lon Adsorption at Ir and Ru

Since the surface oxidation for Ir and Ru metals begins at lower potentials than at
Pt, viz. 0.2 - 0.3 V R.H.E., the oxide blocking effects by Cl ion are much less sensitive
with respect to [CI] compared with those at Pt. Usually, appreciable concentrations of
Cl" are required before the region of initial surface oxidation at the above mentioned
metals is displaced to more positive potentials; for instance, in the case of Ru, a 5 M

NaCl solution required to produces a small but significant shift in the onset of surface
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oxidation, revealing then a " double-layer charging " region in the cyclic-voltammetry i-

V profile.

1.5. Previous Work on the Study of the Mechanism of the Cl, Evolution Reaction
1.5.1. Possible Mechanisms

The ancdic Cl, evolution reaction is formally one of the simplest gas evolution
reactions like that for H,, cathodically. Also, the reactant ion CI' can be much more
strongly chemisorbed under certain conditions than H,O*, especially at noble metal
surfaces, as indicated above. Normally, there are three commonly accepted
mechanisms that have been proposed by various workers, which are as follows.

Mechanism | is the so-called " Volmer-Tafel " pathway illustrated by:

Chr+M ==== MCl, +e M

2MClyy = 2M+CL T [
where Cl is discharged on the surface of the electrode, followed by a chemical
catalyzed recombination reaction. This kind of mechanism appears to apply at Pt
electrodes, as reported by Conway and Novak®*®,

Mechanism 1l is the so-called " Volmer-Heyrovsky " pathway with the same first
step as that in mechanism | but followed by a electrochemical discharge step instead,
involving desorption of chemisorbed Cl, as represented by:

Cr+ M ==== MCl,, +e [
MCly, + CF ~——— M+ Cl, T 48 o
A different kind of process was suggested by Krishtalik et al®*®, based on the

possibility of formation of the chioronium ion, CI*, as represented by:

Cr+M - — MCl,, + e )]
MClyy ——— MCl,, +e (V]
MCl,, + CI - >M+ClL T V]

Since the chloronium ion is unlikely exist under normal aqueous electrochemical

conditions, the author later suggested OCI" as the intermediate instead of CI*, because
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it is a more stable species.
The interpretation of experimental kinetic data for anodic Ci, evolution is mare
complicated because the following factors that must be taken into account :
(a) the prasence of oxide films;
{(b) their changing catalytic properties with potential, time and extent of
coverage;
(¢) the adsorption of Cl"ions and their possible incorporation in the growing
oxide film and their competition with the film's formation;

(d) some dissolution of the oxide film or substrate metal.

1.5.2. Consideration of Oxide Film _and CI lon adsomtion in the Cl, Evolution Reaction

As is well known, the oxide film surface at an anode plays a major role in the
kinetics and mechanisms of continuous faradaic anedic electrochemical reactions such
as Cl, evolution, either by modifying the energy of adsorption of reactants or
intermediates on the surface, and/or by changing the catalytic activity of the surface. In
some cases, as the oxide film is completed or becomes thicker, a parallel reaction on
the oxide-covered areas of the surface can continue but at a different rate and even
over a different potentiai range from that over which it proceeded previously on the
"bare" metal. The adsorptive and electrocatalytic properties of an oxide-modified
surface of a metal are commonly quite different from those of the free metal itself and
the mechani.im of the parallel component of the reaction may be different.

Below are listed some of the principal effects of the oxide film on the Cl,
evolution reaction: '

(a) The oxide film blocks initially free metal surface sites on which the CI,
reaction may take pléce. e.g., passivation or inhibition effects™® can arise, and a
change of electrocatalytic properties occur (see below).

(b) Once the oxide film has been formed, it usually has different electrocatalytic

properties for the parallel reaction from free metal surface. Therefore, the reaction
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rates and even the mechanism can vary."®

{c) Oxide films may, in same casss, be relatively nonconducting and lead to a so-
called ** * demetallization " of the surface, e.g. at Ti, Ta, etc.

(d) Also, if a change in the oxidation state of the metal ions in the oxide film
occurs with increasing potential or growth of the film, the electrocatalytic properties
may vary, especially at transition-metal anode materials, including the noble metals.
Alss, the conductivity of the oxide film usually changes under such conditions.

{(e) The CI ion is initially chemiserbed and blocks irreversibly the initial "PtOR"
stage of surface oxidation (at Pt).

1.5.3. Eigctrocatalytic Properties of the Oxide Film in the Cl, Evolution Reaction

1.5.3.1. Electrocatalytic Behaviours
Conway and Novak™* investigated Cl, evolution kinetics in anhydrous CF,COOH

containing RbCl as electrolyte and comparatively in CF,COQH-H,Q mixtures of up to
100% H,0. In order to evaluate the role of the presence of the oxide film at Pt in
aqueous solution vis a vis its absence in the anhydrous CF,COOH medium. They also
compared a bare, oxide-free Pt surface in TFA with that for a pre-formed oxide
surface, and found that the current densities on the pre-oxidized Pt surface are about
40 times larger than those on the oxide-free metal surface. In the CF,COOH-H,O
mixture experiments, the authors were able to control the water percentage so that the
oxide film coverage could be varied and determined in separate cyclic-voltamnetry
experiments. Form their results, a recombination rate constant, k, vs composition of
H,O in TFA plet was derived, from which it was quite clear that k increases with
increasing percentage of water, corresponding to increasing extents of oxide film
formation of the Pt electrode.

In more recent experiments, Conway and Roscoe™ were able to illustrate so-
called "Volcano" behaviour in the electrocatalysis of anodic Cl, evolution. The Pt

electrode was polarized anodically first in aqueous H,SO,; hence a certain amount of



23
oxide film could be controllably formed and its reduction charge determined in a
cathodic linear sweep. In this way, a series of different extents of oxide film formation
could be established on the Pt electrodes, The polarization behaviour of the anodic Cl,
evolution was then evaluated for each degree of oxide film formation. From these
results, the authors concluded that an interesting electrocatalytic effect arises,
depending on the state of oxidation of the Pt surface on which the Cl, reaction
proceeds. A clear * Volcano " plot was demonstraterd between the recombination rate
constant, k, and the extent of prior surface oxidation of Pt as measured by the
reduction charge Q. An optimum surface oxidation state, corresponding to an oxide
film reduction charge of ca. 500 pC c¢m?® gave maximum values of k. The oxidation
state corresponds to a degree of oxidation of ca. 2.5 e per-Pt atom which implies that
the oxide film is about one layer of O or 2 layers of OH species with a further over

layer of half-coverage by OH species.

1.5.3.2. Electronic Effects

Arikado et alP*® studied the mechanism of Cl, evolution with a series of
electrocatalysts aiming to find the relationship between the Cl, avolution mechanism
and the catalytic activities of the oxide electrodes by taking into account the electronic
structures of the oxides. They reached the conclusion that if the oxide surface of the
electrode contains a transition metal cation with partially filled t,, levels and empty e,
levels, such as RuO, or IrO,, the Volmer-Heyrovsky mechanism (I-1) could apply.
However, if the electrode surface contains a transition metal cation with half or just
filled t,, and partially filled e, levels, such as TiO,-PtO,, it was suggested that the
Volmer-Tafel mechanism (I-1l) applied®.

Fig.1.5 shows how the state of adsorbed C! atoms at a Ru cation site in two
types of electrode surface preparation may determine whether the " Volmer-Tafel * or
the " Volmer-Heyrovsky " type of mechanism determine the kinetics, as well as the

Tafel slope. As a summary, Table 1.1 shows various anode electrocatalysts in relation
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to the d-electron configuration.

Table 1.1 Summary of the Reaction Mechanism and i, Values for Cl, Evolution as

Function of d-Electron Configuration at Various'ElectrocataIysts.

£2 S, d-Electron

Electrode Tafel slopc Mechanism  configuration  i5(A/100 »F)
RuO, ART/3F II (rzg) 0.118
IrO, 2RT/3F I (:2,,.) 0.390
Eug WO, 2RT/3F I d°or (12,) 0.019
Graphite 2RT/3F Il — —_
Pt-MnO, - RT/2F I (e)! 0.410
Ti-PtO, RT/2F I (eg)" 0.550
Lag ¢Sr0.4Co0: RT/2F I (e)>* 0.433
LaNiO, RT/2F I (e)' 0.144

igexpressed as mA /100 u F of double-layer capacitance, hence real area, Mechan-
isms [ and I were defined earlier in this chapter. From Arikado, 1 al.
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Fig.1.5 CI coordination at Ru(lly providing active site in CI, evolution electrocatalysis,
according to Arikado et al,
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Fig.1.6 illustrates a plot of the d-band vacancy against quantity of electricity
consumed in the reduction of the oxide layer formed under Cl, evolution conditions;
this result shows that the coverage of the oxide on the electrode surface can be
linearly related to d-band vacancy. However, the coverage by the oxide is considered
to be a function of electrode potential, pH, and concentration of CI; thus, when all
these conditions are constant, a linear function of the d-band vacancy can be
observed. This relat?on suggests that unpaired d-electrons participate in the bonding,
even when specifically adsorbed Cl is replaced by oxygen atoms at high anodic
potentials.

The relationship between current-density, electrode potential and d-band vacancy
can be considered with respect to coverage by the oxide film. Other plots by Arikado
et al. ™ show the rates of Cl, evolution at various potentials against the d-band
vacancy of some alloys {see Fig.1.7) and an attempt to relate the exchange current-

density for Cl, evolution to the metai-to-Cl bond energy (see Fig.1.8).

Q3F

0356 072 Oas

d- BAND VACANCY

QUANTITY of ELECTRICITY / {mC em™2)

Fig.1.6 Relation of extent of oxide film formation at several metals, under Cl, evolution
conditions, (measured as oxide reduction charge) to the d-band vacancy. a) Pt; b) Pt-Ir
i0.3%: ¢} PlIr 15.2%; d) Pt-Ru 17.6%; €} Pt-Pd 17%: f) P1-Pd 24%; g) Pt-Rh 32.4%.(
Times of formation of these oxide film are not recorded in the original papaers;98,99).
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The latter quantity is based on allotments of the chlorine bond energy for pure metals
in proportion with the atomic percentages of their respective alloys. Since, however,
the Cl, evolution reaction always occurs in aqueous solution on an electrode surface
completely or partially covered by an oxide fim, the attempts to correlate i, values
simply with the metal-Cl' bond strength, AH, are highly questionable. However, a
better approach used by Arikado et al. was to utilize MO-C! bond strengths instead M-
Cl's.
Both AH,» and AH, 4 can be calculated by means of the Pauling formula:
AHug = 1/2{ Dy + D) + 23.06( X, - Xg )? [1.8]
where D, and Dg.q refer to the dissociation energies of the metal lattice and of Cl,,
respectively, and the X's to the corresponding electronegativities; and:
Xuyoz = (¥Xy + 2Xo)(y+2) [1.9]
It is unfortunate that substrate-Cl interactions are very complicated when an

oxide film is present and thus there remain a number of matters that have not yet

been clarified.
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Fig.1.7 Rate of Ci, evolution at various alloy metal surfaces al three potentials in
relation to d-band vacancy. a) P-Pd 24%:; b) Pt; ¢) PtIr 10.1%: d) Pi-Ir
15.2%:; e) Pt-Ir 25.3%; 1) Pt-Ru 17.6%; g) PI-Rh 32.4% {ref.98,99).
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Fig.1.8 Relation bétweeh exchange current density for Cl, evolution from aq. CI at various .
metal anodes and -the metal-t0-Cl bond energy as evaluated from data for corresponding
metal chlorides. a) Pt; b) Pt-Ir 10.1%; ¢) Pt-Ir 15.2%; d) Pt-Ru 17.6%; €) Pt-Pd 17%: f)
Pt-Pd 24%; g) Pt-Rh 32.4% (ref.98,99).

1.6. Dimensionally Stable Anode Electrodes

In the early days of chilorine production, graphite was used as the anode.
However, these anodes have inherent problems which include high Cl, overpotential, a
consequently large electrical energy consumption and dimensional instability by
gradual oxidation of C to CO,. However, the advent of noble metal oxide coatings on a
titanium substrate, i.e. so-called " dimensionally stable anodes * (DSA), has
revolutionized the whole chlorine production industry. The most widely used anodes
are RuQ,/TiQ, coated on Ti which diminished power consumption and operational
costs and accelerated the Chlor-Alkali industry in the mid-1970s.

The RuQ, +TiO, solid solution coating is formed by thermal decomposition of Ru
and Ti salts applied to the Ti substrate and baked at about 450° C in air to obtain the
mixed oxides of Ru and Ti. The original Beer-type anode is believed to contain a
Ru/Ti mole ratio of 1/2, whereas a three component coating developed by O'Learg"
consists of a metal mole ratio of 3Ru : 25n : 11Ti.

DSA electrodes exhibit low chlorine avervoltage and long life time, usually greatar
than 5 years. Their performance characteristics depend on the composition of the

coating and the method of preparation. The latter is important since one of the failure
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mechanisms of these coatings is via the formation of a nonconducting TiO, layer at
the interface of the Ti with the applied catalytic RuQ, coating.

Various attempts to understand the excellent electrocatalytic characteristics of
RuO,-based coated electrodes have been made in recent years'®, In this thesis, an
investigation of Cl, evolution on RuQ,-TiO, electrodes forms part of the research
reported and discussed in later chapters. The study includes: the kinetic process of Cl,
evalution on RuQ,, the behaviour of the Cl intermediate and the reaction mechanisms

in relation especially to new data on the adsomtion of the CI species.
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CHAPTER Il

The Principles of Electrochemical Kinetics of Processes Involving Adsorbed

Intermediates

2.1. General Kinetic Aspects of Electrode Processes

The major differences between electrode reactions and regular redox reactions in
solution are that electrode reactions are heterogeneous processes and the overall
reaction can be treated in terms of two half-cell reactions, one a cathodic process and
the other anodic. As they are heterogeneous, their rates are affected by some or all of
the following factors :

(i) the surface concentration of reactant ions adsorbed at the interface;

(i) the activation energy for the heterogeneous reaction at the surface, which
depends on the electrochemical nature of the reactants, and the catalytic and
adsorptive properties of the surface;

(i) the extents of surface coverage by adsorbed intermediates and/or reaction
products;

(iv) the metal or metal-oxide/solution potential difference at the interface, which
controls the rate of the charge-transfer reaction.

The last factor is the principal one that distinguishes electrochemical reactions
from other heterogeneously catalyzed reactions at solid-solution interfaces. Also, the
potential normally influences the surface coverage by the interi-ediates.

The rates of electrochemical reactions are usually expressed in terms of product
moles ¢m? sec” but it is more convenient to express the latter units in terms of the
equivalent current passing, provided the current-efficiency is known or is simply 100
%. If the overall reaction involves the passage of zF coulombs mole" of products cm?,

the electrochemical rate, v, in terms of current can be simply described by zFv Amp
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cm? With respect to the usual way of representing a reaction velocity, that of an

electrochemical process will be given as:

i = 2zFv
= nF{{tkT/h)exp[-AG*/RTIHCR)(1-6) [2.1]
where the rate constant is equal to:
k, = (tkT/h)exp(-AG™*/RT) [2.2]

according to absolute rate theory'™ where t is the transmission coefficient, taken as
approximately equal to unity'®, k, T and h are well known constants and AG® is an
electrochemical standard Gibbs energy of activation analogous to a chemical Gibbs
energy of activation, AG*, for an ordinary chemical reaction but dependent on
potential according to :
AG® = AG® - BF(AG, + V) [2.3]
In the second term on the right hand side of the eqn.[2.3], is an electrical energy
factor consisting of the metal-solution potential difference, A¢, at the electrode
interface given by the sum of A¢,, the absolute metal-solution potential difference when
the system is at equilibrium, plus an overpotential, V, corresponding to the electrical
energy required to drive the reaction at a net current density i. B is a barrier symmetry
factor analogous to Brgnsted's factor « in his linear free energy relationship since it
represents the fraction of the electrical free energy provided to the system which
changes its Gibbs energy of activation. It is widely accepted that the symmetry factor
B is close to one half for a more or less symmetrical energy barrier, and this value will
be assumed in the subsequent discussion.
For a single electron transfer reaction, eqn.2.1] can be expressed by:
i = (tkT/h)exp(-AG™/RT)F(Cq)(1-8)exp[BF(A¢,+V)/RT)
= FK°, (Cpli{1-0)exp[BF(A, + VI/RT] [2.3]
where:
k°, = (tkT/h)exp(-AG™) [2.4]

and 6 is the fractional coverags of the electrode surface by the discharged adsorbed
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intermediate processed in eqn.[2.1], the quality k°, is the specific rate constant for the
anodic reaction under zero potential difference conditions. The net anodic current
density measured is the difference between the partial currents in the anodic (i,) and
cathodic (i) directions, which leads to a form of the Butler-Volmer equation. i, and i,
are comparable in magnitude only at, or near Ad,. Sincs, generally,
i=10-i
= i{exp(BFV/RT)-exp[-(1-B)FV/RT]} [2.5]
where |, is the so-called exchange-current density at overpotential, V, equal to zero,
and can be written as :
is = Fk°,C(1-6)exp(BFAD/RT)
= Fk°.Ggexp{-(1-8)FA$,/RT] [2.6]
Two limiting cases of eqn.[2.5] are of special interest. At high values of overpotential,
where (BFV/RT) >> 1, the second term on the right hand side of egn.[2.5] becomes
negligible with respect to the first term so that :
i = i;exp(BFV/RT) [2.7]
or V = (RT/BF) In i - (RT/BF) In i, | [2.8]
This is the well known Tafel equation (V=a - b log i ) proposed by Tafel in 1905,
where b, the Tafel slope,is equal to 2.303RT/BF.

The other limiting case corresponds to the system being very close to equilibrium.
Then, at low values of overpotential for which | BFV/RT | < 0.1 eqn.2.5] takes a
linear form upon expansion of the exponents, taking the first two terms ; thus

i = (i,F/RTHV _ [2.9]

This enables a Faradaic resistance R, to be defined as R, = dV/di = RT/F. This
may be regarded as an "Ohmic region" of the kinetic behaviour where a linear
relationship between the applied potential and current density is maintained to a good
approximation. Equation [2.9] is important in the analysis of the frequency response of
electrode processes under low amplitude potential modulation ( see chapter IV and V)

in impedance spectroscopy studies of electrode reactions.
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2.2. Adsorbed Intermediates in Consecutive and Alternative processes™

As is well known, most electrochemical reactions except one-electron ionic redox
processes, proceed by at least two consecu_tive steps, and in some cases alternative
pathways may be involved. In consecutive reactions, it is always the step with the
smaller(est) rate constant, sometimes referred to incorrectly as the " slow " step, that
is rate-determining. In altemative pathways, it is the pathway that proceeds with the
greater{est) velocity that characterises its kinetics. Since the electrochemical rate
constants of various steps depend on potential, a step which is rate-controlling at one
potential may not be the kinetically limiting step ‘at ancther potential. For two
consecutive steps, | and [, with Tafel slopes b, and b, (b>b,), the current-potential
plot will be as iilustrated in Fig.2.1a where, at high potentials, process Il with the
smaller electrochemical rate constant and larger Tafel slope, is rate-controlling, while,
at lower potentials, step | is rate-controlling. This ¢hange of rate-controlling mechanism
arises because the electrochemical rate constant of process I, in:this example,
changes more rapidly with potential, by the factor exp(V/b,), than does process |,
which can change only by the factor exp(V/b,). Therefore, for a given change of
overpotential, V, a smaller change in the electrochemical rate constant will arise for
process |l than for | for the same change in V, b, being supposedly greater than b,.
Conversely, for alternative processes | and Il , the faster characterises the kinetics and
the current-potential relation will be as shown in Fig.2.1b. At a critical potential, the

two processes will have comparable rates, and a smooth inflection will arise in the In{i)

vs. V curve,

2.3. A Multistep Process Model of the Cl, Evolution Reaction

The chlorine evolution reaction is apparently one of the simplest gas evalution
reactions, formally like the hydrogen evolution process except that it is an anodic
reaction. Its mechanisms have been considered in a number of earlier

papers™®'%'%; the most simple and commonly accepted ones are the so-called
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Fig.2.1 Examples of Tafel relations for overpotential, V, as a function of logfcurrent-

density, i] for a) consecutive or b) paralle! reaction pathways, designated | and Il for
a reaction,
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“Volmer-Tafel” and "Volmer-Heyrovsky" pathways, as indicated in Chapter |. However,

a mechanism combining the‘both has been considered in later treatments, as given

below :
M+ CI === MCl + e Ul
MCI + CI' - M +CLT + e )|
or 2MCI- ——— 2M + Cl, T (]

Since steps [I] with [ll] or with [Il]] are alternative pathways, the faster step will
characterize the kinetics, contributing the major current. When the step [ll] is much
slower than step [lll], the pathway is a "Volmer-Tafel” one while, on the other hand, if
step [lI] is much faster than step [lll], that is the "Volmer-Heyrovsky" pathway. Step {l!i]
is alsc called the chemical recombination step, and leads to a limiting current density
at a higher V, since this step is independent of potential except indirectly on account

of the dependence of B,. on V.

2.4 Methods of Kingtic Treatment

The adsorption behaviour of kinetically-involved species in an electrode reaction
may be examined in terms of the either of two approaches.: (1) the quasi-equilibrium
hypothesis, in which it is supposed that all steps prior to the rate-cetermining one in
the reaction sequence are almost at equilibrium, ie. the rate constant of the rate-
determining step is at the least ten times smaller than those of all the antecedent
steps in both directions; or (2) the steady-state method in which the rate of change of
concentration of the intermediates with time is equal to zero. The steady-state method
is, in general, to be preferred but usually leads, for some mechanisms such as | with

Il to cumbersome expressions thus numerical computing is required in order to derive
the theoretically predicted behaviour.

2.4.1. Quasi-Equilibrium Approach with the Assumption of the Langmuir Isotherm

The Langmuir isotherm is the simpiest expression for representing adsorption as
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described in 1916 by lvringj Langmuir'®. The basic assumptions involved are: {(a) a
fixed-side adsorption, which implies immobility of the adsorbate; (b) the absence of
lateral interactions or heterogeneity of the surface, i.e. a Gibbs energy of adsorption
that is independent of coverage, 0; and (¢) the equilibrium between the intephase or
surface and the bulk phase for adsorption up to a monolayer (6 = 1).

For now we will only consider the case for which step [Ii] is less significant than
step [Il], i.e. the "Volmer-Tafel" case, since the recombination pathway seems to apply
(see chapter V and refs. 85,86) to the real mechanism for Cl, evolution on Pt and
some other noble metais. A further discussion will be introduced in the next section
using the steady-state approach.

The rate equations for the discharge step (l) and its reverse for Cl, evolution are
given by:

iy = nFk,C.(1-0)exp(BFV/RT) [2.10]

i, = nFk,8exp(-(1-B)FV/RT) [2.11]

The fractional coverage 0 is proportional to the surface concentration of adsorbed
intermediates and the fraction (1-6) is proportional to the concentration of free sites on
the surface, which are to be regarded as reactants in the adsorption, step |. Since
quasi-equilibrium is assumed, the forward and backward currents of eqns. [2.10] and
[2.11] can be equated. This gives rise to an electrochemical adsorption isotherm
relating the fractional surface coverage 9 to the potential difference across the
interphase or to the overpotential, V :

0c./(1-85.) = KCerexp(FV/RT) [2.12)
where K=k/k,. Equation (2.12) is a Langmuir adsorption isotherm modified to apply to
the case of electrochemical adsorption involving charge transfer, sometimes referred to

as an electrosorption isotherm.

For the Cl, evolution reaction in the case of the " Volmer-Tafel * pathway, we
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assumed step {Ill], the recombination of two adsarbed CI atoms on the surface, to be

the rate-controlling step, so that the rate of the overall reaction is :

i = 2Fk 6% [2.13]
Then, from eqn. [2.12], 6. can be expressed by :

8. = [K,Cq exp(VFRT)J[1+ K,Cerexp(VF/RT)] [2.14]
Inserting the value of 6., from equations [2.14] into [2.13] gives :

i = 2FKo([K,Cerexp(VERTV[1+ K,Cerexp(VF/RT)]P [2.15]

For the limit of relatively low coverage for which (1-0) = 1 and K,Cq-exp{VF/RT)
<< 1, the coverage becomes a simple exponential function of V and the rate equation
takes the more convenient form :

iy = 2FkK,*Cq-*exp(2VF/RT) [2.16]
giving a corresponding Tafel slope of b’ = 2.303RT/2F, about 29 mV; the other limiting
case is when 8 — 1, i.e. full coverage. Equation [2.13] then gives rise to an activation-
controlled limiting current density of 2Fk,, which is independent of overpotential and of
any mass-transfer in the solution.

In the usual case, the current density can be obtained by eqn.[2.15). However, it
is convenient to rearrange it to the form %,

exp(VF/RT)i"? = 1/[(2Fk,)"*K,Cq- + exp(VF/RT)/(2Fk,)™? [2.17]
Hence, a plot of exp(VF/RT)i'? vs. exp(VF/RT) will give a straight line of slope (2Fk;)'"?
and an intercept of [(2Fk,)"?K,C.-] if recombination control through Il determines the
kinetics.

Another alternative procedure, which provides a more sensitive basis for
examining the kinetic behaviour at high 8-, follows the rearrangement of egn.[2.15] in
another way thus:

i" = (2Fky)"? + (2Fke)'"? (K,Cer)'exp(-VF/RT) [2.18]
which again gnables both k, and K, to be evaluated, in this case, from the slope and

intercept of the plot of i'? vs. exp(-VF/RT).
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This procedure, developed by Conway and Novak®™®, provided a new way of
testing the applicability of the "recombination-controlled” mechanism and evaluating

quantitatively both parameters K, and k, for steps [I] and [lli}.

2.4.2. Quasi-Equilibrium Approach with Assumption of Temkin Isotherm

In this section, the * Volmer-Tafel " type mechanism will be examined further. In a
number of systems of practical interest, interactions and heterogeneity effects usually
arise at a real surface. The former can be taken into account by introducing a
coverage-dependent interaction energy in the configurational partition function. This
factor can be taken into account in several ways, the best is the one described by
Temkin'®. For immobile adsorption, heterogeneity will not be detectable by ohservation
of coverage-dependent heat of adsorption, since sites of varying energy will be filled at
random and the measured heat of adsorption will be an average value. However,
lateral interaction effects, if significant, lead to a coverage-dependent adsorption
energy since the probability of near neighbour configurations increases with 6. The
basic assumption in the Temkin isotherm is that varying energies of adsorption can
arise on account of heterogeneity so that the surface is regarded as made up of a
distribution of patches, at each of which the Langmuir isotherm holds independently
with a characteristic local standard Gibbs energy or heat of adsorption, depending on
the patch distribution, and decreasing linearly with coverage, which can be expressed
by :

AG% = AG%, + 10 [2.19]

It is important to note that the AG®, does not, of course, always vary in an exactly
linear manner with 9, so that it is better to modify eqn.[2.18] by raising the @ term in
the exponent to the power n, so that eqn.[2.19] becomes :

AG% = AG %, + 18" [2.20]
However, in most cases encountered, eqn.[2.19] give satisfactory results. Also, it is a

specific case of eqn.[2.20] for n=1. Therefore, in later discussion, eqn.[2.19] will be
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used. |
If an interaction term is taken into account, eqns.[2.10}, [2.11] and [2.13] can be

rewritten as:

i, = Fk,°Ce(1-0)exp(-Bg6)exp(BFV/RT) [2.21]
i, = Fk°,0exp((1-B)g6)exp(-(1-B)FV/RT) [2.22]
and, iy = 2Fk°,0%xp(2g8) [2.23]

where g = /RT and K°, = k°/k°,. According to the quasi-equilibrium assumption,
eqn.[2.21] with [2.22] gives rise to a ~rumkin-type isotherm viz:

(0/(1-6))exp(gb) = K°,Cq-exp(VF/RT) [2.24]
from which the Langmuir isotherm is recovered as a special case forg=0orr= 0.
At intermediate values of coverage 0.2<6<0.8 and with an appreciable value of g, the
exponential term in equation [2.24] predominates and, upan taking logarithms of both
sides and noting the In(6/(1-0)) term is ca. 1, there results :

8 = InK°,Cr/g + VF/GRT [2.25]
This equation is formally equivalent to the Temkin isotherm. It is characterized by a
linear dependence of 6 on the overpotential V and a logarithmic dependence on the
concentration C,-. However, if egns. [2.21], [2.22] and [2.23] are combined, the total

current can be obtained as

iy = 2FK[K°,Cerexp(VF/RT)/(1+K°,Corexp(-gb)exp(VF.RTHF [2.26]
and the equation can be rearranged to another form :
i = (2Fk,)" exp(-g8) + (2Fk,)"*(K,Ce-)'exp(-VF/RT) [2.27]

The initial Tafel slope at low overpotential still remains RT/2F but the limiting
current density depends on the lateral interaction parameter, g; when g has a greater

positive value, it gives rise to a larger value of the limiting current for 8. — 1 than
thatforg=0.

2.4.3. Steady-State Approach

It is convenient to apply the steady-state treatment when more than one pathway
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a.rises in the overall reaction, for instance, in oxygen or hydrogen evolution reactions.
Here, this approach will be used to treat the Cl, evolution mechanism referred to an
earlier section, which includes the electrochemical step [lll, in parallel with the
recombination pathway, through step [lll].

In the state of steady current, the surface concentration, related to 6., of
adsorbed Cl wilt be time-independent and this condition may be written in terms of the
rates of the indicated steps :

do/dt =i, - iy~ -iy=0 [2.28]
using the abbreviated representation for the i, i, i, and i, of the steps involved. In the

case where the Langmuir isotherm applies, we have :

iy = Fk,Cqe-(1-8exp(BFV/RT) = k,(1-6) [2.29]
iy = Fk,8exp(-(1-B)FV/RT) = k., [2.30]
i, = Fk,0exp(B'FV/RT) = k', [2.31]
and :
iy = 2Fk0% = K';8° | [2.32]

where B and B' are symmetry factors for charge transfer, and k',, K., k', k', are

defined according to egns. [2.28] to [2.32]. Thus, the Cl' coverage is given from

k’1(1‘e) - k’qe - k'ae - k’ae2 = 0 [2-33]
Neglecting a negative solution which has no physical significance, it is found that :
0 = ~(K, + K., + K /(4K + [(K, + K. + K2 + 8K,.K] (4K, [2.34]

and the steady-state current is contributed by both pathways, through step [l] and {ill],
so that :

iy = iy + iy = 2F(K,0° + K,9) [2.35]

2.5 The Adsomtion Pseudocapacitance

2.5.1. Definition of Pseudocapacitance

When a chemisorbed species arises in an electrode reaction, e.g. as in

underpotential deposition of H on Pt or Pb on Au, an equilibrium pseudocapacitance
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C, arises, determined by the potential dependence of coverags, 6, by the ad-species
and characterized by an equilibrium electrochemical adsorption isotherm for all
potentials corresponding to an observable range of 8, > 0 and < 1.

In a process for which a net Faradaic current is passing, a non-equilibrium
situation is obtained. If the reaction is a multistep one involving an adsorbed
intermediate, the steady-state coverage, 8, of this intermediate can depend on
potential so that a variation of 8,, with overpotential, V, can arise. This gives rise to a
“non-equilibrium”, steady-state nseudocapacitance C,,,. In the present work, methods
are developed and used for svaluating this kind of C, for the adsorbed Cl intermediate
in the anodic Cl, evolution reaction.

Normally, because significant C,,, arises in processes taking place at appreciable
net current, the cyclic-voltammetry method used for evaluation of u.p.d. C,, is not
applicable. Other "modulation™ methods are therefore required, e.g. potential relaxation

on an open-circuit and/or a.c. impedance spectroscopy, as used in the present work.

Since the formation of adsorbed intermediates is associated with charge transfer
across the interphas  (as in step l), if a potential is applied, a transient Faradaic
current will flow to establish the equilibrium value of the coverage 0 of the
intermediates together with a smaller non-faradaic current component for the change
of charge in the doubie layer. The total charge q: will be proportional to 8 or the
change of © caused by the change of the potential plus C, dV/dt. Neglecting the latter
quantity,

g =G0 [2.36)
where q, is the charge needed to form a complete monolayer of the adsorbed
intermediates. Its value is about 210 pC/cm?® for a monovalent species, e.g. H or Cl,
each occupying a single site on the surface. Because 6 is a function of potential,

8=f(V), a differential capacity may be defined as:
C, = {dq/dV} = q.{de/dV) [2.37]
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where C, is the so-called adsorption pseudocapacity. It is noted that an adsorption
pseudocapacity cannot exist at a ideal polarized electrode. The prefix " pseudo " is
used because G, refers to a leaky capacitor. Usually, the pseudocapacity is
proportional to the value of change of coverage with potential.

Under Langmuir conditions, from equations [2.14] and [2.36), C, is :

C, = (a.F/RT)[K,Crexp(FV/RT)/(1+K,Cerexp(FV/RT))) [2.38]
Alternatively, C, can be expressed as a function of coverage :
C, = (q.F/RT)[6/(1-0)] [2.39]

If the Frumkin isotherm applies, (see eqn. [2.24]), © cannot be written as an explicit
function of potential,V, so C, can only be expressed as a function of 6.
C, = (q.F/RT)[6(1-8)/(1+g0(1-6))] [2.40]
The dependence of G, on V ¢an, however, be easily obtained by numerically

calculating V as a function of 8 from eqn.[2.38]"'%'"".

2.5.2. CI Coverage, 6.,

From eqn. [2.37], the coverage by the intermediate, in this case, Cl, can be
evaluated by the integration of the C, vs. V profile.

Since : a,jde = JC,(V)dv [2.41]
then : e = (1/9,)IC,dV + 8, [2.42]
where €, is an initial coverage at V=0, i.e. the condition of equilibrium. The C, vs. V
relation can be experimentally obtained by means of the potential-decay method ( see
chapters V and VI) so that the integration of the C,(V) and ¢ vs. V plot can also be
made numerically.

The relationships of C,(V) to V and 6 to V are very important for understanding
the Cl, evolution mechanism. Even though there are a number of papers on the
subject of anodic Cl, evolution, no previous papers have examined the
pseudocapacitance  behaviour ¢ the Cl intermediate and the corresponding

dependence of coverage by CI on potential whici is an essential requirement tor
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understanding electrocatalysis and adsorption, and theit mechanism.
Therefore, it is one of the main purposes of the work described in this thesis to
characterize quantitatively the role of adsomtion behaviour of the intermediate, CI, in
the Cl, evolution reaction and to describe the basis of the experimental procedures

required for providing this kind of information.

2.6. The Adsorption Factor in Electrocatalysis

One of the particular requirements is the experimental evaluation of the potential
dependence of coverage, 0, by the electroactive intermediates in the reaction in
relation to reaction mechanisms and the Tafel slope, b, of the process representing
the dependence of In[current-density,i] on the overpotential, V. Thus, characterization
of b values in relation to potential dependence of coverage by the intermediates is as
important for evaluation of electrocatalysis as derivation of i, values, especially for
comparing electrocatziysis in a given reaction at various electrode materials with
appreciable current densities. For example, for the electrochemical desorption step of
the electroactive adsorbed intermediate( step !l, above), the reciprocal of the Tafel

slope can be expressed as:
1b=dnifdV=dIno/dV + BF/RT [2.43]

where the first term on the right hand side can be recognized as an "adsorption factor"
and the second term as the “charge-transfer {actor". When d In 6/dV is significant, i.e.
for an appreciable and potential-dependent 6, b is << 2RT/F, which is a feature
desirable for good electrocatalysis.

The determination of b, through b” in egn.[2.43] in relation to chemisorption
effects has, surprisingly, not been treated theoretically to any great extent in the
literature except in recent work by Conway et al'"" and Srinivasan'?, where the term d

In 6/dV, which is as important as i, and surface structure and composition evaluation
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in electrocatalysis, has been considered. It is to be considered as a major factor in
electrocatalysis especially with regard to comparison of performance of electrocatalysts
for faradaic reactions proceeding at practical high current-densities on the order of 1C0

mA cm™ or more.



CHAPTER il

Experimental

3.1. Selection of Systems

The aim of this research project was : (a) to investigate the behaviour of the
. adsorbed intermediate C!' in the Cl, evolution reaction; (b) to try to understand the
‘mechanism of Cl, evolution at various materials such as Pt, Ru and RuQ,-TiQ, etc.; (¢)
to evaluate the role of the oxide film that is unavoidably electrogenerated
concomitantly on the surface of Cl,-evolving anodes and its electrocatalytic or inhibition
properties for the Cl, evolution reaction. A fuller understanding of the mechanism of Cl,
evolution is essential for finding improved electrocatalysts for industrial Cl, production
and rationalizing choice of materials.

The research work has been principally conducted at : (i) a Pt rotated disc
electrode in 1 N aq. HCI; (i) in 0.5 M RbCl! + triflucro-acetic acid solutions; (iii) Ru, Pd,
Ir and Rh electrodes in some complementary experiments and {iv) at RuO,-TiO, DSA-
type electrodes in aqueous CI" solution.

The use of a non-oxidizable non-aqueous solvent allows anodic Cl, evolution
experiments to be carried out under conditions such that no oxide film is formed
(ret.85,86), thus this behaviour can be compared with that in aqueous solution in order
to extract information conce'ming the role that the oxide film pléys. In the aqueous
solution work, experiments on Cl, evolulion kinetics and CI involvement were

conducted both on " reduced " and " oxidized " (see below) surfaces.

3.2, Electrodes
3.2.1 Working Electrode
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3.2.1.1. Pt Electrode

Pt electrodes were made from 0.5 mm diameter high-purity grade Pt wire from
Johnson Matthey and Mallory Co.. The Pt wire samples were first degreased by
refluxing in acetone in a Soxhlet-type extractor for 24 hours, then heated and sealed
in soft-glass tubes which were used as electrode holders, and finally soaked in 98%
H,SO, solution. Before use, the electrodes were washed in many changes of distilled

water in an ultrasonic cleaner, and never left to become dry in the air.

3.2.1.2. Ru, Pd, Bh and Ir Electrodes

The preparation of Ru, Pd, Rh and Ir electrodes was similar to that for the Pt
electrode. The respective, degreased Johnson Matthey and Mallory high-purity grade

wires, of diameter ca. 0.5 mm, were sealed in soft-glass tubes and also soaked in
98% H,S0, before use.

3.2.1.3. The Rotating Pt Disc Electrode

A Pt rotating disc electrode, obtained from Pine Instrument Co. (Grove City Pa.),
mounted in Teflon, had a geometric area of 0.47 cm®. The main purpose of using a
rotating electrode was to eliminate or minimize the possibility of mass- transfer effects
since, in the experimental cbservations, a limiting current-densily was consistently
obtained in the current vs. potential relation that could have arisen from diffusion
limitation. Also, electrode rotation seems to remove adhering chlorine bubbles formed
anodically on the electrode surface, which can cause significant fluctuations in the
current at an active electrode. Additionally, rotation spins away any local boundary
layer of solution supersaturated with CI, '*"*%,

In the measurements, especially those of a.c. impedance, the rotating disc
electrode has to used in order to avoid " noise " problems arising in the experiment
caused by the presence of anodically generated Cl, bubbles. However, it was found

that with a reasonable rotation speed ca. 3600 rp.m. under the experimental
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conditions used, very reproducible i vs V relations could be established which were

independent of any further increase of rotation frequency beyond the above rate.

3.2.1.4. RuQ.-TiQO./Ti Electrodes
RuO,TiO/Ti DAS-type electrodes were prepared according to the

recommendations given by Beer and elsewhere™'®. The procedure includes two
steps, the first step is the substrate pretreatment: the Ti wire, 0.9 mm diameter, sealed
in a soft-glass holder, ca. 0.4 ¢cm? in surface area, was first roughened with fine-grade
emery paper, cleaned in an ultrasonic bath for 30 minutes and then degreased in
acetone; it was then pickled in boiling dilute HCl; wasted; briefly immersed in hot 10-
15% HNOQ,; rinsed in doub'le-distilled water and finally dried in hot air. The second
principal step consists of the active film preparation: a suspension of ruthenium(l11)
chloride, RuCl,, and titanium(lV) butoxide, Ti(OC,H;),, in acidified butyl alcohol was
adjusted in composition to give an electroactive layer containing about 30 mole
percent RuO, and the remainder TiO,. This suspension was applied to the pre-treated
Ti-substrate by a repetitive brushing, drying and baking procedure. Aiter application of
each layer, the electrodes were dried at 343-363K and then baked at 673-773K in a

hot air oven for two hours.

3.2.1.5. Determination of Real Surface Area

Unfortunately, no general electrochemical method for surface area determination,
similar to the B.E.T. method, is available, but, depending on the specific character of
the electrode material, various electrochemical data can be used for surface area
calculations based on one or more of the following quantities: {a) the double-layer
capacity value; {b) the charge for electrochemical deposition of a monolayer of
adsorbed H or O species; (¢) the values of the diffusion-controlled limiting currents for
the oxidation or reduction of a known species, e.g. Fe(CN),*, Fe(CN),*.

The estimation of real surface area of electrodes from the value of the double-
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layer capacity was first introduced by Frumkin'™ and involves the assumption that the
capacity of the double-layer is the same for different metals, that is, having a value of
about 25 pF cm? for the cation and 40 pF cm?® for anion adsorption regions,
depending on the sign of surface charge at the electrode. This procedure has been
used in determinations of the surface area of RuQ,-TiO, electrodes in the present
work.

In the case of the Pt and Rh electrodes, the estimation of the true surface area is
based on the assumption that one atom of hydrogen is electrodeposited, or adsorbed
from the gas phase, on each metal atom of the surface, and that a monolayer of
hydrogen is completed at the reversible potential of the hydrogen electrode'". The real
area can be obtained from the charges under the hydrogen u.p.d. peaks'® determined
by cyclic-voltammetry in 0.5 M H,SO, at 298K, taking 210 nC cm? as the charge

required for the formation of a monolayer of H in the usual way.

3.2.2. Reference Electrode
3.2.2.1. Platinized Reference Electrode

Platinized Pt reference electrodes were prepared according to the procedure
given by Ives and Jantz®. Lead acetate, sometimes recommended as an additive, was
not used in the platinizing solution ( 2% H,PtCl, in 2N HCI ) because of the possibility
of introducing undesirable impurities into the working electrode electrolyte. In the
experiments, the platinized Pt reference electrode was bubbled with pure Cl, gas in a
way similar to that used in the case of a H, reference electrade. The equilibrium Cl, +
2e === 2(CI can easily be established and gives a very stable potential of 1.358 V vs
the R.H.E. Since the warking electrode was alsc bubbied with pure Cl, gas, the open-
circuit potential is about 0 £ 1.5 mV.

3.2.2.2. Silver-Silver Chloride Reference Electrode

The silver-silver chioride reference electrode was formed by successive
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anodization/cathodization of a Ag wire mounted within a thin-walled capillary tube
which acted as a Luggin probe. The potentials of the test electrode were referred to
that of the silver-silver chloride electrode in the same solution (1 mole dm® of CI). The
open-circuit potential vs Ag/AQC! was 1.135 V when the solution was saturated with

Cl, and its hydrolysis products.

3.2.3. Counter Electrode
A platinized-platinum gauze having a large surface area was used as the counter
electrode. The large surface area minimizes the reaction resistance and the

polarization of the electrode and dissolution of Pt.

3.2.4. Electrolyte

All aqueous solutions were made up in pyrodistiled water'® using BDH 98%
Aristar grade H,SO, or HCI, and from NaCl that had been recrystallized and dried at
423 K. The trifluoroacetic acid was purified by drying followed by multiple distillation by
a method described previously™'. The anhydride used for " gettering " any remaining
traces of water was purified similarly. RbCl required for the work in TFA was also
recrystallized and dried at 423 K ( NaCl or KC! are insufficiently soluble in this solvent

for purposes of the electrochemical experiments involved).

3.3. Cell

A conventional three-compartment all-glass cell was used as described in
previous work™®, In most measurements, since the current densities were relatively
high, the stopcock between the working and counter electrode compartments could be

opened as necessary. Pure Cl, gas was bubbled continuously through the working

electrode compartment.

3.4. IR-Drop Measurement
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Because relatively high current densities up to the -1 to 0 decade in log [current-
density] were involved in the measurements, and because of the approach to apparent
limiting currents, IR drop corrections were important in most of the present work. The
uncompensated resistance between the Luggin capillary of the reference electrode and
working electrode was determined at various current-densities by means of a Nicolet
digital oscilloscope using the current interruption procedure'®. The solution resistance
was also measured by means of a newly developed open-circuit potential decay "fitting
method" (see section 3.6.3) and by a.c. impedance. The resistances involved usually
were 1.0 to 4.0 Ohm. Values obtained by the above three methods were in a good
agreement and could be determined with an accuracy of ca. 5% prior to each
experiment. IR-drop corrections, based on these resistances, were applied in all the

polarization measurements by means of a computer program.

3.5. Instrumentation

A PAR model 173 potentiostat/galvanostat and a PAR model 376 logarithmic
current converter, coupled with an Hewlett Packard model 216 computer, were used in
most of the electrochemical measurements, including the recording of Tafel relations
and potential relaxation transients (see section 3.6.2) following the interruption of the
anodic polarization currents. |

In order to record the fast potential relaxation transients (potential decay curves),
a Nicolet 2090 digital oscilloscope was used to acquire the data and store them on a
floppy disk. The recorded information was then transferred to an HP216 computer for
further data processing.

The a.c. impedance measurements were made using a Solartron 1250 Frequency
Response Analyzer (FRA), equipped with a Solartron potentiostat, 1286
Electrochemical Interface (ECI} which controlled the electrode system. The data was
first stored on a 31/4 inch disk then transferred to an IBM clone small PC computer

which could also communicate with the University of Ottawa main-frame computer
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network for further analysis with data fitting treatments. The fitting procedure (see
section 3.6.3) was carried out using a software package called " Statistical Analysis
System " (SAS), which allowed a nonlinear regression subroutine (NLIN) to be appilied
to fit the data.

3.6. Methods
3.6.1. Computer-Programmed Data Acquisition of Steady-State Polarization Data (Tafel

plots)

The steady-state cument-density, i vs overpotential V plots, or so-called Tafel

plots, not only provide information on the kinetics of electrode processes, for exampie,
from the Tafel slope b or the limiting current density (in the case of a recombination-
controlled process as involved the present Cl, evolution reaction), but alsc enable the
reaction mechanism to be determined. Additionally, information on the electrocatalytic
properties of electrode materials are provided, since electrodes exhibiting low Tafel
slopes, b, and large exchange current-densities, i, can be considered good
electrocatalysts. Recently, Conway et al'®"® have combined steady-state polarization
and open-circuit potential decay results in order to derive information about the
pseudocapacitance and surface coverage of adsorbed intermediates in an electrode
reaction as an important direction for characterization of electrocatalysis in electrode
processes.

In practice, in an anodic reaction such as Cl, evolution, the steady-state current
can be appreciably a}ﬁected by the simultaneously grown anodic oxide film, since the
oxide film developed during the reaction may change the electrocatalytic properties of
the electrode surface. Thus, if the state of oxidation of the electrode surface changes,
the steady-state current may not be easily reproduced. Therefore, control and
characterization of the state of oxidation of the anode surface is an important but
difficult aspect of anodic process studies. However, during this project, three different

programmes for the computer control of the pre-conditioning of the electrode surface
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were developed to deal with this problem.

In order to obtain stable steady-state currents in Tafel measurements, two limiting
states for the oxidation of the surface of Pt electrodes were studied in order to
compare how the oxidation of the Pt surface affects the behaviour and coverage by
the adsorbed intermediate, CI, in the ClI, evolution reaction. One wcs attained by
anodically holding the overpotential at a given value, say +500 mV, for 30 minutes to
form a well defined surface oxide film and to attain a stable anodic current; then the
Tafel measurement could be made. The resulting log(i) vs V results were found to be
reproducible so that it could be assumed that the surface oxide film had reached a
relatively stable state of formation, and no significant further change would arise during
the short time when the experimental data was being acquired ( note that oxide film
formation at noble metals depends on potential and the log of time of growth®™),

The second extreme state is achieved by cathodically reducing the surface for 30
seconds immediately before each anodic polarization point is taken. Since for each
point, the surface has been “reduced”, it could be considered that each measurement
is being made on a “clean”, reduced surface without any significant oxide film being
present initially.

Fig.3.1 illustrates the three computer pragrammes for control of the potential; 3.1a
shows the normal one, a stair-type control and 3.1¢ is for long-term potential-holding
experiments for eleven successive measurements; 3.1b is for obtaining the so-called
initial "reduced” surface, before each anodic polarization potential is applied; in this,
the electrode potential was cathodically scanned to a negative potential, say 0.35~0.4
V R.H.E. where any previously formed oxide film should be reduced but H, would not
evolve. In this way, the Tafel plots are reproducible. The data for ascending potential
change actually overlay those for descending change, which incidentally also confirms
minimum surface oxide film formation under these conditions. However, the points are
not overlaid in the case where the stair-type program was applied. The overlay arises

because, at the cathodically reduced Pt electrodes, an active state of the electrode
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Fig.3.1 Three computer control programs for the steady-state polarization measurements
on the CI; evolution reaction at Pt electrodes. (a) "stair" type; (b) "

reduced” type; and (c)
the long-term holding.
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surface is well controlled but in the stair-type program, prograssive and cumulative

surface oxidation has time to take place.

3.6.2. Open-Circuit Potential Decay Method

The open-circuit potential decay method for the derivation of information about
chemisorbed intermediates, recently developed by Conway and Bai'™'® in a relatively
new way, involves numerical data treatment for obtaining accurate dV/dt values, with
complementary determination of Tafel plots. This enables information concerning the
pseudocapacitance and coverage of the adsorbed intermediates (here Cl) to be
determined. For this method, since both experimental potential relaxation transients
and Tafel polarization measurements are required in the experiments, it becomes very
impertant to control, in the same way, the experimental conditions for these separaie
experiments in order to obtain accurate and reliable information. Terefore, open-circuit
potential relaxation transients, for the case of the Cl, evolution reaction, as described
in Chapters V, Vi and VII, were recorded as quickly as possible after determining the
Tafel measurements.

The Nicolet digital oscilloscope provides a satisfactory means of recording fast
potential vs time relaxation transients which can be stored digitally on floppy disks for
later analysis. The required current interruption is made by means of a Clare vacuum
mercury relay which gives quick enough response. The electric circuit for the potential
decay measurements is shown in Fig.3.2.

In order to record the transients over significantly long time écales, three separate
transients were made over three different time ranges :

() 0.5 - 50 us per point.

(ii} 100 - 500 us per point.
and (i) 1 - 5 ms per point.

The V(t) data was acquired in channel A of the oscilloscope and the current i(t) was

also recorded in channel B, so that both V(t) and i(t) could be recorded at the same
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time when the potential decay transient was initiated. This procedure gave very
accurate potential V() and current i(t) values which were required for later
pseudocapacitance calculations.

During the process of recording each decay transient the circuit needed to be
“open" for less than a few seconds. Determination of the next decay transient could
not be made until the reaction of Cl, evolution had returned to a new controlled
steady-state rate ( usually requiring only a few seconds).

As in the study of the anodic Cl, evolution Tafel measurements, two extreme
states of surface oxidation were investigated in the potential relaxation experiments.
Fig.3.3 illustrates the procedure for taking the decay transients, where (a) is for
holding at a given determinad time, t, for the measurements at the pre-oxidized
electrode while (b} shows the programme for a cathodic potential scan applied first to
completely reduce the oxide on the electrode surface and then followed by a jump of
potential to the next desired value to record the new potential transient at a different
initial potential.

The recorded V(t) data was then processed in the HP 216/217 computer to join
three sets of data according to the time scales for which the kinetic parameters of the
Cl, evolution reaction and the adsorbed Cl behaviour and coverage, were to be
obtained. The Cl pseudocapacitance was then evaluated according to eqn.[4.1], by
dividing the steady-state current densities i(V) by respective dV/dt values derived from

the potential relaxation transients calculated by application of a differentiating program
to the V(1) data.

3.6.3. Initial Potential Decay Rate (dV/dt), : Extrapolation by Means of a Fitting
Function for the V(t} Transient

For the first time, a new treatment based on the fitting of the potential-relaxation
curves, V(t), recorded on open-circuit following interruption of the polarizing current of

an electrode reaction, has been developed in collaboration with Dr. R. Brousseau in
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Fig.3.3 Potential relaxation programs for: (2) the pre-oxidized electrode; (b) the reduced
electrode for study of the C!, evolution reaction at Pt electrodes.

our lacoratory. This new procedure can be used to obtain conveniently both the
interfacial capacitance behaviour of the electrode and the noncompensated solution

resistance giving rise to the IR drop (see section 3.5) in an electrochemical cell for

appreciable current-densities of the faradaic process.
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This proposed technique has clear advantages over other previously published
methods for evaluation of the interfacial capacitance at the electrode in a state just
prior to current interruption. The procedure for collection of the potential relaxation
curvas for this fitting method was similar to that described in an earlier section 3.6.2.
However, only the short-time transients (0.5 - 5 us per point range )} were used. Again
both channels A and B were utilized to record V(t) and i{t) curves from which, i(t=0)
and V(t=0), viz, the current and potential just before each open-circuit current
interruption was initiated could be very accurately recorded. These two values for each
potential and corresponding current-density were the basic data for calculation of
interfacial capacitance at each potential and evaluation of the uncompensated
resistance.

Another application arises on account of the fact that the pseudocapacitance
discharges much slower than does the double-layer capacitance, so that this method
can be used to estimate the real electrode surface area by evaluation of the G,
especially for porous electrode surfaces such as arise at baked RuQ,-TiO, films. The
principle is rather simple: since the transients treated by the fitting method were
recorded over a short time scale, only the double-layer capacitance becomes
discharged in such a short times ( from the V vs log(t) curve, it can be seen that the
double-layer capacitance, in most cases, becomes discharged first; thus, because of
the time constant defined as 1_=FIC. the process having the smallest © will discharge
first). The surface area can therefore be evaluated, based on the assumption that the
double-layer capacitance is equal to 40 uF cm? on the anodic side of the p.z.c. in the
normal way.

The curve fitting procedure, mentioned in section (3.5), was carried out using the
University of Ottawa mainframe computer and employed a non-linear regression
pragramme (SAS) corresponding to a nonlinezr representation of the time course of

V(). An example of a fitted V() curve is shown in Fig.3.4 and further examples will be
given in section (4.1.3).
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3.6.4. A.C.Imnedance Method

A.c. impedance measurements not only provide a useful approach to the study of
the kinetics and mechanism of complex electrode reactions but are aiso
complementary to the potential-decay method just described for extracting information
concerning pseudocapacitance and coverage behaviour of the Cl intermediate in the
Cl, evolution reaction.

The system consisted of a Solartron 1250 Frequency Response Analyzer {FRA)
and potentiostat (ECI 1286). The ECI provides given potentials to control the
electrochemical process in the anodic polarization experiments ( here for Cl, evolution
) while the FRA, consisting basically of a programmable sinusoidal signal generator
and analyzer, provides an output signal of amplitude 5 mV and variable frequency
which is in the form A sin{wt). The sinuscidal signal is superimposed on the given *
d.c. " anodic polarization potential and is applied to the electrochemical interface. The
response of the electrochemical reaction to the a.c. modulation signal in the form
A'sin{ot+y) is returned back to the analyser in which the phase shift and amplitude
are analyzed and evaluated. Finally, the real (Z') and the imaginary (2") components
of the impedance vector are obtained as the output experimental data from the
analyser. The data (Z') and (2") being a function of frequency, ®, can be displayed on
a graphics screen or plotter, using the HP 217 computer and can be also transferred
to an IBM-PC and mainframe computer for functional fitting or simulation treatments.
For the reaction studied (Cl, evgluﬁon). the impedance components were measured at
various controlled anodic overpotentials over the frequency range 65,000 to 0.005
Hz(or lower if necessary). .

In order to study the "reduced" Pt surface, the electrode had to be pre-reduced to
remove any oxide film existing on the electrode surface before each measurement
was taken. A switch box was used to control the electric circuit which could select
either the a.c. measurement made or cathodic scanning reduction (see Fig.3.5). Before

the a.c. measurement, the switch was put in position C , allowing cathodic scanning to
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be applied to reduce any oxide on the surface of the electrode (arizing e.g. from the
previous polarization  measurements); then the switch was set to position |,
corresponding to running the a.c. impedance measurement scan. Since each
measurement takes only a few minutes with much of the frequency scan covered in a
few seconds, the measurements can be considered as approximately corresponding to
a "clean” or a less oxidized electrode surface, especially over low overpotential range

where the oxide film grows very slowly in a Cl' containing solution.

Potentiostat R Rive R .
ECI 1286 EVI C‘g_ | Potentiostat
Frequency
Response Function
Analser Generator
1250 FRA

Fig.3.5 Diagram of the system for controlling oxide formation on Pt electrode surfaces in
a.c. measurements.
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3.6.5. Cyclic-Voltammetry

Although this technique has been mentioned in an earlier chapter, here it is still
necessary to emphasise that this method was not only used in the study of oxide film
growth but was also applied in almost all the experiments to the course of preparation
of the "reduced" electrode surfaces. In the quantitative measurements, a linearly swept
potential signal, V(t), was applied to the electrochemical system and the response
signal, viz, the current i(t}, was recorded. Both the current and potential curves were
recorded by means of the Nicolet oscilloscope and transferred to the HP 216/217
computer for further processing; for example, the oxide reduction peak in the
voltammogram can be integrated by computer to evaluate the oxide reduction charge,
corresponding o the coverage of the anode at a given potential by OH and/or O

species. Also, the cyclic-voltammograms can be plotted on the screen or by means of
a plotter, as desired.
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CHAPTER IV

Theories of Methods

In order to reach a fuller understanding of the kinetic and mechanistic behaviour
of an electrode reaction, information about the capacitance at the electrode surface
has to be obtained since the pseudocapacitance, which is the capacitative component
due to the adsorbed or chemisorbed species, is necessary in order to calculate the
coverage by the adsorbed intermediates. Thus, this capacitance component, G,, is
related to the derivative of the coverage, 6, with the electro-active species by the
relationship C, = q,d6/dV as defined in section 2.5.1. The basis of the various methods
used for determining the capacitance behaviour in this work are presented in this
chapter, including the recording of open-circuit potential decay transients and the
determination of initial potential decay rates by the new curve-fitting method, as well
as determination of a.c. impedance.

The study of electrocatalysis in electrochemical reactions requires not only
characterization of the steady-state kinetics of the process as a function of electrode
material, state and composition of the electrode surface, etc. but also, gdditional!y,
information concerning the coverage behaviour of the chemisorbed intermediates
generated, in relation to the reaction mechanism.

In order to provide, experimentally, information on the behaviour of adsorbed
intermediates, methods must be used that generate a recordable response of the
reaction to a modulation of some kind, of either the current, or conjugately of the
electrode potential. Such a response arises from the dependence of the activation
energy or of the equilibrium Gibbs energy of the process upon potential, a
fundamental aspect of electrade processes distinguishing them from the regular

heterogeneous reactions. Modulation procedures are normally used in a
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complementary way with steady-state kinetic methods, e.g. evaluation of log{current-
density] vs potential (Tafel) curves.

The types of medulation commonly applied are: a) a step-function in potential or
current; b) self-relaxation of the potential on an open-circuit from an interrupted
previous steady-state polarization; ¢) linear potential sweep variation of the activation
energy or of the (quasi-) equilibrium Gibbs energy and d) small amplitude sinusoidal
alternating variation of potential or current. The modulation procedures normally
involve a non-steady-state of the reaction, analysis of which gives rise to additional
information, e.g. the interfacial capacitance, complementary to the kinetic information
derived from steady-state experiments as a function of potential.

In the present work, methods (b) and (d) have principally been used (together
with steady-state measurements) and supplemented by method (c) for characterization

of the state of surface oxidation of Pt anodes.

4.1. Open-Circuit Potential Relaxation Transient Technique for Study of the

Pseudocapacitance

4.1.1. Mechanism of Self-discharge

Following interruption of a polarization current, no net passage of electron charge
can continue to occur. The observed potential decay must therefore take place by one
of the following three mechanisms, depending on the rate-determining mechanism of
the reaction and the electrode at which it takes place: ;

(a) In the absence of significant coverage by adsorbed intermediates, as with the
h.er. at Hg, decay of potential from a state of priof polarization can only occur by
discharge of the double-layer capacitance, C, through the parallel, potential-
dependent reaction resistance.

(b) When there is appreciable coverage, 8, by a chemisorbed intermediate, a
pseudocapacitance, C,, arises (>>C,), as described in section 2.5.1 and this must be

discharged during an open-circuit potential decay. A charge much larger than tiat on



64

C, is involved so the process must differ from that in (a) above. For mechanism 1,1l
discharge of C, and associated decrease of 8 can only take place by a mixed cathodic
anodic process, e.g. for the case of adsorbed Cl:

Meer + CF -—-—> M, + Cl, + e (continuing rate-determining step) (Il
coupled with

Moo + effrom ) —-— M, + Ci (reverse of step |)
This is equivalent to the formation of Cl, from two adsorbed CI, and no net electron
transfer is required from or to the electrode surface in this mechanism.

(¢c) If is the rate-controllihg step, | and its reverse determine the potential as
f(0a.) through the electrochemical adsorption isotherm (egn.[2.14]), as 6.. decreases
by continuation of the chemical recombination step Ill:

2M.Cl — M, + Cl, amy
or an equivalent process on the "reduced" Pt su‘rface. A small flew of charge, C,AV,
also takes place through the process

MCl + & === M, + CI
enabling the C, to be discharged through the decaying potential range AV. The charge
involved in discharging C, is equivalent to C,AV or f,"* C,dV if AV =V, - V,, and a
corresponding change 8 occurs determined by the difference of 6 at V, compared with

V,, according to eqn.[2.14].

4.1.2. Theory of the Potential Relaxation Transient Method

A simple electrode charge-transfer reaction under kinetic control may be
described by an electrical equivalent circuit in which the double-layer capacitance and
Faradaic resistance associated with the electrochemical reaction are in parallel. The
capacitance will be dischaiged after the current is interrupted, the discharge current-
density i being expressed as :

i =-C (dv/dt) [4.1]

The kinetics of the electrode process, characterized by a rate equation, which
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determines the current density i, is given by
i(V) = i, exp(aFV/RT) [4.2]
where 2.303 (RT/aF) = b, the Tafel slope [dV/d(log(i})]; the polarization conditions are
for the potential region where the back reaction can be neglected. Then combining
eqns. [4.2] and [4.2] gives :
-C (dv/dt) = i(V) [4.33]
= i, exp{aFV/RT) [4.3b]
where C is the total capacitance of the electrode interface, which may be potential-
dependent, and i{V) is the internal, also potential-dependent, self-discharge current
assumed to have the same potential-dependence as the steady-state, experimentally
measured current-density’®'®. It is considered that, under certain conditions, the
doubls-layer capacitance and the C, for the electroactive adsorbed. intermediates at
appreciable coverage can be represented as thcugh in parallel in an equivalent circuit.
The simplest case is when C is constant, i.e. for the pseudocapacitance, C, =0
and the double-layer capacitance, C, being to a good approximation, a potential-

independent constant, thén eqn. [4.3b] can be integrated easily as :

J-exp(-aFV()/RT) dV = [(i,/C) dt [4.4)
so that :

(RT/aF) exp(-aFV({t)/AT) = (i/C)(t+T) [4.5a]
and t = (b'RT/aF){Ch) [4.5b]
or eqn.[4.5] can be written in the simple form :

V(t} = a- b log(t + 1) [4.6]

in which a = -b log(iy/b'C) and b = «F/RT.

From egn.[4.5], it is seen that the decay of potential, V(1), follows a linear
relationship with log{t+t) having a slope of -b, the negative of the Tafel slope. The
integration procedure involves a constant, T, that usually can be obtained
empirically'®'?, However, in the present work, the appropriate t vaiue was evaluated

by a computer program by fiting the experimental V(t) data with a nonlinear
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approximation method. Furthermare, it can be seen that dV/d(log(t)) = -b’, as T << t.
Also evaluation of the capacitance {usually the double-layer capacitance C,) can be
made from T knowing i, . the current-density before interruption, and the Tafel
slope,b.
Alternatively, if integration between finite limits is applied, eqn.[4.3] could be

expressed in the form

exp(-onFV/AT) dV = i/C dt [4.6]
Then, after some re-arrangement eqn.[4.6] can lead to *'¥;
V = V., '+ (RT/anF) Inf[{ anFi_/CRT)t + 1] [4.7]

where i, is the current-density before the interruption and V,, is the potential
immediately after the interruption. The difference between the potential just before the
interruption V,, and V,, also gives the uncompensated ohmic iR drop in the solution.
Differentiating eqn.[4.7] with respect to t and rearranging the resulting equation yields :

dvdV = C/i(t=0) + (anF/RT)t [4.8]

This eqn. indicates the plots of di/dV against t will give a straight line, of which
the slope and the intercept are onF/RT and C/i(t=0), respectively. Once these values
are obtained, it is possible to plot the values of exp(anFV/RT) against t. The plot will
also be linear and the V(t=0) value can be evaluated.

If the back reaction is significant, as at low overpotentials, a similar procedure
can be applied to the analysis of the potential decay behavicur by writing the following
equation, related to egn.[4.33]:

~C(dV/Dt) = i
= i, [ exp{aFV/RT) - exp(-(1-c)FV/RT) ] [4.9]
in a Butler-Volmer type representation of i at low overpotential,V.

Often, the capacitance is by no means found to be constant, which means that
C(V) itself is a function of potential in some way, e.g. C, # 0. For such a condition, C,
>> Gy in most cases. The integration of eqn.[4.3] then has to be reconsidered if C{V)

is also dependent on potential, a case of special interest in this work. In the usual way
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of treating of potential decay results, the C vs V relation can be assumed ' to take
the two limiting forms, corresponding to low(-) or high(+)} coverage:
C(V) = C, exp(xV/d) [4.10]
Then, with this equation applied to eqn.[4.3],
-exp[(-V(t)b")] dV = (i/C,) exp(xV/d) dt
is obtained; i.e.
-exp[-V(t) (1" £ 1/d') 1 dV = iy/C, [4.11]
which leads to ‘
dv/d(in (t+t)) = 1/ 1" £ 1/d") [4.12]
Therefore, when C, is significant and dependent on V, the V vs log(t+t) relation
might not be a straight line any more, but could he ropresented by two or more linear
regions depending on the behaviours of the inte'mediates adsorbed on the electrode
surface. The numerical values for the slopes of the linear region will not any longer be
necessarily equal to the Tafel slope dV/d(In(i)}. Generally, the plot may be a curve with
limitingly linear regions.
Another plot that can be obtained from the potential relaxation data is V vs log(-

dV/dt). This arises from eqn.[4.3] after rearrangement; viz.

C = i, exp(V/b)/(-dV/dt) [4.13]
which, in logarithmic form, is :
In C = -In (-dV/dt) + In i, + V(t)/D’ ' [4.14]

In the limiting case, with C constant and C = C, with C, = 0, the plot log(-dV/dt)
vs. V(t) will be linear having a slope equal to -b (Tafel slope). Knowing i, the
interfacial capacitance can be evaluated from the slope and the intercept. However,
the pseudocapacitance, C,, for the adsorbed intermediates, is usually a function of
potential so that the total capacitance, C = C, + C,, will not generally be constant.
Then the plot of log(-dV/dt) against V(t) will not necessarily be linear and will not have
a slope equal to -b. Analogous to the plot of log(t) vs V for this case, more than one

slope would then be observed for the log(-dV/dt) vs. V(t) plots as is experimentally
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observed for some cases.

4.1.3. Evaluation of the Interfacial Capacitance

In order to obtain adsorption information reisvant to the kinetic and mechanistic
behavicur of the electrode prozess at the interface, it is necessary to evaluate the
pseudocapacitance, the component due to the adsorbed species, which can lead to
information about the coverage by the adsorbed intermediates in the reaction as a
function of potential. The following are a list of several ways of evaluating the
interfacial capacitance from potential transient or madulation metheds : '

(a) By knowing the exchange current-density, Tafel slope and the constant ©
(eqn.[4.50)), the capacitance can be estimated from the intercept of the log(t) vs V()
plot. Thus, according to eqn.[4.5]:
when v(t) = 0,

-log(i/b'C) = intercept (on t axis) [4.15]
or from eqn.[4.5].

(b} From egn.[4.14] , the capacitance can also be estimated from the intercept of
log(-dV/dt) on the V(t) plot when the exchange current density is known. Thus,
when Vit) = 0,

(2.303RT/oF) log(i/C) = intercept (on t axis) [4.16]

(¢} According to eqn.[4.8], the intercept of the plot of d¥dV vs t can be
expressed, whent = 0, by :

C/i(t=0) = intercept (on Y axis ) [4.17]
so that , if the current before interruption is known, the capacitance can be evaluated
for that initial potential corresponding to it = Q).

(d) A more general treatment of the potential decay data involves the use of the
actual i(V) data from the steady-state polarization measurement in the derivation of
C(V). From eqn.[4.1}, the i(V) and (dV/dt) from separate experimental measurements

are combined to derive a C(V) vs V relation according o :
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C(V} =C, + Cq
= i(V)/(-dV/dt) [4.183]
so that
log C(V) = log (i(V)} - log (-dV/dt) (4.18b]

Therefore, C, as a function of V can be directly evaluated from the experimental
i(V) and elated dV/dt data without any empirical parameters being involved or any
assumption being made about the form of the adsorption isotherm for the electroactive
speacies.

(e) A different kind of basis for evaluation of capacitance arises in the a.c.
impedance method as will described in section 4.2,

The different ways in which the capacitance can be evaluated have themselves
limitations and approximations. Normally, approach (d) is more precise for evaluating
the pseudocapacitance,C,, over a range of V's. However, the quantity obtained is the
total interfacial capacitance C which is taken as approximately equal to C, + C,. The
C, is of general interest in electrode kinetics and in particular here for evaluation of
the adsorption behavivur of Cl in the Cl, evolution reaction. Here, two !imiting cases
can arise ; (i) when C, >> C, and is potential-dependent; (i) when C, — 0, i.e. C =
Ce so that C is approximately independent of potential.

In the case of C = C,, potential relaxation takes place™ simply by self-discharge
of the double-layer capacitance through the continuing passage of electronic charge
across it at a rate determined by the potential-dependent Faradaic resistance as
characterized by the charge transfer kinetics. When C, >> G, and the electrods
surface is appreciably covered by the reaction intermediates, the relationship between
the Tafel slope b and the potential decay slope d, [d = dlog(-dV/dt)/dV], can be
derived from egn.[4.14]; viz.

d log{C(V))dV = 1/ -1/d [4.19]

From eqn.[4.19], it can be seen that, when d = b, d log(C(V))/dV = 0, which

means the interfacial capacitance is independent of potential; when d > b, d
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log(C(V))/dV > 0, which indicates that the capacitance increases as the potential is
numerically increased while for d < b, d log(C(V))/dV < 0, the capacitance decreases
as the potential is increased. From the derived C, vs V data, tho coverage, or the
change of the coverage, can be calculated as a function of V ({{8) vs V) by integration

of the experimentally determined C, vs V profile (see eqn. [2.39])

4.1.4. Interfacial ngacitance Evaluation from Initial Decéy Curves by the "Fitting
Method"

Fitting the potential decay curves, digitally recorded on an open-circuit following
the interruption of a polarizing current of the electrode reaction, is used to obtain the
interfacial capacitance behaviour of the electrode together with the uncompensated
solution resistance in lthe electrochemical cel during a continuous Faradaic process.
This method has been developed recently in this laboratory. Tha basic idea of this
"fitting method" is that the digitized potential relaxation transients are empirically
represented* by a polynomial function :

V) =a, +at+afP+at +alog{t+a;) [4.20]
by computer fitting of the data of each transient to the above function. Such a third-
order polynomial, plus the log term, provides an excellent empirical fit for the
transients with different values of the constants a, to a, for each transient recorded.

Extension to a fifth or sixth order polynomial gives no further improvement.

This procedure enables both V(t=0) and (dV/dt),, to be accurately evaluated, for t
= 0, i.e. just after the cument interruption has taken place. Since eqn.[4.20]
corresponds to the following expression wherit = 0 :

V(t=0,i=0} = a, + a, log(a,) [4.21]
the " iR " drop, AV = V(i) - V(t=0,i=0), can be accurately determined and gives the

* The fitting function [4.20] has no fundamental meaning and is applied only to
represent accurately the observed V() transient over relatively short time in order to

estimate by extrapolation, the dV/dt at t = 0 and V(t=0).
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uncompensated resistance as this AV dividad by i. The diiferential of eqn.[4.20] is:

(dV/dt), = a, +2a.t + 3a.? + a/(t + ay) [4.22]
Then, whent=0:

From the curve fitting constants a, to a,, the capacitance, C, can hence be
directly evaluated from (dV/dt)., and the current-density i(V), before the curent

interruption, from the equation :

C = i(V)(-dV/dt),, [4.24]
The uncompensated solution resistance, * R ", is also obtained as :
R = (V(i) - V(t=0,i=0))/i(V} [4.25]

The resulting values are in good agreement with those obtained by the
conventional current interruption method or by means of a. ¢. impedance as well.

This curve fitting technique has a number of advantages over other methods for
the evaluation of the apparent capacitance of the elestrode interface :

(a) No assumptions are riade about the change of capacitance with overpotential
in the derivation of the equatic=.

(b) Only the steady-state cument-density before the opening of the circuit,
together with the potential decay curve in digitized form, are required as the basic
experimental data.

(c) The capacitance is obtained directly from eqn.[4.24] using the current density
before the opening of the circuit, together with the derivative of the potential decay
curve (eqn.[4.22]) at t = 0, obtained from the curve fitting function. Further discussion
of the application and possible limitations of this curve fiiting method will be given in

later chapters.

4.1.5. "Kinstic Constants” Simulation of the Potential Decay Transient

The kinetic theory of open-circuit potential decay behaviour was recently given by

Harrington and Conway '*, extending the treatment of Tilak and Conway™@'® for the
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case of the hydrogen evolution reaction. In the essential ways, the Cl, evolution
reaction is formally very similar to that of hydrbgen evolution, both in its kinetics and
mechanism. However, since Cl, evolution is an anodic reaction and usually involves, in
water, oxide film formation on the electrode, the reaction is rather more complicated
than H, evolution. In this section, the Cl, evolution reaction will be treated in terms of
the mechanistic model given in section (2.3), viz the electrosomtion step {I) followed
by either the " atom-ion " electrodesorption step (Il) or the chemical recombination
step (Ill) as paralle! alternative steps, the faster of which will characterize the kinetics..

Since the oxidation of the electrode surface is also an anodic reaction, the
following processes should be considered at the same time for Cl, evolution at Pt
electrodes :

M+OHw~— MOH+e [Iv]

MOH + OH --~-— MO +H.O + e \s
where the adsorbed OH can easily be replaced competitively by CI ®, but the
adsorbed O species is more irreversibly generated and cannot be displaced by CI"ion.
Therefore, the O spacies ,in fact, will occupy some of the surface area and reduce the
"active area” fraction available for CI' and Cl' adsorption and desorption in the CI,
evolution reaction.

In this treatment, there no assumption is made about which step is rate-
determining, only mass transfer effects are considered to be negligible, so that the
surface concentration of CI' (and Cl,) are assumed to be constant. For the case where
Langmuir adsomption behaviour applies (eqns. [2.29] to [2.32]) the net rate of Cl,

evolution ( steps |, Il and Il1}, can be written in the form :

v, = k,(1-8)exp(BFV/RT) - k,8exp(-(1-B)FV/RT) [4.26]
V2 = k,8exp(BFV/RT) - k,(1-8)exp(-BFV/RT) [4.27]
Vg = k82 - ky(1-0) [4.28]
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where 6 is the coverage by the Cl intermediate. The Faradaic current is proportional

to the rate of electron production, r, (mole em? s™) which, in the case of Cl, avolution,

is equal to the sum of v, and v, (eqns.[4.26] and [4.27]). The contribution by orygen
evolution is assumed to be too small to consider. Hencs :

WF=r(6V)=v,+V, : (4.29]

Likewise, do/dt is proporiional to r,, the rate of production of MCI, which is equal
to v, minus v, and twice v,, i.e.

(q/F) (do/dt) =r, (6, V) =v, - v, - 2v, [4.30]
where q, is the charge required per cm? for complete monolayer coverage by the Ci:
intermediate. Since the MO adsorption is irreversible, it will not make a significant
contribution to de/dt, so that eqns.[4.29] and [4.30] can therefore still be applied to
anadic Cl, evolution in an approximate but fairly reliable way.

If double-layer capacitance is taken into account, assuming the simple Helmholtz
parailel plate model, on opening the circuit, the potential difference, V, across the
double-layer must be reduced by diminution of the "charge on each plate”. In the case
of the anodic Cl, reaction, each electron being transferred from adsorbed CI to the
metal across the interface effects an elementary act of reaction and reduces the
charge, q,. As a result, the rate of reduction of this charge is equal to the faradaic
current, leading to eqn.[4.31]):

iy = -dg/dt = (-da/dV)(dV/dt) = -C,(dV/dt) [4.31]

Combining eqns. [4.29] and [4.31] gives a relation for dV/dt in terms of the
kinetics of the reaction :

{(C/F ) dVidt) =1 (6, V)=v, +V, [4.32]

Solution of eqns. [4.30] and [4.32)] leads to determination of the time evolution of
V and 6 during the decay of potential. However, these equations can only be soived
numerically by Harrington's program (available in this laboratory) which enables V(t)
and 6(t) to be found, given the (6,V) dependence of v,, v, and v,. The potential decay

transients, V{{), thus obtained, may be compared directly with the appropriate
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experimental transient, and the rate constants which represent the behavicur can then
be derived by seeking the best agreement between the calculated and experimental
transients for various rate constant values required to simulate the experimentally

observed V(t) behaviour.

4.2. Theory of A.C. Impedance Behaviour of Electrode Reactions®

4.2.1. General introduction

A.c. impedance spectroscopy has been widely applied to the study of
electrochefnical_ systems, especially in recent years, but originating in about 1947.
Randles™ introduced the so-called "Randles circuit for first order, single step
reactions, and later Gerischer'™'™ considered the case of an homogeneous chemical
reaction step coupled toa charge transfer step. Lorenz™', following an approximate
treatment by Gerischer, dealt with the impedance due to adatoms in metal deposition
but without taking into account diffusion effects that were considered later by
Hangarajén. Fleischmann and Thirsk'™. The impedance associated with adsorbed
intermediates in the hydrogen evoluticn reaction was first treated by Gerischer and
Mehl' and extensively by Epelboin'®. The a.c. impedance behaviour of multistep

reactions involving adsorbed intermediates was treated by Armstrong and coworkers'™
145

The basic pn‘nciplé of the a.c. impedance technique is the application of a small
amplitude (+ SmV) sinusoidal voltage or current signal, so that, a response current or
potential signa!, respectively, is generated. By analysis of the ratio of the amplitudes
and phase shift, ®, between the voltage and current, the impedance can easily be

evaluated. A wide range of frequencies is scanned; in modern work from mHz to

* This is a major topic about which many papers have been written. Therefore, only a
brief description of relevant aspects, required for the work, wiil be given here. For a

morg detailed review see e,g. ref. 146-151.
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hundreds of kHz.

The electrodynamic theory of sinusoidally alternating currents and voltages is
based on relatively simple laws. In order to introduce the principles involved, it is
necessary first to consider the relation between electrical current and applied voltage
in the casaes of an ohmic resistor, a capacitor and an inductor, following from their
phenomenological definitions.

If the alternating voltage is given by :

V =V, sinfat) [4.33]
then : (i) the resulting current for a resistance R would be :
i = (Vo/R) sin(at) [4.34)

(ii) the resulting current for a capacitance C would be :
i = dg/dt = C (dV/dt)

= aCV,, sin{ot + 1/2) [4.35]
so that a phase shift of +n/2 is introduced for the response of a purely capacitative
component.

And (i) for an irductance L :

V = L (di/dt)

i = /L [Vdt = (V /L) sin(wt - ©/2) [4.36]
so that a phase shift of -(n/2) is introduced for an inductive component. In ali these
cases, it follows that the time dependence of current and voltage have the same
mathematical form, i.e. both i and V are sinuscidal functions of time.

The impedance Z is defined as a vector with moduius | Z | = VA . and phase
angle . According to the graphical representative in Fig.4.1 :
2 =|Z]|cos ® ' [4.37]
Z'=|Z|sind [4.38]
The corresponding admittance Y, is equal to 1/] Z |, so that similarly :
Y=Y cos ® [4.39]
and |YI=Y"sin® {4.40]
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Fig.4.1 Impedance plotted in the complex plane.
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Fig.4.2 Complex-plane spectrum impedance for a R-C in paralle! circuit

The Fig.4.1 represents the impedance behaviour, analogous to that of a complex
number a + jb, represented in the so-called " complex plane " plot, in which the real
component is plotted as the abscissa and the imaginary component as the ordinate.
This leads to definitions of impedance and admittance in terms of the complex
quantities:

Z=27-jz [4.41]
Y=Y +jy [4.42]
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where Z' and Y' are the real components and 2" and Y" are the imaginary
components of the impedance or admittance, respectively.

The complex plans type of plot was first applied by Cole and Cole' in their study
of relaxation effects in dielectric polarization of a polar medium. They plotted the real
vs the imaginary components of the dielectric constant giving a so-called Argand
diagram. It was recognized by Aehbach and Sluyters™ in 1961 that a similar
expression could be applied to the kinetic hehaviour of electrode processes. Later, the
complex-plane method of analysis became very widely used in many treatments of the
kinetics of surface and other processes at electrodes by various authors, e.g.
Armstrong et al " and Epelboin and Keddam et al **'*,

For the simplest case, the interfacial process can be described by an equivalent
circuit comprised of only a resistance (R,) and a capacitance (C,) in parallel, with (R,;)
a solution resistance in series. Upon plotting the real part, R, against the imaginary
part, 1/@C,, a semi-circle is obtained in the complex-plane plot, ( see Fig.4.2 ). If a
diffusion process is involved, a so-called Warburg impedance component (W) arises
and can be derived from Fick's laws. In this case, the impedance relationship between
Z' and Z" in the complex plane is a straight line of slope 45°. Another representation
that has been used is the so-called "Randles plot", first proposed by Randles™ and
also by Ershler'™ in 1947. The Rancles method involves plotting R, and 1/0C, against
@'® in order to extrapolate the effects of diffusion which depend on the square-root of
the frequency. From Fig.4.3, the R, and 1/&C, vs. @™ plots are two parallel straight
lines, one of them, 1/wC, vs @' extrapolates through zero, but the other R_ vs ™
has an intercept on the Z axis, giving the value of R..

Besides the Randles and the complex plane plots, there is an alternative method,
the so-called "Bode plot™*, that can be used to represent a.c.
impedance behaviour, since In (2} can be represented as :

N@Z)=InX+jYy=In(Z]e®)
=in[Z]+jd [4.43]
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where @ is the phase angle. It can be seen that a plot of hoth the logariihm of | 2|
and @ vs. log [frequency] can be employed to provide a description of impedance
behaviour; such graphs are referred to as “Bode plots”.

In such a plot, the impedance of a " perfect capacitance " can be represented as
a straight line with a slope of -1 and a phase angle of -30°. For a pure resistance, the
plot will be a horizontal line for log | Z | with a phase angle of 0°. A Warburg
impedance is represented by a straight line with a slope of -1/2 and a phase angle
of -45°, Fig.4.4a shows the impedance of a series and a parallel RC configuration and
Fig.4.4b represents the corresponding, Bode plots, i.e. log | Z | vs log frequency and
the phase angle vs log frequency. More complex networks can also be resolved by
visual inspection of the Bode plots. In a later discussion. the complex-plare and Gode

plot methods will be used to present a.c. impedance results.

4.2.2. Equivalent circuits

Even in early works, electrochemists considered the kinetics of electrode
processes as equivalent to certain kinds of electrical circuits consisting of resistance
and capacitance components in order to represent the observed electrode kinetic
behaviour. For example, Helmholtz considered the compact double-layer as a model
"capacitor” which, after some moditication by other workers, became well accepted as
a basis for the representation of the electrode ( and- colioid interfaces ). In treatments
of a.cimpedance, it is also useful to apply the equivalent circuit concept in the
analysis of the experimental data. Equivalent circuits of the electrode interface are
comprised of a double-layer capacitance, a charge-transfer resistance, a
pseudocapacitance and possibly also a Warburg impedance if diffusion is involved.
Fig.4.5 exemplifies six different equivalent circuits for various electrode processes.
Circuit (a) is for a simple kinetic charge-transfer process occurring across an interface
exhibiting a double-layer capacitance and which gives a semi-circle in the complex-

plane plot, lying on the chmic resistance (Z') axis. The circuit {b) is for a process
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coupled with diffusion which gives rise to a Warburg impedance generating a straight
line of 45° slope in the complex-plane plot. The circuits (¢) to (f) are for more
complicated cases of electrode intertacial kinetic behaviours involving one or more
adsorbed intermediates. In particular, they involve an additional component, the
pseudocapacitance, C,, associated with the potential dependence of coverage by
adsorbed intermediates. Circuit {c) has been given by Armstrong'®'®, and both (d)
and (e) have been used by Epelboin and his co-workers'™'™. The capacitative
components are usuaily used, for example, to represent the behaviour of the hydrogen
evolution reaction while circuits involving an inductive element are required to
represent the phenomenon of passivity, leading to S-shaped i vs V profiles. This kind
of behaviour results from negative resistance and capacitance which correspond to a

pseudoinductance element.

4.2.3. Fitting Observed Impedance Behaviour to that of Model Equivalent Circuits

The basic idea for representing electrode reaction behaviour in terms of an
equivalent circuit involves the choice of circuit elements of various values in an
arrangement that mimics the observed frequency response of the experimentally
studied electrode process. Circuit (c) in Fig.4.5 would be used, for example, to deal
with the Cl, evalution reaction, where the experimentally acquired impedance spectrum
would be fitted by various values of the equivalent circuit components. For circuit (c),
the overall impedance can be expressed by :

Z = ([R. + (1/GaC, + 1/R)I" + juCq" [4.44]

Then, according to eqn.[4.41], after the necessary mathematical operations have
been performed, the real, Z' and the imaginary, Z°, components can be extracted as
the following quantities by rationalization of the complex terms involved :

R. + R, + R(eCR,’
Z = [4.45]
(1 - 0*C,CR.R)? + w(CyR. + C4R, + C,R.¥?
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and
oCua(@CR.R,)? + 2C,R.R, + CR.2 + C,R? + C,RY
Z" = [4.46)
(1-0°C4CR.R,)? + 0*(CyR. + C,R, + C,R.)

where R., R, C, and G,, (see Fig.4.5¢c), as well as all constant parameters would be
determined by means of the fitting procedure. These quantities may be varied in a
computer-based fitting procedure until the calculated behaviour, according e.g. to
eqns.[4.45] and [4.46], becomes a best fit to the e‘xperime'ntat variation of 2’ and 2"
with @. From the analysis of the best fit parameters, the best representation of the
impedance response of e.g. the Cl, evolution reaction, is obtained since:

(i) B. is the electron transfer faradaic resistance assouiated with the CI
electrosorption (step 1), which indirectly provides explicit information about the
activation energy barrier for the Cl discharge and adsorption step, and the oxidation
state of the electrode surface. Oxidation of the electrode surface (Pt) would lead to
larger values of R,, which means the step of Cl' adsomtion would be more difficult
(see the example treated in Chapter V).

(i) B, is the resistance related to desorption of the Cl intermediate in steps Il or
lil. Small R, values would indicate a fast Cl desorption rate in either step (I1) or (lil); of
course, the faster one (smaller R,) would contribute most to R, ( for Cl, evolution at
Pt, step (lll), the recombinaticn pathway, is found to be dominant).

(iii) Cy is the well known double-layer capacitance having values between ca. 20
to 40 pF cm™. It can provide information on interfacial structure and an estimate of the
real surface area of the electrode.

(v} G, is the capacitative component due to the adsorption behaviour of the
intermediate on the surface of the electrode. It gives information concerning the
pseudocapacitance and coverage by the adsorbed species but it is not exactly

numerically equal to the value of pseudocapacitance, C,. C, is, however, as important
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as C, in understanding the kinetic and mechanistic behaviour of an electrode reaction
( here the Cl, evolution reaction ) as it is related to the potential dependence of the
steady-state coverage of the electrode surface by intermediates and is hence related

in an important way to the electrocatalysis in the process involved.

4.2.4. Simulation Approach to the Kinetic Behaviour by Fitting through Assignment of

Kinetic Rate Constants
An alternative and important approach, proposed by Harrington and Conway'
and later with Bai'®, to analysis of the a.c. impedance spectrum is by simulation
through fitting behaviour kinetically in terms of the appropriate rate constants. With
respect to the mechanism model for Cl, evolution given in section (2.3), with steps (l),
(Il) and (II}), the rate of electron transfer and production of adsorbed "MCI" species
can be represented by eqns.[4.29] and [4.30]. it is convenient to rewrite these
equations as :
iF=r=v+V, [4.47]
(Q/F)(de/dt) =1, = v, + v, + 2v, [4.48]
where r, again is the net rate of electron transfer; it is a function of potential, coverage
and concentration of adsorbed species, i.e. 1, = f((8,V,Cq). 1, is the net rate of
production of the adsorbed intermediate; similarly, r, = §(8,V,Cq-). For simplicity, the
actual observed behaviour of the Cl, evolution reaction studied in the present work,
kinetics without influence from diffusion will be considered :
Then ro=1(9, V) [4.49]
and rh=£f({8 V) [4.50]
In tﬁe a.c. measurements, a small amplitude sinusoidal a.c. component is applied
which means :
V=V, +AV e [4.51]
where V,, is the steady-state potential. The response of i and 6, of course, will follow

the same variation sinusoidally, viz.
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6 = 0, + AD ™ [4.52]
and | =iy + Al @™ [4.53]
For small amplitude modulation, the rate of electron transfer and the
corresponding rate of change of coverage can be expressed by using a Taylor

expansion, neglecting second and higher order terms; then

IF =1y = Tyqq + (9r,/OV)AV + (0r/00)AS [4.54]
and (q/F)(de/dt) = r, = @r/oV)AV + (9r,/36)A0 [4.55]
since :
de/dt = jwAe; ' : [4.56]
Fo = Fome = Ar, = AIF [4.57]
and I - T = (Q/F) j0AD [4.58]
combining eqns [4.54] to [4.58] leads to :
AIfF = (dr/aV), AV + (ar/36), A [4.59]
and (a/F)iwAB = (dr,/aV), AV + (ar,/a6), AO [4.60]
dividing eqns [4.59] and [4.60] by AV and rearranging then gives :
(1/F) (A/AV) + (0r/o8)y(AB/AV) = -(Or/oV), [4.61]
[(or/08), - (g/F)iw](A6/AV) = -(or,/0V), [4.62]
tharefore;
(1/F) ~(dr/aV),
0 -(or,/aV}),
AB/AV = [4.63]
(1/F) (9r/08)y
0 [(or,/a6)y - (a/Flie]
then;

AB/AV = (ar/oV)/[(a/F)jo - (ar/08)y] [4.64]
and
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-(9r/aV), {or/a6)y
-(ar,/aV), [(ar/a6)y - (q/F)jw]
AI/AV = [4.65]
(1/F) (ar/a0)y

0 [(or./98), - (q./F)jw]
and the admittance is given by :

Y, = Ai/AV = F(or/aV), +F*[(ar,/aV){or,/06),] /

i -(F/g,)(dr,/a8)] [4.663]
= A + B/{jo + C) [4.66D]
so that :
A = F {drfoV), [4.67]
and B = (F?/q,)(ar,/oV),(or,/a8)y [4.68]
C = ~(F/q,}(9r,/08), [4.69]
Consider the admittance for circuit (¢) in Fig.4.5 :
Yi=[R.+ 1/{1/R, + joC} I' (4.70]
Comparing eqns. [4.66] and [4.70] leads to :
R. = 1/A [4.71q]
R, = -BfA(CA + B)] [4.71b]
C, = -AYB [4.71¢]
R,=C/B [4.71d]
and ' T = [-(F/a)(3r,/20),]" ' }
= 1/C [4.71¢]

where 1, is the relaxation time parameter defined by Armstrong™', [t is usually

accepted that the double-layer capzcitance, Cq, is in parailel with Y; so that the total
interfacial impedance will then be given by :

Z= 1Y, +jeCy [4.72]

Since r, is zero in the steady-state situation, its derivative with respect to V,, is

also equal to zero so that :
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dr,/dV,, = (9r,/20),(d6,/dV,,) + (or,/BV), = 0 [4.73]
This leads to :
C, = -q,(d6/dV,,)
= q,(3r,/aV),/(3r,/38), [4.74]
Because the derivative (ar/dV), cannct be obtained from knowledge or
assignment of values of the parameters A, B and C (see eqns. [4.71a-¢] ), it has to be
calculated from the rate constants. Its value, however, is not quite the same as C,
which is the capacitance in the equivalent circuit (c), but the C, is found to be similar
to C, over a limited potential range and can be written as :
C, = -A¥B
= ~q[(ar,/aV),]* / [(or/08)y(ar,/oV),] [4.75]
Comparison of eqns.[4.74] and [4.75] shows that they will be equivalent if -r, and
r, are identical functions of 8 and V to within an additive constant. Another complex
quantity, q,(A6/AV), demonstrates how the sinusoidal variation of charge for the
adsorbed intermediate depends on the sinusnidal change of the potential; this quantity,
also having the dimensions of capacitance, may be termed the a.c.
pseudocapacitance, C,, viz :

C. = 0/(A6/AV)

= qu(Br,/aV)y/[[0q,/F + (3r,/36),] [4.76]
The amplitude of its variation is :
| Cc | = qu}(@r/oV)/[w?q,7F? + (or,/08),]'"? (4.77]

From eqn.[4.77], it can be seen that C.. is frequency dependent with maximum equal
to C, when the frequency is limitingly equal to zero |

The evaluation of kinelic constants required to simulate the a.c. impedance
spectrum is a rather cumbersome procedure. However, powerful computer software
makes this possibie. In the work presented in this thesis, this method is used to
investigate the behaviour of the CI' intermediate in the Cl, evolution reaction. Here

again we should briefly rewrite relevant rate equations for the Cl, evelution steps ( see
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saction (2.4.3) and eqns [2.29] to [2.32]) in a short form :

v, = K,(1-6) - K'.,0 [4.78a]
v, = K0 [4.78b]
vy = K38 [4.78c]

where the back reaction terms in the rate equations for steps Il and |l are neglected
because the analysis refers practically to appreciable overpatentials. By employing the
steady-state assumption, the coverage for the intermediate species (here Cl) can be
derived by setting do/dt = 0 and the coverage, 6, is then (see section 2.4.3 and
equation [2.34]) :

0 = -Lp/ak'; + [Lp® + 8K'\K',]" / 4K, [4.79]
and C, = qde/dV
= (q,BFL/4RTK',) {[(Lp/ak’, + K'/La)/
[(Lp/ak, ) + K2k ™ ] - 1) [4.80]

where Lp = k', + K, + K, , Lq =K', - K'; + K..
Also, the steady state current is given by :
i= 2I5(v2 + V)
= 2F(K',9 + K';6%) [4.81]
Inserting eqns.[4.67] to {4.69] into eqns.[4.713] to [4.71¢], the expressions for R_,
R R;, G, and 7, are obtained, as follows :

1/R. = Fl(ov,/oV), + (ov./aV),) [4.823]
1/R, = (F/q,)[(9v,/20)y + (av/08),]
[{ov\/aV), - (9v.aV),] [4.82b]
R,=-R2R, +R) (4.82¢]
T = (F/Q,)[2(0v,/00)y + (av,/38), - (ov,/36),] [4.82d]
C, = -R,UR.? [4.82¢]
From eqns.[4.78a-c] :
(ov,/aV), = (BF/RT)[K',(1-6) + K',6] [4.833]

(dv,/aV), = (BF/RT)K,0 [4.83b)
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(av,/ab)y = <K', - K, [4.83¢]

(ov,f06)y, = k', [4.83c'l]

(avy/00)y = 2K',0 [4.836]
The real and imaginary compenents, Z' and £" can be calculated from :

Z =YY+ Y [4.843]

Z" = Y/Y? + Y9 [4.84b]
where

Y = 1/Fl,,‘ + R {1+0%%)] [4.85a]
and Y" = 0fCy - V[R(1+0*7]} [4.85b]

The simulation procedure consists of selecting a set of k constants to evaluate
the parameters C,, R., R,, R, and t,. through eqns.[4.82] and [4.83] so that both the
real part, Z, and the imaginary pant, Z", of the complex impedance can be obtained by
numerical simulation, giving the best fit to the experimentally evaluated frequency
dependence of Z' and Z".

If the simulated behaviour is not in good agreement with the experimental data,
this means that the set of constants is not that for a best fit. Therefore, a further set of
rate constants must be used until those corresponding to the best-fit constants are
found. From the best fit rate constants thus evaluated, the C,, R, R,, R,, .., C, and 6
can all be evaluated from the corresponding equations shown above. The set of best-
fit rate constants is not only potential independent but also should fit the steady-state
current as well. One thing that has to be emphasised is that the set of best-fit rate
constants is not necessarily the only possible set; however, it is usually difficult to find
another equivalent set of rate constants as good as the set of best-fit values, ?? in 7?
that the optimized set fit the impedance behaviour not only over a wide range of

frequencies but also for different d.c.-level potentials.
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CHAPTER V

Results and Discussion: Study of the Cl, Evoluilon Reaction

at Platinum Electrodes

Results of the investigations of the Cl, evolution reaction at Pt slectrodes will be
presented in this chapter. The reactions conducted in aqueous 1 N HC! and 0.9 N
NaCl + 0.1 N HCI solutions and in a non-aquecus 0.5 RbCl + trifluoroacetic acid
solution were studied by means of programmed anodic Tafel polarization study, open-
circuit potential relaxation, the initial decay curve fiting method (see section 5.1.5) and
a.c. impedance speciroscopy. As will be discussed below, the effect of co-dsposited
OH and O species in the surface oxidation process on the kinetics of the Cl, reaction
and on the associated extent of chemisorption of the €I intermediate in anodic Cl,
evolution was determined both in aqueous and non-aqueous solutions. It will be shown
that the presence of coverage by surface oxide film species has a major effect on the
electrode kinetics of Cl, evoluticn that is associated with large changes in the
adsorption pseudocapacitance and Cl' coverage arising from adsomption of the CI
intermediate. The results also indicate that recombination-controlled kinetics apply,
which are related to the Cl' coverage and to the compeiitive presence of co-deposited

OH and O species at Pt surface.

5.1. Results for Aqueous Solution

5.1.1. Log[current density,i] vs. Overpotential, V. Relations

Since the Cl, evolution reaction is an anodic reaction, as explained previously, an
important feature that has to be taken into account is that an oxide film is usually

present on the surface of the test electrode. This determines in an important way the
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catalytic properties of the electrode surface since the catalytic surface is an oxide
rather than the metal. Therefore, three specially designed computer-controlled
procedures were applied in the log(i} - V polarization study in order to regulate oxide
film formation and establish reproducibly oxidized or freshly reduced Pt surfaces, as
described in Chapter ll.

First, we show the Tafel relations for Cl, evolution at a freshly reduced Pt surface
(Fig.5.1a) and at Pt that had been potentiostatically held in 1.0 mol dm® aq. HCI at V
= 0.5 V for 30 min. (Fig.5.1b}. In each of these experiments, the electrode was rotated
at rates between 400 and 4900, or 3600, r.p.m. At the pre-oxidized electrode there is
almost no effect of mass transfer on the log[current] vs V relation while at the more
active " reduced " electrode there is a small but hardly significant effect beyond about
10" A em®

As was mentioned in the experimental section, these rotation experiments were
conducted not so much as to facilitate CI' mass transfer ( though some small effect
will arise for this reason) but rather to check the extent of any supersaturation effect™
involving dissolved Cl, that could give rise to a Tafel plot with the form of the curves
of Fig.5.1 ab. Evidently, as shown by the only small effect of electrode rotation,
supersaturation by Cl, is not a major effect in determining the shape of the kinetic
relations of Figs. 5.1a,b. Hence the form of the relationships in these figures is , as
deduced previously by Conway and Novak (cf. refs.85,86), probably associated with
the approach to a recombination-controlled (step [I]) limiting current rather than a
diffusion effect involving the product Cl,'®, '

Upon comparison of the limiting current-densities for the "oxidized" and “reduced”
surfaces, it is seen that the "reduced” Pt electrode sustains a much higher limiting
current-density than that for the oxidized Pt surface. The shapes of both sets of curves
are, however, quite similar, and the curves are almost surperimposable at low
overpotentials but are appreciably different in the high overpotential range. This may

be a hint in the comprehension of the effects of the oxide film, since it seems that , in
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the case of the oxidized electrode, some of the "active-area” for adsorbed CI has
been blocked by OH or O species and thus would not be available for Cl, evolution,
{the blocking effect is not serious in the low overpotential region since the coverage is
probably too small to affect the current but it is serious at high overpotentials); that is
why the limiting currents become smaller with increasing extent of surface oxide film
formation (see Fig.5.2).

The effect of co-adsorbed OH and/or O species on the kinetics and Cl' adsorption
behaviour in the Cl, evelution reaction was further examined by extending the duration
of the pre-oxidation treatment by holding the potential at V = 0.5 V for a cumulative
time up to 135 min. and then examining the Tafel plots (Fig.5.2). The potential-time
programrie for this series of results is shown in the inset of Fig.5.2.{also see Fig.3.1c).
Progressive inhibition of Cl, evolution kinetics evidently arises and employment of the
Conway-Novak test equation (cf.85,86) for recombination control (viz. plots of
exp[VF/RT]/i"* vs exp[VF/RT]) shows (Fig.5.3) excellent linearity between these
quantities, confirming the recombination process (step [ill) as the probable rate-
controlling step in the Cl, evolution reaction under the present conditions at Pt. From
the intercepts and slopes of these straight lines of Fig.5.3, the values of the
recombination rate constant, k,, for step Ill can be evaluated as a function of surface
oxidation time, t,, as shown in Fig.5.4. There is evidently a progressive decrease of k,
with t, during the pre-oxidation treatment, indicating deactivation of the electrode
surface by an electrodeposited oxygen species in the surface oxide film at Pt. The
causes of the diminishing k, are probably decrease of active site density and/or higher
activation energy for Cl' recombination due to the presence of OH or O on the surface.
Also surface diffusion of Cl to recombination sites will be inhibited.

Under conditions of recombination control in the kinetics, leading from a linear
Tafel region to a kinetically-controlled limiting current, it is expacted, according to the
Conway-Novak test plots illustrated in Fig.5.3, that the fractional coverage by the Ci

intermediate should increase from a low value to near unity as the Tafel curve ap-
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proaches the limiting current. This expectation is not entirely reatized,. although the
observed approaches to limiting currents do arise from kinetic rather than diffusional
limitations in the cases examined here. The reasons for this divergence of the
observed bshaviour from expectation of the simple model are connected with effects

dus to the co-adsorption of the oxide species, as will be argued below.

5.1.2. Nature of the Oxidized Pt Surface on which Cl, Evolution Takes Place

The state of the Pt anode surfaces involved in the experments described above
is determined by competition between the process (1) of surface oxidation which can
be written more descriptively, for its early stages, by

Pt + HO -—-— PtOH + H* + & [5.1a]
where PtOH represents a 2d lattice of OH on Pt (ref. 26), and the process of CI
chemisorption, with partial charge transfer (ref.86,179):

Pt + CI' —-— PICI"¥ 4+ ge [5.1b]

The cyclic-voltammetry results in Fig.5.5 that show adsorbed chloride species
remain on the Pt suriace, co-adsorbed with OH or O species, up to and including
potentials where Cl, molecule formation is proceeding at appreciable rates. Cl,
evolution therefore takes place on an electrode surface jointly oxidized by CI™® and
OH or O species. Unlike chemisorption of HSO, on Au, where the adsorbed ion is
desorbed as soon as appreciable coverage by electrosorbed OH or O species
appears on the surface (ref.80), adsorbed chloride species are not displaced from the
Pt surface when its oxidation by OH or O species takes place; therefore a two-
component Cl + OH or O film determines the nature of the electrocatalytic surface on
which the steps of the Cl, evolution process take blace. Only on a Pt surface,
separately pre-oxidized in Cl-free aq. H,S0,, as studied in ref.84, can the kinetics of
Cl, evolution be studied on oxide films initially free from co-adsorbed chloride species

(Cl'is then probably electrostatically adsorbed at the outside of the oxide films, in the
oxide film's Helmholtz layer).
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The effect of co-adsorption of Cl ion on the surface oxidation of Pt can bLe
quantitatively evaluated, as in ref.80, b, following the effects of progressive increase of
Cl' concentration from 107 mol dm™® by micrometric titration of a dilute Cl solution into a
supporting electrolyte of 0.1 mol dm® of H,SO, or HCIO, on successive cyclic-
voltammograms at Pt taken over e.g. the potential range +0.05 V to +1.70 V RHE (i.e.
intc the range where Cl, is evolved) as illustrated in Fig.5.5.

The addition of CI first progressively arid selectively blocks the initial stages of Pt
surface oxidation with little effect beyond 1.1 V where the second stage of surface
oxidation ( PtOH --— PtO + H* + e ) commences (ref.26). After addition of a substan-
tial quantity of Cl, a series of curves is built up (see Fig.5.5) which shaws an
isosbestic type of point or isopotential point at ca. 1.05 V, which corresponds to the
potential at which the Pt,.,OH lattice monolayer is completed. The whole i vs V profile
is similar to that reported by Conway and Novak (ref.80) except that the potential
range covered is much larger here, being taken up to +1.7 V E,. The results reveal
some further important information about CI- adsorption. From Fig.5.5, besides the CI
blocking effect in the i vs V profile, there is a "shoulder" which becomes detectable as
the Ci' concentration is increased. The potential of the " shoulder " starts at 1.5 V and
ends at 1.7 V, corresponding to a concentration of CI' of 4.1 x 10* mol dm™®. The mid-
point of this range is consistent with the reversible potential for Cl, evolution at a
concentration of 4.1 x 10* of CI since, according to the Nemnst equation, the Cl,
reversible potential is given by:

E = E® - 0.059/n log(1/[Cl) [5.2]
1.358 - (- 0.203)
1.56 VE,

I

This suggests that the " shoulder " may be caused by the onset of Cl' adsorption on
the surface of the Pt electrode. It is not quite clear if a CI- desorption peak can be
distinguished but there is an isopotential point a* about 1.5 V, which might correspond

to the Cl desorption starting at that point where significant rates of desorptive recom-
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bination to Cl, arise.
Fig.5.5 show the effects of CI'on the H underpotential deposition and ionization
behaviour at Pt in the potential range -0.37 to -0.05 V E,. It is cbserved that isopoten-
tial points also arise in the anion - induced redistribution of electrodeposited H among

the four distinguishable states of H adsomption, as reported elsewhere (ref.80).

5.1.3. Oxide Growth During Anodic Cl, Evolution

As represented in eqn.[1.7], oxide film growth at Pt obeys the direct logarithmic
law in time; the charge required -for building up a certain amount of oxide is a function
of both the holding potential and time, i.e. high potentials or long holding times at a
lower potential would give comparable behaviour in the development of the oxide film.
During the time that Cl, evolution is proceeding in the steady-state, the oxide film also
continues to be generated on the electrode surface. The OH or O species, as soon as
they are adsorbed on the Pt surface, are not easy to displace, with the result that
further CI' adsorption on the electrode surface is inhibited. Sighiﬁcant blocking by O or
OH species causes a decreass of current and gives rise to a somewhat S-shaped in
its i vs V curve, especially when the potentiai becomes high.

An experiment was carried out to determine the rate of oxide film growth during
the actual process of Cl, evolution by means of holding the Pt electrode at various
times and potentials, then measuring the reduction charge in an i vs V profile using
cyclic-voltammetry. The resulting reduction charge, Q vs log(t), for five potentials are
plotted in Fig.5.6. The linear relationship is not unexpected since most thin oxide film
growth is logarithmic in time. As can be seen, the higher holding potential leads to a
larger slope of this plot, corresponding to a greater logarithmic rate of oxidation. Table
5.1 lists the slopes dQ/d{log(t)) for five holding potentials, for comparison, with Q in

units of uC cm?,
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Table 5.1 Comparison of slopes of dQ/d{log(t)} for various anodic holding potentials of

the oxide formation under conditions of Cl, evolution.

Holding overpotential (mV)|  dQdClog() (uCem?)
500 171
400 159
300 84
200 64
100 19

The holding potentials were 100, 200 and 300 mV (expressed as overpotentials
for Cl, evolution). Even for the longer times of holding, the oxide film reduction
charges do not change appreciably, which means, for overpotentials lower than 300
mV, the rate of extension of the oxide film is small { see Fig.5.6 and Table 5.1, from
which it is seen that there is not much charge difference for holding times of 1 and 15
minutes in the oxide redustion peaks). Tafel .polarization measurements usually only
take a few minutes (less than 5), so that the growth of oxide does not significantly
effect the i vs V polarization in the low potential range. However, for holding at higher
potentials, say at 400 or 500 mV, there is a larger difference. The reduction charge
then changes substantially, which means that co-deposition of O species then

becomes significant and has a stronger competitive effect vis a vis CI' and CI- adsorp-

tion.

5.1.4. Open-Circuit Potential Relaxation Results

The method for processing open-circuit potential relaxation measurements, as

described in a previous section (3.3), was employed to derive the adsorption pseudo-
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capacitance of CI' as a function of overpotential for Cl, evolution at the Pt electrode
surface. From the decay curves, based on several thousand points recorded by digital
oscilloscopes, can be derived the following information : (2) V(1) vs log(t) plots ; (b)
V(t) vs log(-dVv/dt) plots; (c) the capacitance C(V) vs V(1) plots and from the latter,
information about change of coverage by adsorbed intermediates with potential. In the
following discussion the potential decay behaviour at the so-called "pre-oxidized® Pt
electrode will be compared with that at the "reduced” one.

The relaxation transient data was acquired according to the programme shown in
Fig.3.3, the Pt electrode being anodically pre-polarized for 30 minutes or being
reduced before each decay transient was initiated and recorded. The resulting data

were then processed using a software called " PDDT-2000 ", written by the present

author.

5.1.4. Potential Relaxation Behaviour at "Pre-oxidized" Platinum_Electrodes

Digitally acquired potential relaxation data, expressed as V(t) vs. log(t) plots for
the oxidized Pt électrode in acidic solution, is shown in Fig.5.7 where two regions can
be distinguished. Fig.5.8 shows the corresponding V({t) vs. log(-dV/dt) plots. The V{t) to
log(t) curves taken from various initial potentials exhibit a flat region at the beginning
of the decay, lasting for ca. 10° s,, depending little on the initial polarization potential
and time. As discussed by Elam and Conway''®, this indicates a high value of R,
the nonlinear Faradaic resistance most probably associated with the primary discharge
step | (eqn.[l]) in the Cl, evolution reaction. The large R., corresponding to low
exchange current density i, ( as well as to current density at any given potential ),
indicates that the activation energy for step [l], the Ci adsorption step, is high. This is
because the oxide film on the surface of Pt electrode blocks the CI' adsorption step or
increases the activation energy for adsorption of CI' on the oxidized Pt electrode
surface ( However, the recombination pathway is still the rate-determining step having

the highest activation energy. The co-deposited O or OH species also limit the “active-
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area” for Cl' desorption and recombination).

The second region is wherg the potential decays quite quickly and is completed
in 10* to 102 seconds; this corresponds presumably to the discharge of the double-
layer capacitance, C,, but could involve some contribution from the pseudocapacitance
C,, associated with the adsorbed Cl' intermediate. Because, at the oxidized Pt electro-
de , only a relatively small fraction of the surface is available as “active-area" for CI'
and Cl adsorption (step I), the value of C, can actually be quite small, in fact, com-
parable with the value of the double-layer capacitance, i.e. C, = C, or even less, -so
that the second region could be due to the discharge of the total capacftance (C, +
Ca ). In other words, C, and C, would discharge over the same order of time. How
long the practical discharge time is depends on the resistance R_ which is largely
affected by the oxidation state of the Pt electrode surface. More extensive surface
oxidation gives rise to a larger R_ due to the oxide inhibition effect, so that the
"buffering” period of almost constant potential in the decay transient (Fig.5.7) would
tend to be longer; however, the C, under these conditions is much smaller (see
Fig.5.11).

In contrast to the V(t) vs log(t} plots shown in Fig.5.7, the plots of V(t) against
log(-dV/dt) are all coincident (especially at low overpotentials V < 0.15 V), which
indicates that all the decay plots have about the same rate of decrease of V with time
after the initial period 1 (ref.124). Another significant aspect of the shapes of the V(t)
vs log(-dVdt) plots are very similar to those of the V vs log(i} (Tafel) plots, a limiting
{dV/dt) value being attained at high overpotentials.

5.1.4.2. Potential Relaxation Behaviour at " Reduced " Pt Electrodes

The potential relaxation curves for the "reduced” Pt electrodes in acidic solution
are shown in Fig.5.9 these exhibit three distinguishable regions. The corresponding
V({t) vs. log(-dV/dt) plots are given in Fig.5.10 and also have three different regions

corresponding to those of the V(t) vs iog(t) curves. The initial rapid decay is completed
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in £ 10* second and is attributed to the discharge of the double-layer capacitance
{refs.160, 161) Cy, through nonlinear faradaic resistance, R.. In this case, R. is much
smaller which means the CI adsorption (step 1) is much more facile or,
correspondingly, the activation energy for the CI adsorption step is smaller and there
is a higher surface density of “active-area” available for CI adsorption in the Cl,
evolution reaction. This is, of course, because the surface has been reduced so that a
less oxide-covered surface is available which favours CI- adsorption. Also, since the R_
is small, the discharge of C, is virtually completed within a short period of time.

The second region in the curves of Fig.5.9 is rather flat and lasts from 10* to
10"° seconds. This region corresponds to the beginning of "discharge™ of the Ck
pseudocapacitance, which is potential dependent and large in comparison with C, in
the low potential region. The plateau corresponds to the situation in which mixed
anodic and cathodic Gl desorption processes take place, involving the back reaction of
step | and the forward direction of step Il { here step Il is shown by the plots of
Fig.5.3, o be the predominant desorption pathway but step Il could contribute, in
parallel, a pathway of smaller rate ). This buffers the potential at relatively constant
values for some time until .. or the surface quantity of adsorbed CI' per cm? becomes
insignificant.

The third region is due to the continuing discharge of the Cl' pseudocapacitance,
C,. as the coverage of Ct declines to its value at the reversible potential and causes
the overpotential to decrease towards zero.

The two dV/d(log(-dV/dt)) slopes correspond to the initial discharge of the
component involving C, and later the Cl' pseudocapacitance, C,.

9.1.4.3. Cl Pseudocapacitance Behaviour of * Pre-oxidized * Pt Electrodes

This discussion will focus on the topic of principal interest that arises in this work,

that is, the pseudocapacitance, C,. associated with the potential-dependence of the

fractional coverage, 0,. of adsorbed CI present as the kinetically-significant reaction
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intermediate in the CI, evolution reaction, and the values of 8.. themselves as a
function of potential. G, was defined in eqn.[2.37] for ad-species ( C, = q, dé/dt )
where q, is the charge required for monclayer formation or reduction of the ad-
species. Here, it is to be defined as the charge needed to change the fractional
coverage, 6.. of the adsorbed Cl intermediate in the Cl, evolution reaction on the
exterior surface of the Pt electrode from zero to unity. The charge q, is taken as 210
nC cm?, based on the geometry of the Pt surface®.

The C, vs V curves were derived by treating the combination of V vs log(i) and V

to log(-dV/dt) data in terms of eqn.[4.1]. Fig.5.11 shows the resulting C vs V plots for
Cl in the Cl, evolution reaction at the pre-oxidized Pt electrodes.
In the case of the oxidized Pt, the C vs V curves evidently do not have a significant
peak and the apparent capacitance seems independent of potential, except that only a
small increase arises, but without any maximum, just below V = 0.02 V. The main C
vs V profile corresponds to an almost constant value of ca. 80 uF cm®, presumably
corresponding to the double-layer capacitance of the oxidized Pt surface. This
behaviour is confirmed by the values of C determined by a.c. impedance shown in
Fig.5.12 which are evidently in good agreement with those derived from analysis of the
potential relaxation transients.

This low constant capacitance i1s unexpected becausé. from the previous
work®™®, the recombination mechanism has been strongly suggested for Cl, evolution
at Pt from the limiting current density behaviour observed in the V vs log(i} plots, and
hence would imply an apbreciable 8 over a 200 mV range. However, the blocking
effect caused by the oxide film formed on the surface of the Pt electrode preéumably

largely reduces the availability of “active-area" for Cl." adsorption and recombination,

* This depends on the crystal face orientation but here work was conducted only on
polycrystalline Pt since single-crystal surfaces do not survive anodic Cl, evolution for

any extended period of time.
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and leads to an effectively small g, for the so-called "monolayer charge" required for
the adsorption of the CI intermediate covering the available "active-area” fraction,
giving rise to a small value of change of coverage, de/dV, related to C,. Therefore, it
can be understood how the values of d6/dV and g, can be small in the case of the
pre-oxidized Pt electrode. In other words, the charge for full monolayer coverage on
the available surface would be much smaller than the 210 pC.cm?, normally taken for
q, (for H) on the free metal surface. The apparent capacitance is probably mainly
associated with the double-layer capacitance of the oxidized surface with the
pseudocapacitance of the Cl adsorbed intermediate contributing only a small fraction

to the measured C corresponding to the V vs log(t) curves: Both C4 and C, discharge
in about the same time scale, i.e. C, =~ C,.

5.1.4.4. Capacitance Information for the Cathodically Reduced
Pt Electrode Surfaces

it must be mentioned again that in the experiments at "reduced" electrodes, in
contrast to those conducted earlier on Pt surfaces separately pre-oxidized in Cl-free
electrolytes, some co-deposition of OH and/or O species arises unavoidably during the
course of the ClI, evolution reaction, depending on the anode potential, though on the
"reduced" Pt electrode surfaces, no surface oxide film is initially present. As expected
from the observed effects of reduction on the Tafel plots and potential-relaxation
transients, a large “active-area” fraction should be available for CI adsorption at the
reduced Pt surface, and a major difference arises at the Cl,-evolving electrode in its
capacitance behaviour involving now a substantial pseudocapacitance, C, associated
with the potential dependence of coverage by the CI intermediate. As shown in
Fig.5.13 for the C vs V behaviour, substantial pseudocapacitance values arise over the
V range 0.01 to 0.09 V, depending on the initial potentials of the transients. Of course,
this is not surprising since, according to the recombination mechanism with step Il

rate-controlling, @ maximum in the capacitance vs potential curve is theoretically
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expected. Fig.5.13, shows 5 sets of .potential dependent capacitance curves
corresponding to the 5 initial anodic polarization potentials i.e. (1) 300 mV; (2) 350
mV; (3) 400 mV; (4) 450 mV; and (5) 500 mV, and the log(-dV/dt) plots in Fig.5.10.
The C vs V curves exhibit maximum values of C in the potential range V = 50 to 70
mV and the half-widths of the peaks are ca. 50 mV. The capacitance curves rise
rapidly around V = 60 to 80 mV with corresponds to the plateaux in the log(t) and
log(-dV/dt) curves.

The appreciable pseudocapacitance exhibited by the reaction at the “reduced"
electrodes is not, in any way, connected with evolved molecular Cl, as {a) the solution
is already pre-saturated with Cl, and (b) the behaviour is almost independent of
electrode rotation rate.

it is interesting that initiation of the potential-relaxation transients from different
initial potentials leads to very different values for the maximum capacitances; the initial
potential of 300 mV gives the biggest peak in the whole set of curves while for an
initial potential of 500 mV, the smallest peak in C arises at this point. This must be
due to the effect of development of the oxide film, since, after cathodic reduction of
the Pt electrode surface, the potential is jumped back anodically to the potentials
required for taking the decay measurements as explained earlier. During the short time
of anodic polarization required to achieve this condition, some adsorption of O and OH
species (see egns.[lV] and [V]) unavoidably arises and competes with the CI
adsorption reaction (step I). At a high anodic potential more rapid oxide film formation
will take place leading to more O or OH species being adsorbed on the surface of the
Pt electrode. The results in Fig.5.13 suggest that for the higher initial potentials, more
surface space (active sites) is being initially occupied by oxide species than at low
initial potentials.

The change of charges associated with potential dependence of coverage by
the CI species, giving rise to the C, vs V profiles, can be estimated by integration of

the profiles. The resulting plots are shown in Fig.5.14 for the 5 initial polarization
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potentials corresponding to those for the C, vs V plots; the attainment of limiting
charge values as V is increased is clearly seen in these plots and the values are
shown as (V). It will be seen from Fig.5.14 that Cl charge values are larger than that
(ref.26) for an O monolayer, especially on the less oxide-covered Pt surface. The
reasons for this behaviour are discussed in section 5.1.6.2.

It is evident, frem Fig.5.15, that the charges ( and corresbonding C, values in
Fig.5.13) diminish with initial polarization potential in a substantially linear way. Under
the conditions of -the experiments conducted, this behaviour originates from the
presence of increasing co-coverage by electrodeposited oxygen speciss on the
surface since, at initially reduced Pt surfaces, some co-deposition of OH or O species,
as surface oxide, arises in the course of the Cl, evolution reaction, to greater extents
with increasing anode overpotential, as has been mentioned in earlier paragraphs.

The above series of rosults demonstrate, in a clear way, the sensitivity of the
electrocatalytic properties of Pt anode surfaces for electrolytic Cl, evolution to the state
of surface oxidation of the Pt and the related coverage by the adsorbed CI inter-

mediate in the reaction steps.

5.1.5. Capacitance Information from the Initial Potential Decay Fitting Method

The capacitance valugs cbtained from the initial potential decay rates of
transients treated by the fitting method (Chapter V) are shown in Fig.5.16 for the pre-
oxidized Pt electrodes. "x" points represent the capacitance values from the initial
decay fitting method and ™" and "+" represent the results obtained from a.c.
impedance and whole potential decay transient treatments, respectively. It seems that,
in most cases, the fitting of fast transients to a polynomial function with evaluation of
the initial slope, (dV/dt) t=0, gives only the double-layer capacitance unless the
pseudocapacitance is very small with about the same magnitude as the double-layer
capacitance ( in that case, both capacitances are involved in the self-discharge in fast

decay transients ). This can be understood, if one considers the electrode reaction
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with one adsorbed intermediate, for which case the equivalent circuit (in Fig.4.5¢) can
be used to represent the electrical response of the reaction. The discharge time-
constant for an RC circuit (i.e. the "RC" constant) involving the double-layer capacita-
nce is equal to Taey = Cu R. + A, ) and the time constant for the pseudocapacitance
of adsorbed Cl is equal to T, = C,( R, + R, ). However, usually C, >> C, for most
cases ( in fact, this is the case for Cl, evolution at the reduced Pt electrode) over an
appropriate potential range, so that Ty, >> Trey- The small RC time constant will lead
to discharge first in the fast decay transient. In the other words, the initial decay rat_e
fitting method always measures the smaller capacitative component first since -
[dVidt]., > -[dV/dt),..

5.1.6. Results from A. C. Impedance Measurements

In order further to clarify the Cl' adsorption behaviour at Pt electrodes, the a.c.
impedance method was applied in a complementary way in investigations on both the
pre-oxidized and the reduced Pt electrodes according to the procedure described in
section (3.6.4). As will be seen later, the a.c. impedance results for the pre-oxidized
and the reduced electrodes show one semi-circle and two semi-circles, respectively, in
the complex-plane plots of Z° vs Z', It is evident that , for the reduced Pt electrode,
the behaviour of the CI intermediate can be distinguishably detected while for the pre-
oxidized one, only 2 ~ 5 % of the total surface seems available as “active-area” for Cl
chemiso.ption. All the a.c. results are in good agreement with those from the potential-
relaxation transients. In the following discussion, the "equivalent circuit" and "kinetic

constants” approaches will be applied to both states of the Pt electrode surfaces.

2.1.6.1. A.C. Results for " Pre-oxidized " Pt Flectrodes

Here, the results from a.c. impedance measurements on the Cl, evolution
reaction at the "pre-oxidized” Pt electrode are first presented in Figs.5.17a-d for four

given “d.c. level" overpotentials : a) 10 mV; b) 100 mV; ¢) 150 mV; d) 300 mV, from
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which it can be seen that , for all the potentials, a set of single semi-circles is obtained
from the experimental observations. The estimated values of capacitance derived from
the top frequency point are about 60 pF cm? presumably corresponding to the
doublz-layer capacitance of the oxidized Pt surface. These values of capacitance are
in quite good agreement with those from the potential-relaxation measurements {(see
Figs.5.11 and 5.12). The single semi-circle plots of the impedance response in the
complex-plane suggest that only C, and R, in parallel are the significant components
in the equivalent circuit (see Fig.4.5¢.) and not much adsorption pseudocapacitance,
C,. is involved; this indicates that the pseudocapacitance associated with the adsorbed
Cl intermediate is small at the "pre-oxidized" Pt electrode due to low 6. This, as we
have suggested, must be due to the situation at the "pre-oxidized" Pt electrode surface
where the OH or O species have already occupied those low activation energy sites
so that the Cl'adsorption (step 1), as well as the recombination (step lll), are blocked.

The equivalent circuit fitting was made using the Armstrong equivalent circuit
(cf.ref.139). Results (Figs.5.17a-d) are given in the complex-plane impedance
diagrams for various potentials, as mentioned above. The experimental data is
represented by “crosses” points while the points, connected by solid lines, represent
the behaviour simulated by eqns.[4.45] and [4.46] with the parameters listed in Table
5.2. Comparing the experimental and simulated impedance spectra, it can be seen
that there is an excellent fit between the solid lines and the points. From the fitting
parameters { R, R, C, and C, ), it is evident that the single semi-circles correspond
to relaxation involving the double-layer capacitance since the C, value, derived from
the fitting over the whole potential region, is constant at about 50 pF e¢m? in good
agreement with the values estimated from the top frequency points and those from the
independent potential-relaxation measurements. The values of C, (C, is related to the -
C,, but is not exactly identical with it; éee ref.157) are extremely small, so that this

qualitatively indicates a small value also for the C, pseudocapacitance associated with
the adsorbed CI intermediate.
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Table 5.2 List of A.C. Fitting Parameters for the Pre-oxidized Pt Electrodes

parameters|
over. R@(ﬂanz) Rp (Q.cm?) CP (Frem2) | Cgp (Flem2)
potential
S 105 an=-S
10 mV 526 13.65 2.2x10 4x10
o - : ] ] -5
‘100my | 372 208 | 58x10°%| 5x10
. » y
150mV | 359 57.7 1.9x10 5x10
-' 08} 5x107
300mV |. 555 39.8 3.5 x1 X

Figs.5.18 and 5.19 show the kinetic constant simulation of the same data as
those in Fig 5.17 in Bode plots of log} Z | vs log(w) with | Z} = | (Z'0 + (2", @ =
2rf, where f is the frequency in Hz and the phase angle, o = tan1{-2"/2Z') vs log(w}.
The experimental conditions and simulation parameters for curves (1), (2), (3) and (4)
in Figs.5.18 and 5.19 are the same as those for (a), (b), (¢) and (d) in Fig.5.17,
respectively. It is seen that the numerically simulated behaviour (solid lines in Fig.5.18
and solid and dashed lines in Fig.5.19) provides a very good fit to the experimental
data in both logf Z | vs log{w) and phase angle vs log{w) plots except for the very high
frequency region where some points are "noisy”. The single peaks observed in the
phase angle vs log(w) plots indicate that only one capacitative component is involved.
All the simulated curves are based on approximately the same set of rate constants,
viz : k, = 1x107; k, = 8x10% k, = 1x10"% k, = 4.35x10° mole ¢cm? s*. However, in
order to get a "perfect” fit, a slight variation in k, is necessary (see Table 5.3); this

may be due to some small change in the oxidation state of the Pt electrode surface
during the experiment.
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Table 5.3 List of kinetic rate constants simulation of the a.c. impedance data for the pre-

oxidized Pt electrode interfaces.

Rate .
consllzml kl , k -1 k?_ k 3 9o Cdl

Over- .
2 l)

potential (ems™h) (amsh (ems)) lmotem™%s” (Clem?) (Flem?)

. p _
10mV  |1x107 | 8x10%8 {1x1071235x108| 1 X107 4x 10

100mV 1x10-7{ 8x108 [1x10°1252x108[5x 1065105

150mV | 1x107 | 8x108 [1x10°1454x10-8{5x10¢[5x10"

300mV | 1x107 | 8x10% 11x101933x108} 5, 106{5x 155

Form above, it is seen that kyk, = 4x10*' and, in accordance with experimental
behaviour, it is evident that the recombination pathway makes the major contribution to
the steady-state current as expressed by the log(i) vs V profiles. Since pathway il is
in paralle! with pathway Il, the recombination pathway is the principal rate-determining
step, which explains the observation of attainment of limiting currents in the Tafel
relations for the pre-oxidized Pt electrodes.

Further support for the argument that a small "active-area” fraction is involved in
Cl" adsorption at the.pre-oxidized electrodes also follows from the resﬁlts of the kinetic
constants simulation of the a.c. impedance spectra since the q, supposedly the
charge for adsomption or desorption of a full monolayer of the intermediate {here, the
Cl), was not equal to ca. 210 uC cm? (1 Cl per surface Pt atom) as was expected but
had a value of only ca. 10 uC cm? or less, 20 times smaller then it would have been
for a free metal surface. This means that only about 5% of the total surface area is
available for Cl. and CI adsorption, the remaining fraction being occupied by the oxide

that was pre-formed on the Pt electrode surface. Fig.5.20 shows the simulation curves
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Fig.5.20 Experimental {Crosses) and simulated (solid lines) Bode plots, logl Z | vs log(w)

for 2CI2 evolution at pre-oxidized Pt electrodes. Curve 1) taking the value of = 10 pC
c¢m* and 2) q, = 210 pC cm=> " i
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(1) with q, = 210 uC cm? and (2) with q, = 10 uC cm*. 1t is clear that only curve (2)
has a good fit with the experimental points.

The simulated logfcurrent-density] and log(1/R.) behaviours using the eqns.
(4.81] and [4.82a], are shown in Fig.5.21. In contrast to the resuilt for the HER reported
by Bai and Conway ', the variation of log(1/R.) with V was similar to log(i)
behaviour. This is consistent with the electrochemical adsorption step [I] playing a very
significant role in the kinetics of the overall Cl, evolution process since R, is as-
sociated with step [l].

The simulated behaviour of the pseudocapacitance, C,, and the Cl intermediate
coverage, 6., calculated by means of eqns.[4.80] and [4.79], as well as C, by
eqn.[4.82e] and 1, the relaxation time by eqn. [4.82d] are shown in Fig. 5.22.
Interestingly, the curves of C, and C, vs V have similar shapes (but the value of C,is
larger) with no capacitance peak being cbserved in the 0 to 0.5 V overpotential range.
This situation is close to that experimentally observed: oniy a rise in C, at low
overpotentials near the equilibrium potential is found. The coverage by Cl, 0., starts
with a non-zero value and reaches a limiting small value of about 8 = 0.02, which
relates to the small fraction of surface area available for CI adsarption on the oxidized
surface. The change of 6 with potential, i.e. do/dV, is small. Thus the C,, = q.de/dv
will not be significant since both q, and de/dV are small. The T. vs V plot
(cf.eqn.4.82d) also has a similar shape to that of the C, vs V plot; this is because T,

has a similar physical significance in some cases to that of C,(refs.157,158,124).'

5.1.6.2. A.C. Impedance Resuits for the "Reduced" Pt Electrodes

In contrast to the case of the "pre-oxidized" electrodes, the a.c. impedance
spectra for Cl, evolution at the reduced Pt electrodes, in 1 N aq. HCI solution, are
substantially different. Instead of a single semi-circle, two semi-circles arise in the
complex-plane piots for various potentials, as shown in Fig.5.23 under conditions of

which N, was bubbled in the working electrode compartment, i.e. with virtually no
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Fig.5.21 Simulated log(i) vs V and log(1/R_) ¥$ V behaviour for Cl, evolution in aqueous
solution at a pre-oxidized Pt elecirode according to eqns.(4.81] and [4.82a), using rate
constant values k, = 1.0x107; k, = 8.0x10% k, = 1.0x10™; ky = 4.35x10° mol ¢cm? 5"
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molecular Cl, being present. The observation of two semi-circles qualitatively indicates,
in the case of the reduced Pt electrode surface, that adsorption of the Cl intermediate
is now significant and appreciable.

As will be discussed further below, that the first semi-circle in the impedance
complex-plane plot corresponds to the relaxation of the double-layer capacitance while
the second corresponds to the pseudocapacitance, C,, associated with the adsorbed
intermediate, Cl in the Cl, evolution reaction. (The second semi-circle cannot be due
to the adsorption of O or OH species because the deposition and reduction of such
species is irreversible except at low coverage at Pt. Thus, small amplitude potential
modulation [£5 mV] would not affect the O or OH species which will remain in the
state in which they were initially deposited. Also, under otherwise the same
experimental conditions as for the Cl, evolution experiments, a.c. impedance
measurements at Pt, taken in a 0.5 M H,SO, aqueous solution in the absence of Cl-
gave no second semi-circle over a wide potential range, even up to +1.90 V vs RHE.).
The adsorbed CI intermediate therefore plays a very important and observable role in
Cl, evolution kinetics at the freshly reduced surfaces of Pt and its behaviour can be
detected not only by a.c. impedance but also by the potential relaxation method, and
indirectly by cyclic-voltammetry as well.

The second semi-circle becomes smaller as the potential increases and even-
tually almost disappears at ca. 60 mV overpotential (Fig.5.23d). This potential region
corresponds to that where the pseudocapacitance peaks arise for the reduced Pt
electrade in potential relaxation measurements (Fig.5.13).

The goodness of fit of the simulated impedance spectra for the Cl, evolution
reaction at the reduced Pt electrodes was tested, using the equivalent circuit
(Fig.4.5¢) and the results are shown in Figs.5.23a-d, for various potentials : a) 1.33 V;
b) 1.35; ¢) 1.37 V and d) 1.42 V vs RHE. The solid lines again represent the
simulation fiting and the small “crosses” the experimental cata. It is seen in all the

diagrams that very good agreement between the theoretical and the experimental
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points is achieved. The required values for the parameters C.. R. R, and C,
corresponding to these fitted curves®, are given in Table 5.4 below:
The value of the double-layer capacitance required for the equivalent circuit fitting
is ca. 50 uF cm* ( the same as for the kinetic constants simulation below). Both R,

and R,, in this case, decrease with increasing potential because increase
of potential reduces the activation energy of the discharge reaction step so that R_

and R,, the reaction resistances, become experimentally smaller.

Iéble 5.4 List of A.C. Fitting Parameters for Reduced Pt Electrodes

Pmme:er.sl . Rm R p Cp Cdl
P\'ZMR[;I% Q sz) K« mZ) (F cm'z) (F cm'z)
133V 15.1 8.38 55x1073 | 5x107
31 5x107
1.35V 9.1 3.45 8.8 x10 x
137V 3.8 0.89 15x10 2| 5x10°3
138V 36 0.73 16x1072]| 5x107
1.42V 2.0 0.61 62x104| 5x107

* The fitting, it is to be stressed, is not entirely arbitrary since (a) a series of double
curves is simulated and (b) a series of values of the parameters, self-consistent for

four d.c.-level potentials, over a wide frequency range must be sought.
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Even though C, does not exactly correspond to the cabacitance of the adsorbed
intermediate, Cl, it is quite closely related to the pseudocapacitance, C,. The large
values of G, about ~16 mF cm™® at the maximum, indicate qualitatively that appreci-
able values of the pseudocapacitance must arise being comparable in magnitude to
C..
The most interesting simulation results are those in the form of Bode plots, log|Z|
vs log(w) and phase angle vs log(w), obtained by applying the kinetic constants
approach to the same data as those shown in Fig.5.23 and are given in Figs.5.24 and
5.25, respectively. The numbers 1, 2, 3 and 4 in both Figs.5.24 and 5.25 correspond
to the a, b, ¢ and d in Fig.5.23. From these two figures, it can be seen that an
excellent numerical fit is achieved between the experimental points (shown as crosses,
circles and stars etc.) and the theoretical data (shown as lines). In the phase-angle vs
log(w) plots, two peaks are observed which correspond to the two capacitative
components involved in the electrochemical process. The second peak in the low
frequency region becomes smaller with increase of potential, so that, at sufficiently
high potentials, no significant pseudocapacitance is measurable, i.e. 8 has reached a
certain limiting value (usually = 1, see Fig.5.14) or the change of 8, de/dV, approaches
zero (for the full coverage situation). The values of the best-fit simulation parameters:
Ky, ki ki ks, q and C, are listed in Table 5.5 for various potentials. The set of k,
constants for different potentials are about the same whiie, as expected, k, and k, in
the low potential region, where the kinetics of the first step may play a.signiﬁcant role,
vary. However, the set of average rate constants from Table 5.5 is as follows: k, =

1.63x107, k, = 2.3x10% , k, = 3.5x10™ and k, = 9.2x107 mole cm? s,
Since it is found that the rate constant of the recombination step, ky >> k, the
electrochemical desorption pathway, this explains how the same reaction mechanism
arises apparently for the Cl, evolution at the reduced Pt surface as at pre-oxidized

one, which the results also indicate as being recombination-controlled.
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Table 5.5 List of kinetic rate constants simulation of the a.c. impedance data for the

freshly reduced Pt electrodes.

Dl D [ [ a | e ] o
P?:m (emsh | (emsl) | (emsh) [molem?sYy com?) | Femd
133V | 46x10% | 7x10% |3.5x100| 7.2x107 | 1.2x103[4 % 1075
135V 6x10% | 9x10% [3.5x1010| 7.2x107 | 1.2x103 |5 x 105
137V | 16x107 [ 5x10® |3.5x1010 9.2x107 { 1.2x103|5x 105
138V | 1.6x107 | 1x10% |3.5x1079| 9.2x107 | 1.2x103]5x 105
142V | 1.8x107 } 1x10® [3.5x100| 9.2x107 | 5.1x104(5x 10 5

Comparing the k, and k, values in the Gl, evolution mechanism for both the
reduced and the pre-oxidized cases, k, (reduced) = 1.63x10”7 > k, (oxidized) = 1x107
and k, (reduced) = 9.2x107 > k, (oxidized) = 4x10®. These data indicate that, for the
reduced Pt, both k, and k, are larger than the corresponding values for the oxidized Pt
electrode. This clearly reflects the role of the oxide film in affecting the kinetics of the
Cl, evolution reaction and the adsorption of its intermediate, C. The presence of co-
deposited O or OH .species on the surface of the Pt electrode would not necessarily
change the mechanism of the reaction but it evidently does block the "active-area”
thus diminishing adsorption of CI' or CI and changing the electrocatalytic properties of
the Pt surface. In a state of extended surface oxidation, the oxide film makes the Cl,
evolution reaction kinetically more difficult by reducing the rate constants k, and k, for
the CI adsorption and recombination desorption steps, respectively.

According to eqns.[4.82a] and [4.81], the behaviour of log(1/R.) and log(i) as
f(V), can be simulated, taking the average rate constants from Table 5.5 for the

reduced Pt electrode; the resulting behaviour is shown in Fig.5.26. The shape of the
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log{1/R.) curve is also similar to that of log(i) vs V which means that, for the reduced
surface, the adsorption of CI, and Cl as well is still an essential step. As mentioned
earlier, at the reduced Pt electrode, a greater active-site density is available for CI
adsorption, which enables the currents to remain large. Comparing this with Fig.5.21,
the C,, C, 0 and =7, behaviours are quite different, especially that of the
pseudocapacitance, which has a maximum in Fig.5.27, in qualitative agreement with
the experimental behaviour observed. However, the rather narrow peak observed
experimentally may be due to attractive interactions between the adsorbed species as
represented by a negativ , g factor in the adsorption isotherm (eqn.[2.40]). Another
difference is that the rc..axation time, 1., is much larger for the reduced electrode than
that for the prc-oxidized cne. The reason, again, is that the greater surface density of
the adsorbed species corresponds to a longer relaxation time because of the larger
C,.

Another significant difference between the behaviour of the reduced and oxidized
electrodes is the charge value g. For the reduced electrode, a much larger value of q
(1.2 mC cm®) is required in the simulation than it is needed for the pre-oxidized one
(10 uC cm?). This large difference must be a principal basis for the big difference in
their pseudocape-itance profiles as derived from both the potential relaxation and a.c.
impedance methods. These results are thus in good agreement with those from the
potential relaxation measurements, and also support the argument in terms of "active-
area” density since the reduced Pt surface has a much greater free site density
available for Cl' adsorption and recombination. The Iarge value of g may arise for the
following reasons : first, the roughness factor should be considered, since even for a
fresh and smooth Pt electrode, the intrinsic roughness factor can be 1.2 to 1.3,
allowance for which would diminish the q value by 20 to 30 %. Secondly, as for the 0,
evolution reaction at Pt studied by Conway and Liu (refs.119), a place-exchange effect
may arise in the co-deposited oxide film in the case of the Cl, evolution reaction at Pt,

which means the adsorbed Cl may to some extent exchange places with Pt atoms so
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Fig.5.26 Simulated iog(i) vs V and log(1/R_) vs V behaviour for the Cl. evolution reaction
in aqueous solution ai reduced Pt elecirodes according 1o eqns.[4.81], [4.82a] and (4.82¢)
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cm? s®,
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that one Pt atom could actually interact with more than one Cl Thirdly, the Pt
becomes more rough after multiple oxidation-reduction cycles. As suggested by
Burke'?, the surface Pt atoms, like Ir, cannot come back to the same places they
were originally in, following successive oxidation-reduction cycles. An overall schematic
outline of processes of oxide growth under potential-cycling conditions is illustrated in
the diagram below. As can be seen, each surface Pt atom could possibly be
effectively involved in adsorpticn - more than one Cl atom after a reconstructed state

of the oxide film has been generated, as in (4) below, but this is only a tentative

suggestion.
$SOLUTION
M0 OMe~O » IH +24 ® ®
~—O—e—C—
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5.2. Results at Pt in Non-aqueous Trifluoroacetic Acid Solution

The possibility of gxamining the kinetics of anode CI, evolution in the complete
absence of an oxide film, e.g. at Pt, was demonstrated by Conway and Novak (ref.86).
As was mentioned earlier, in aqueous CI, at any metal including the noble ones, CI'
discharge and Cl, evolution takes place always on an oxide-film covered surface of the
metal. However, by conducting studies of the reaction (at Pt) in anhydrous
triflouroacetic acid (TFA), “gettered" from traces of water by reaction with this acid's
own anhydride, it was shown that the Cl, evolution reaction from RbCI (chosen for
reason of favourable solubility) in TFA could be studied in the complete absence of
surface oxide at Pt; the kinetics were shown still to be recombination controlled.

The Cl, evolution reaction on Pt electrodes in a non-aqueous 0.5 M RbClI in TFA
solution was investigated in the present work by means of potential relaxation #.nd a.c.
impedance methods, as well as by steady-state polarization measurements. It will be
shown, in this section, that the Cl, evolution kinetics remain recombination controlied
under these conditions and non-diffusion controlled limiting current densities are again
observed. However, the limiting currents are much smaller than in the case of a-
queous solutions. This is presumably due to the strong bonding of the CI on the
"bare” oxide-free Pt electrode surface and/or to strong adsorption of the TFA anion.

Information conceming the behaviour of the adsorbed Gl intermediate in Ci,
evolution is also derived from the C vs V profile abtained, as before, by processing the
potential-relaxation measurements. From corresponding a.c. impedance resuilts,
complex-plane plots. comprised of two semi-circles were obtained and it is evident that
the second semi-circle is due to the adsorbed Cl intermediate in Cl, evolution kinetics

under these H,O-free conditions.

5.2.1. Steady-State Polarization Behaviour

First, the steady-state polarization (Tafel plots) for Cl, evolution at * bare " Pt in a
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0.5 M RbCl! solution in TFA taken at various electrode rotation rates from 400 to 4900
rpm. are shown in Fig.5.28. The current, i, for anodic Cl, formation, becomes
significant at ca. 1.1 V vs Ag/AgC! and reaches limiting values (cf.ref.86) of current-
density at about the 1 mA cm? level. Since the significance of i., is important with
regard to CI' recombination-controlled kinetics, two types of experiments were per-
formed to identify it as a kinetically limited-current : i) ohmic polarization “IR* was
checked over a wide current range by the current interruption technique; "IR* drops
were, however, negligible in the anhydrous TFA experiments. ii) Current vs potential
plots were established at a rotating Pt disc electrode, as shown in Fig.5.28, and were
found to be independent of r, the rotation rate. Thus, the log(i) vs V curves and the

limiting currents observed are kinetically controlled, confirming previous conclusions.

5.2.2. Potential Relaxation Transients and _C(V) vs V Profiles

We have discussed the influence of the oxide film on Cl, evolution reaction
kinetics in an aqueous solution at the Pt electrode. In order to study the effect of the
oxide film in the Cl, evolution in a non-aqueous solution, three differently prepared Pt
electrodes were used. They were : (a) without any pre-oxidation of the Pt electrode
surface; (b) with the Pt electrode being pre-oxidized in a 0.1 M aq. H,SO, solution to
form approximately a monolayer of the oxide by holding the electrode at a polarization
potential of ca. 1.0 V RHE and (c) the same procedure as in (b) except that the oxide
was formed to an extent greater than a monolayer. The corresponding chérges for
their reduction are listed in Table 5.6 below :

The potential relaxation results, expressed as V vs log(t) and the corresponding V
vs log(-dV/dt) plots for cases (a), (b) and (c) are shown in Figs.5.29a-c and 5.30a-c,
respectively. In all the V vs log(t) curves taken from various initial polarization

potentials, three regions are barely distinguished.
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Table 5.6 > Charges for Pre-oxidation of Pt electrodes used in TFA Solutions

Cases Pre-oxidation charge (xC cm™)
2 -0
b 127
c 625

A flat area is approached after times of ca. 10° s in both cuses (a) and (b) while the
time is 10* s for case (c). Over the time range 102 s (for (cyitis ~ 10™) to ~ 1 s, the
decay slopes change continuously. This may be due to the discharge of the double-
layer capacitance coupled with that of the CI acsorption pseudocapacitance. The
corresponding set of V vs log(-dV/dt) plots have hyperbalic shapes, no linear relatio-
nship being observed. This could arise because of the existence of the pseudo-
capacitance which may be small and hence relatively close to the value of the double-
layer capacitance. The discharge time constant for the CI intermediate adsorption
capacitance is the;'t not much larger than that for the double-layer capacitance, so a
broad relaxation region in time arises.

The C vs V profiles for the three cases are shown in Fig.5.32 and exhibit quite
appreciable differences. the “star” points represent results for case (a), the “circles”
for case (b) and “crosses” for case (c). It is not surprising that a capacitance
maximum arises in cases {a) and (b), but it is unexpected that, in case (c), the C vs V
profile is without a significant C(V) maximum, and also much larger capacitance

values arise in the higher potential region where only the double-layer capacitance
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1.60 T T T T

.38

POTENTIAL/V

LOG(t/s)

Fig.5.29 a) Digitally recorded potential-relaxation transients, V{t) vs log(t), from a
series of § anodic overpotentials for the Cl, evolution at a Pt electrode in non-
aqueous TFA solution. 1) 1.6 V ; 2) 155 V; 3) 1.50 V; 4) 1.45 V and 6) 1.40 V vs
Ag/AgCl. b} the same as a) except for the case of a pre-formed oxide film at the Pt,
q = 127 pC cm® and ¢) for q = 625 pC em>
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Fig.5.30 a) Computer-plotted values of logf-dVrdi] vs V derived from the data of Fig.5.29
for the same § initial anodic polarization potentizls: curves numbered, respectively, as in

Fig.5.29. b) the same as a) except for the czse o! z pre-formed oxide film at the P, for q
= 127 uC cm? and ¢; for q = 625 uC cm®. '
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normally arises, as in cases {(a) and (b).

Fig. 5.31 clearly demonstrates the influence of the oxide film. The greater the
gxtent of oxide film formation on the Pt surface, the smaller the maximum in the
corresponding C(V) vs V profile. It seems that this effect arises from the different rates
of change of coverage with potential, associated with competitive adsorption betwsen
Cl' and O or OH species. The total charge for Cl' adsorption is found (Fig.5.33) to be
about the same in all three cases.

Compared with the behaviour in an aqueous solution, the pseudocapacitance
associated with Cl' adsorption is much smalier in the non-aqueous medium. There is
evidently little adsorption of CI ( the limiting charge for CI' adsorption being only ca. 30
rC cm®). The reason is not simply the absence of the oxide film since case (a)
exhibits the same phenomenon. The TFA could poison the surface or cause an
inhibition effect. The TFA molecules can be chemisorbed on the Pt surface sirice the
electronegativites of -F and -COOH are large. These large size neutral molecules can
occupy the Pt surface and give rise to two major effects: i) peisoning or inhibition of
the "active-sites” for CI adsorption, and also a spatial effect ; and ii) a low value of
double-layer capacitance, since the neutral TFA. molecules are large and un-ionized.
The adsorption of TFA can be detected even in a 0.1 M H,SO, aqueous solution at
low concentrations ca. 2x10* mole dm™ as shown in Fig.5.32.

A similar blocking effect of the adsorbed TFA (probably TFA') is observed in the
reduction peak of the oxide film at Pt in an aqueous medium and a significant
displacement of the oxide formation region also arises, as shown in Fig.5.32. The TFA
blocking effect is probably the principal factor that explains the observation of smaller
currents for Cl, evolution in the non-aquecus TFA solution. Even though the bonding
effect between " bare " Pt and Cl would be a important factor in Cl, evolution in a
non-aqueous solution, a significant poisoning effect by TFA adsorption must be taken

into account.

A low double-layer capacitance (only 5 pF cm? is observed in the C{V) vs V
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curve (case a) in the high potential region. A similarly low value is also obtained from
the a.c. impedance spectra for which the first semi-circle in the high frequency region

corresponds to a small double-layer capacitance. This is as expected for a non-

aqueous solvent such as TFA.

.2.3. The Coverage by Cl'_at Pt in the TFA Medium

Besides the information on pseudocapacitance of adsorbed Cl, the coverage by
the Gl intermediate can also be derived from the potential relaxation transients simply
by integration of the C(V) vs V curves using eqn:{2.42] and division by 210 pC cm? as
the required charge for formation of a full monolayer of the adsorbed Cl intermediate,
in the usual way. The results are given in Fig.5.33, curves a, b, and ¢ for cases (a),
(b) and (c), respectively. As remarked earlier, only a small limiting coverage, 8 =
0.12 - 0.15 is attained, corresponding to possible poisoning or inhibition of CI
- adsorption by the organic solvent, TFA and/or the anion of TFA.

Theoretical simulation of the pseudocapacitance behaviour of CI- adsorption in the
Cl, evolution reaction at Pt in a non-aqueous solution are given in Fig.5.34; curves a,
b and ¢ correspond to the cases (a), (b) and (c). All of the curves are cbtained by
using the same set of constants or parameters except for the values of the g-factor
representing the lateral - interaction effect. In order to relate these curves to
experimental behaviour, the required g factor should become larger as more oxide is
deposited on the Pt surface The constants used for the simulation are K, =k/k, =
0.8, k; = 0, k; = 4.87x10® and q = 30 pC ¢m?, and the g values are 0.8, 2 and 10,
respectively. The more oxide that is formed, the larger is the required g value because
an increase in coverage by the polar oxide species would lead to greater lateral
interaction between the adsorbed CI intermediate and a weakened the bond between
the Pt atom and this species so that a lower capacitance maximum results, as
illustrated in the simulation curves (Fig.5.34). Evidently, beyond monolayer oxide

coverage, the CI must become deposited on the completed oxide film so that the
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interaction becomes materially changed.
The small value of g, 30 uC cm?, is quite close to the experimental value of ca.
27 - 30 pC cm? This amount of charge is only about 13% of the 210 uC cm? for the
normal monolayer, which indicates that only about 13% of the surface area mzkes a

contribution to the Cl, evolution reaction.

5.2.4. A.c. Impedance Spectra for Pt in the Non-aqueous TFA Solution System
As was seen for the reduced .Pt electrode in an aqueous medium, the a.c.

impedance spectra for the Cl, evolution reaction at Pt in the non-aqueous TFA solution
show clearly two semi-circles in the complex-plane plots, Figs.5.35a-d show the results
for various potentials: (a) 1.1 V, (b) 1.2 V, (c) 1.3 V and (d) 1.4 V vs Ag/AgCl. The
first semi-circle in the high-frequency region corresponds to the double-layer capac-
itance and the second, at lower frequencies, to the capacitance due to the adsorbed
Cl intermediate. The double-layer capacitance does not change much with notential
but the pseudocapacitarice does significantly. As the anode potential increases, the
second semi-circle rapidly becomes smaller. The clear observation of two semi-circles
in the a.c. impedance behaviour (Fig.5.35) indicates the existence of the effect
expected when a significant adsorption of Cl' arises as is also indicated by the
potential-relaxation transient measurements.

Figs.5.35a-d also show the equivalent circuit fitting results for the a.c. impedance
spectra piotted in the complex-plane. As before, the solid line represents the theoreti-
cal which has excellent fit to the experimental points represented by the small crosses.
The fitting parameters; R., R, and C, (Table 5.7) show only a small tendency to
decrease with increasing potential but the decrease of R, is substantially greater. The
value of the double-layer capacitance Is quite small here; however, it may qualitatively
represent the true situation since it is detected over a relatively high frequency region (
the top point frequency is ca. 5 kHz).
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Table 5.7 List of A.C. Fitting Parameters for the Behaviour of Pt in the Non-

aqueous Solution

Parameters
Polentia Rwﬁ Rp CP '- Cdl ]
\.(: :\y'.-\gCl L2 em™) (Q m'.!) {(Fam™) Fem™)
L1V 187 691 6.8x107 | 1.2x10°0
: -5 -’ -6
12V 182 203 6.0x10 1.2x10
13V 157 148 6.1x10°° | 1.2x106
14V | 140 124 29x1077{ 1.2x10°¢

The simulation of the a.c. impedance behaviour in terms of the rate constants
approach is shown in Figs.5.36 and 5.37 for the log| Z | vs log{w) and phase angle vs
log{w) plots, respectively. Once again, excellent fits are obtained between the
simulations and the experimental data. The numbers 1, 2, 3 and 4 correspond to the
letters a, b, ¢ and d in Fig.5.35, respectively.

From the values of the rate constants (Table 5.10), required for good fitting, it is
found that k, >> k,, which indicates, for a non-aqueous solution, that the recombination
path is again the preferred desomption process. The mechanism, for the TFA
experimental conditions, can be indicated as

Pt + CI' Pt-Cl + e

#nd

2Pt-Cl — 2Pt+Cl, T



with the step
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Pt-Cl + CI -—~= Pt + CI, T

contributing only about 0.1 % to the whole current. The above represents the kinetic
behaviour of the Cl, evolution reaction at Pt in a non-aqueous TFA solution and
explains the limiting current obtained in the Tafel plot as reported by Conway and
Novak (refs.85,86).

Compared with their behaviour in an aqueous solution, both rate constants k, and
k, are much smaller in a non-aqueous TFA solution. This may be due to the possibility
of strongér bonding between the Pt atom and adsorbed Cl which makes

recombinative Cl desorption relatively less facile than the competitive adsorption of

TFA molecules or their anions as referred earlier.

Table 5.8 List of kinetic rate constants simulation of the a.c. impedance data for Pt

electrode in non-aqueous TFA solution.

mﬁ;‘{:m ky k_y ko k3 % Ca
Potential -1 -1 -1 2.1 -2 2
vs Ag/AgCl (cms™) (ems™) | (ems™) [molem™s™'] Cem™ | (Fem™d)
LIV | 7x109 | 1x10°1t | 38x107%) ) 85109 | 3x105 | 1.2x10
12V 4.2x10°101 1x10r1t | 3.8x10°14 | 2 7109 11 ov15 | 1.2x106
13V 11010 | 1x10°1! | 3.8x10-14| 1.8x10° | 1.8x10°5 | 1.2x106
14V 1x1010 | Ix10'M 3841014 | 1x10° | 2¢105 | 1.2x10°6
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Fig.5.38 Simulated log(i) vs V and log(1/R.) vs V behaviour for anodic Cl, evolution in
non-aqueous TFA solution at a Pt electrode according 1o eqns.[4.81), {4.82a] and (4.82¢]
using the rate constant values k, = 2.0x10 ki = 1.0x10"; k, = 3.8x10™; k, = 1.8x10"
mol cm? 5",
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The q value required for the fitting is ca. 18-30 uC cm™ which is close to that for
the potential relaxation measurements. This is consistent with view that an inhibition
effect plays an important role in Cl, evolution in a TFA solution. The simulated
log{1/R.) and log(i) behaviours for the non-aqueous TFA solution are shown in
Fig.5.38 and as well the behaviours of C,, G,, 8 and t,, are shown in Fig.5.39.

5.2.5. Brief Conclusions on the Cl, Evolution Mechanism at Pt

It is useful now to summarize the behaviour of the Cl, evolution reaction at Pt in
both an aqueous and a non-aqueous TFA solution.

(iy Limiting current-densities arise in the Tafel plot at both the reduced and pre-
oxidized Pt electrodes; they are independent of the rc'ation rate and can only be
explained kinetically in terms of the recombination mechanism.

(i) The a.c. impedance fitting results show that the recombination rate constants,
ks, are much larger than those, k,, of the electrochemical desorption step, thus further
indicating that the recombination mechanism for Cl' desorption is preferred.

(iiy The rates of Cl, evolution at Pt in a non-aquecus TFA solution are also
controlled by the recombination pathway, since limiting éurrents are cbserved in the
Tafel plots and the a.c. impedance fitting resuits show that k, >> Ko

(iv) The surface oxide species play a very important role in the anodic Cl,
evolution reaction at Pt in an aqueous solution. The co-deposited O or OH species
block the active-sites, making it more difficult for Cr adsorption and CF desorption to
occur. This is also indicated by the a.c. impedance fitting results since the rate
constant k, for reduced Pt is larger than that for the pre-oxidized Pt surface. The C(V)
vs V profiles derived from. the potential relaxation measurements support this
conclusion.

(v) Oxide films generated for study in a non-aqueous solution seem to reduce the
strong bonding between the Pt atom and the CI species but do not change the Cl,

evolution mechanism.

(vi) Significant adsorption of the CI intermediate can be detected and quantita-
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tively characterized in the anodic Cl, evolution reaction both in aqueous and non-

aqueous solutions by means of potential-relaxation and a.c. impedance measure-

ments.
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CHAPTER VI

Cl, Evolution at other Noble Metal Electrodes (Pd, Ru, Ir and Rh)in_Non-

agueous TFA Solution

In this section, some exploratory complementary work on the Cl, evolution
reaction at other noble metals (Pd, Ru, Ir and Rh) in a non-aqueous 0.5 M RbCl +
TFA solution, studied also by means of potential relaxation and a.c. impedance
methods, will be presented. The results show again that the TFA has a strong
inhibition effect on the kinetics of Cl, evolution at these electrodes and, when the

potential is sufficiently high, a Kolbe type reaction may becoms involved.

6.1 Primary Steady-state Polarization Study

As discussed in Chapter V, the rate of the Cl, evolution reaction at a Pt
electrode in an aqueous solution is much larger (45 times, refs.85,86) than that in
a non-aqueous TFA solution. The smaller reaction rate in the non-aquecus solution
arises first on account of strong chemisorption of Cl' at the oxide-free metal and
second, because of the inhibition effect of the adsorbed organic solvent, TFA, or its
anion. Therefore, it is understandable that a smaller rate of Cl, evolution arises also
at metals other than Pt in this non-aqueous solution.

The steady-state Tafel behaviour of the Cl, evolution reaction at Pd, Ru, Ir
and Rh electrodes in the non-aqueous TFA solution are shown in Fig.6.1. The
current densities are small compared with those in an aqueous medium, being only
about 10° to 10 Amp cm?. The current densities are all smaller than those at the
Pt electrode, Pd being the best of these metals (Ru, Ir and Rh).

The Tafel plot for the Cl, evolution reaction at the Pd electrode starts with a
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densities are smaller, the Rh electrode also exhibits two distinguishable regions in its
Tafel piot, with a slope of 48 mV per decade in the low potential range from 1.1 to
1.25 V vs Ag/AgCl and a limiting current at high potentials up to 1.9 V vs Ag/AgCl.

It is interesting that at the Ru electrode four regions arise in the Tafel plot, the
first having a slope of 34 mV per decade, which probably indicates that the
combination step co.utrols the kinetics of the Cl, evolution reaction at low Cl coverage.
The second region shows a limiting current, corresponding also to the recombination
mechanism proceeding at full Cl' coverage. Regions (1) and (2), from 1.1 to 1.5 V, are
presumably associated with the Cl, evolution reaction but, in region (3), from 1.5 to 1.7
V , the slope changes to 180 mV per decade, which may be due to the onset of the
Kolbe reaction, i.e. the TFA discharge step since, at a sufficiently high potential range,
the following, reactions can arise:

Ru + CF,COOH ----—» Ru -CF,CO0 + H*' + & [6.1]

Ru -CF,COQ" -----— Ru -CFy + CO, (barrierless) [6.2]
“as reported by Conway and Vijh™'™. In region {4), beyond 1.7 V, a limiting current
arises again which may be due to the following recombination reaction involving 'CFS-
rather than CI:

ZRu -CF, ~~— C,F,T + 2Ru [6.3]
or Ru -CF, + Ru -C! -—— 2Ru + CF,C! [6.4]

In contrast, the Ir electrode exhibits no limiting current over the entire studied
potential range. The Tafel line below 1.9 V has a transition region ( which may involve
some Cl, but a very insignificant amount). Beyond 1.8 V, the current increases with a
slope of 295 mV per decade, which is a typical value for the Kolbe reaction as

discussed by Conway and Vijh'®'* for the Kolbe reaction at Pt.

€.2. Potential Relaxation and Pseudocapacitance Behaviour

Investigations of the potentiai-relaxation behaviour of the Cl, evolution reaction at

Pd, Ru, Ir and Rh electrodes in a non-aqueous TFA solution were also made and
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results are shown as V vs log(t) plots in Figs.6.2a-d and with the corresponding log(-
dV/dt) plots in Figs.6.3a-d, respectively. As can be seen, there ars differences in the
Tafel plots, the V vs log(t} ana the V vs log(-dV/dt) plots, as may be expected, the
metals showing their own individual characteristics.

First, we examine Figs.6.2a and 6.3a: the potential decay plots for Pd electrodes,
which behave quite similarly to Pt as described in section 5.2, show basically two
regions, a flat one from the time t = 10® to 10? s, and a second starting from 102 to
ca. 10 s, which declines to the reversible potential. In the latter region, discharge of
both the double-iayer capacitance and the pseudocapacitance due tc the Ci adsorbed
intermediate takes place. The corresponding V vs log(-dV/dt) plots (Fig.6.3a) have
similar shapes but in reverse, becoming almost coincident at potentials lower than 1.4
V (vs Ag/AgCl). '

The potential relaxation behaviour of the Ru electrode is quite different. In Curve
(1), in Fig.6.2b, can barely be seen four regions which may correspond to the four
regions which are observed in the Tafel plot. However, as the decaying potential
becomes small, only two regions can be seen (see curves 5 in Fig.6.2b); this may be
because the Kolbe reaction is not involved over a low potential range. A similar
situation is also .iustrated in the V vs log{-dV/dt) plots, which may be a hint that two
kinds of adsorbed intermediates are involved in the electrochemical procass.

For the Ir electrode (Fig.6.2c), two regions of the potential decay curve are barely
differentiat?d but they are probably related in the usual way to the double-layer
capacitance and the pseudocapacitance discharge processes. The C,, assrciated with
the Cl adsorbed intermediate of the Cl, evolution reaction, may not be significant and
that for CFy and/or CF,COQ for the Kolbe reaction may arise since the potential range
covered (above 1.9 V) corresponds to that for onset of the Kolbe reaction. The log(-
dV/dt) vs V plots are similar but opposite to the corresponding V vs log(t) plots.

The Rh eIec;roda béhaves in a different manner than the others. Its V vs log(t)

plots (Fig.6.2d), taken from various initial potentials, are not superimposable over the



Fig.6.2 Digitally recorded potential-relaxation iransients, V(t) vs log(t), from a series of 5
initial anodic overpotentials for the Cl, evolution at various electrodes in non-aqueous TFA
solution. a) for Pd; b) for Ru; ¢) for Ir and d) for Rh electrodes. Numbers on the graphis
indicate the initial potentials. For the Pd elecirode: 1) 1.60 V; 2) 1.55 V; 3) 1.50 V; 4)
145 V; 5) 1.40 V. For the Ru electrode: 1) 1.80 V;: 2) 1.80 V; 3) 1.70 V; 4) 1.60 V: 5)
150 V. For the Ir electrode: 1) 2.50 V; 2) 2.40 V; 3)-2.30 V; 4) 2.20 V; 5) 2.10 V. For
the Rh electrode: 1) 1.90 V; 2) 1.80 V; 3) 1.70 V: 4) 1.60 V' 5) 1.50 V. Al are vs
Ag/AgCl.

Fig.6.3 Computer-plotted values of log[-dV/dY vs V derived from the data of Fig.6.2 for
different electrodes, represented by letters, at various initial anodic polarization
overpotentials. Curves numbered, respectively, as in Fig.6.2.

Fin 8.4 Capacitance derived from the poteniizl-relzxation transients and Tafel plots for the
Cl, evolution reaction at the various electrodes in non-aqueous TFA solution. Leters and
~ humbers correspond to those in Figs.6.2 and 6.3.
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whole potential decay rangse. This suggests that the surface condition is changing with
polarization potential. Also, in these curves, two regicns only can be seen at low initial
potentials but three at high. Again, this implies that at least two capacitative
components are involved in the process.

The capacitance behaviour of the adsorbed Cl' intermediate in the Cl, evolution
reaction (or CFy and CF,COO, if the Kolbe reaction is also involved) has also been
derived from the steady-state data together with the derivative of the decay transients,
i.e. (-dV/dt), using eqn.[4.1] as reiterated below:

C(V) = -i(V)/(-dV/dt) [6.5]

The resulting G(V) vs V profiles for these four electrodes (Fig.6.4a-d) are very
interesting: each of the electrodes shows its own characteristic behaviour. For the Pd
electrods, a wide capacitance peak extends from 1.2 V to 1.6 V with a maximum of
ca. 150 pF em?® at 1.45 V. This capacitance peak must dorrespond to the adsorption
of the Ci species in the Cl, evolution reaction since, in the potential range covered
(1.2 - 1.6 V vs Ag/AgCl), no Kolbe reaction nor any Pd dissolution process can be
involved; the Cl, evolution reaction is the one that is predominant. (Only at high
potentials, up to +2.0 V vs Ag/AgCl, does dissolution of the Pd electrode arise leading
to an orange coloured precipitate).

Ancther interesting result is the C(V) vs V profile for the Ru electrode, which
shows two capacitance maxima at 1.2 and 1.55 V, having values of 200 and 150 wF
cm?, respectively. As the initial potential for decay decreases, the peak at high
potentials disappears. These peaks, perhaps, correspond to the adsorption of 'the
intermediate Cl of the Cl, evolution reaiction over the low potential range and CF;
or/and CF,COQ- for the Kolbe reaction at the higher potential range. It is reasonable to
assign the C(V) peak at low potentials to CI adsorption in the Cl, evolution reaction
and the peak at higher potentials to intermediates of the Kolbe reaction since these
two peaks correspond to the observed two limiting currents in the steady-state plot (

see Fig.6.1). This experiment also suggests that the potential-relaxation method could
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be useful for detecting more than one adsorbed species in a complex electrode
process.

Since the decay rates at electrodes of Ir and Rh are relatively slow over the
studied time scale, ac shown in Figs.6.4c-d, only a peak of C(V) is observed.
However, the capacitances are potential dependent, being again associated
presumably with the adsorbed species C! or CF, and/or CF,CO0O For the Ir
elsctrode, the C(V) vs V profile (Fig.6.4c) correspords to only one side of a peak
owing to the inaccessibility of a wider range of data, buf rises to ca. 4 mF cm?, which
is a value greater than that for Pd, Ru and even Pt. This large capacitance is probably
due to the adsorbed CF,COO or CF, intermediates of the Kolbe reaction since the
studied potential region extends to that where the Kolbe reaction commences as
indicated by its Tafel plot for which a slope of ca. 295 mV per decade of current-
density is observed. For the Rh electrode, on the other hand, the capacitance
behaviour shows a peak in the high potential range and maybe another peak at lower
potentials which is not fully resolved in Fig.6.4d due to insufficiency of data. However,
a significant rise of C(V) at 1.4 V vs Ag/AgC! is seen. As the initial decay potential
decreases, the peak in the higher potential region disappears as was found at Ru.
Again, this could indicate that both CI for the Cl, evolution reaction and CF,CO0 or
CF, for the Kolbe reaction are involved.

6.3. Brief A.C Impedance Study

As the adsorbed species (ClI or CF, and CF,COQ) are detectable by the
potential-relaxation method, it is expected that two semi-circles would also be
observed in the a.c. impedance complex-plane plots, which is a complementary
indication that adsorbed intermediate(s) may be involved at appreciable coverage in an
electrade process. Therefore, a.c. impedance experiments were made at each of the
electrodes Pd, Ru, Ir and Rh under the conditiens of the Cl, evolution reaction in a

non-aqueous TFA solution in order to study the behaviour of the adsorbed species
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and the interfacial capacitances.

Figs.6.5.a-d show the complex-plane plots for Pd at 1.3 V, Ru at 24 V, Ir at 2.2
V and Rh at 1.6 V, respectively. All the diagrams show clearly two semicircles (except
for the Rh electrode at which the current is too small to complete the second semi-
circle since a very low frequency has to be attained). The first semi-circle, as was the
case for the Pt electrode, must originate from a relaxation involving the double-layer
capacitance. The second one, in the case of Pd electrode, may be mainly due to
adsorbed Cl species but adsorbed CFy; and CF,COQO" may also be involved in the
other cases sinca the potentials are sufficiently high for the Kolbe reaction to
commencs.

This brief a.c. exploration of the impedance behaviour serves only to provide a
complementary proof of the involvement of the adsorbed species; more detailed
studies will be caried out by another researcher in order to provide a better
understanding of the electrode kinetics and mechanism under these conditions.
However, the a.c. results do reveal some imporiant information about the behaviour of

the adsorbed species even though only in a qualitative way at the moment.

6.4. Brief Suminary

It has to be stressed that it is difficult to give a so-called “summary" based on
such limited experimental data. However, the author tries here only to describe what
may be provisionally concluded in order to provide useful information for further work
in this direction.

(a) Phenomenoiogically, the smallness of the current densities that are observed
for the Cl, evolution reaction in a non-aqueous TFA solution may be on account of the
inflection in the current vs potential plot due to the inhibition by the strong bonding
between the free surface metal atoms and the adsorbed C!' species.

(b) The mechanism of the Cl, evolution reaction at Pd and Ru in a non-aqueous

TFA salution is probably again, as with Pt, the Cl' recombination process:
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(Pdor Ru) + CI' === (PdorRu)-Cl+e [6.6]
2(Pd or Ru)-Cl --~— Cl, T + (Pd or Ru) [6.7]
in the low potential region but, in the higher potential range, the Kolbe reaction may
be involved. At Ir and Rh elactrodes, the inhibition effect is much stronger so that the
behaviour of Cl adsorption cannot be well characterized.
{c) The adsomtion behaviour of the intermediates has been evaluated by means
of potential relaxation and a.c. impedance methods. The adsorbed intermediates
involved are not only Cl but also probably CF; and/or CF,COO0:, depending on the

polarization potentials attained.
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CHAPTER Vil

Cl, Evolution Reaction at RuQ,-TiO,; Ti Substrate Electrodes

After the first paper on the fundamental properties of RuQO,, the essential active
component of the so-called DSA electrode used in the chlor-alkali industry, appeared
in 1971 (refs.11,12,100), basic research on this material has expanded exponentially,
both quantitatively and qualitatively. However, there are stil many unclear matters
relating to why such oxide materials lead to extremely satisfactory performance. In
particular, the mechanisms of the electrocatalysis of Cl, evolution on this type of oxide
electrode are still not well understood because there is insufficient knowledge of the
diversity between the catalytic properties of a metal and its oxide surface. In this
chapter will be reported the results of studies on Cl, evolution kinetics at RuQ,-TiO,
electrodes having various compositicns and morphology, arising from the application of
relatively new electrochemical techniques.

The electrochemical kinetic behaviour of the Cl, evolution reaction at RuQ,-TiO,
film electrodes, prepared by the thermal decomposition of RuCl,-Ti(OC,H;); solutions
on metallic Ti supports has been investigated in 1 mole dm? solutions of CI ion.
Cyclic-voltammetry, stéady-state polarization, potential-relaxation and a.c. .impedance
methods have been applied in the work to be described here. On thin-film RuQ,-TiO,
materials, kinetic control of the Cl, evolution reaction seems to occur via CI discharge
to the adsorbed Cl, followed by its recombination, as indicated by the observed unique
linearity of Conway-Novak test plots (refs.85,86) for the recombination mechanism. As
for the other cases, analysis of the potential relaxation fransients enables the
pseudocapacitance, C,, for the adsorbed Cl intermediate to be determined. C, shows
ascent to large values below 50 to 100 mV overpotential, depending on the

temperature. Roughness factor problems arise, however, in considering the adsorption
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behaviour in relation to expestations associated with recombination control.

7.1 Composition and Surface Morphology of the RuQ.-TiQ, Electrodes

Since many factors can affect the mechanism and electrocatalytic properties of
RuO,-TiO, electrodes, such as porosity, morphology and composition of the active
layer together with the behaviour of the adsorbed intermediates, the procedure for
preparation of the electrode is quite important. In the experiments described in this
section, five RuQ,-TiO, electrode preparations either having various percentages of-Ru
(as RuQ,) or different morphologies of their surfaces, were examined.

Electrodes numbered #1 to #4 were prepared by coating with very dilute Ru-Ti
solutions having various compositions while #5 was coated with a more concentrated
one. Ali the electrodes were then baked at a temperature of ca. 450°C for 2 hours in
air to form the active layer of mixed RuQ,-TiO,. The oxidative dissociation of the
anhydrous ruthenium chloride, represented by the reaction

RuCl; + O, -—-— Ru0Q, + 3/2 Cl, (7.1]
is. usually carried out at temperatures below 500°C since a significant weight loss of
the Ru can otherwise take place by the formation of volatile species such as RuQ,
and RuOQ, via the following reactions (ref.105):

RuO, + 1/20, - RuQ, [7.2]

RuQ, + O, ---— RuO, [7.3]

The scanning electron micrographs (SEM) of the electrodes #1 to #5 are shown
in Figs.7.1a-e, respectively. As expected, these five electrodes have very different
surface structures (as well as compositions). From the microphotographs, it can be
seen that electrodes #1 to #4 have a verv thin oxide film with a relatively smooth
surface ( but some tiny pores can stil be seen in the micrographs). In contrast,
electrode #5 (Fig.7.1e) has a thicker'ﬁlm, ca. 2 um, with a mud-crack morphology of
the kind usually seen at DSA electrodes.



182

Table 7.1 The Compositions of the RuQ, Films

Compasition
Elcewrode Ru ( Weight %) Ti ¢ Weight %)
#1 9 91
#2 29 71
#3 38 62
C#4 50 50
#3 22 78

The chemical compositions of the films were determined by means of an x-ray
energy dispersive microanalyzer on the SEM. The components of the oxide films
forming the surfaces of the five electrodes are presented in terms of the percentage of
Ru and Ti as listed in Table 7.1. The proportional compositions of the films are found
to be quite different from those of the respective coating solutions, especially for the
thin films (#1 to #4). For example, the percentages of Ru in the coating solutions are,
respectively, 30, 60, 80 and 100% for electrodes #1 to #4. However, the x-ray analysis
results show only 9, 29, 38, 50 % Ru, respectively. This could be explained by some
penetration of the Ru atoms into the Ti oxide substrate, or probably by some migration

of bulk Ti atoms into the oxide film. For a thick film, this difference is not significant,

e.0. at electrode #5.
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Fig.7.1 SEM photos for RuC, T/ slk:cirodes. (a) for electrode #1: (b) for #2; ()

for #3:
1C; lor 4 and {e) for #5.
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7.2. Cyclic-Voltammetry Study

Typical i/V curves for RuQ, electrodes examined by means of cyclic-voltammetry
at a scanning speed of 100 mV s are shown in Figs.7.2a-e for electrodes #1 to #5,
respectively. The oxygen evolution process (peak 5) starts at about 1.4 V and two
pairs of peaks are also seen at about 1.1 V (peaks 2 and 3) and at 0.7 V (peaks 1
and 4) for electrode #4 (Fig.7.2.d). However, peaks 2 and 3 do not arise in Figs.7.2a
and e and are hardly detected in Figs.7.2b and ¢. Peaks 2 and 3 can be attributed to
the Ru,0,/RuQ, couple and peaks 1 and 4 to the RuO,/RuO couple. Peak 6 is thought
to be due to the solid-state reduction of RuQ,, i.e. to penetration of atomic hydrogen
into the lattice. The disappearance of peaks 2 and 3 may be related to the distribution
of Ru atoms in the surface of the oxide films. The trend of the behaviour is that the
higher the Ru concentration the greater the tendency for peaks 2 and 3 to be
resolved.

The qualitative and quantitative reproducibility of the cyclic-voitammograms taken
at RuO,-TiO, electrodes is excellent. Repeated potential cycling between the potentials
for O, and H, evolution does not affect the shape of the curves.

The ancdic charge injected, g, into the electrodes can be evaluated by
integration of the i’V curves above the zero current line, i = 0. Fig.7.3 shows that
these charges are almost a linear function of the potential, as in the case of a capacit-
or. The slopes of the lines then give values of the apparent capacity about 0.32-4.57
mF cm? which may correspond to a double-layer capacitance, allowing for the large
real/apparent area ratio. The total ancdic Injected charge probably relates to the
composition and the morphology of the oxide film, i.e. its porosity and the thickness.
The electrode having the higher concentration of Ru takes a larger injected charge; for
example, charges for #3 and #4 are larger than those for #1 and #2. The surface
roughness and thickness 'of the oxide film could also give rise to a large effect, since if

the layer of RuQ, is parous, the depth of the pores could increase with thickness, thus
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increasing the real surface area. In this case, the amount of charge for double-layer
charging could also increase. This is why the electrode #5 takes a much larger
anodically injected charge than the others since it is very "rough®. Table 7.2 gives the
anodically injected charges and cor-isponding apparent capacitances per apparent

cm? for comparison.

Table 7.2 The Anodically Injected Charge

Electrode Anodically injected chaige / mC em™2
#1 0.44
#2 0.87
#3 1.42
#4 1.84
#5 4.68

7.3. Primary Kinetic Study

7.3.1. Anodic Polarization Characteristics

The steady-state polarization curves for the C' evolution reaction at RuQ,-TiO,
and RuO, electrodes measured potentiostatically at a iemperature of 298 K, are shewn
in Fig.7.4 and for various concentrations of Cl' up to 4.1 mole dm® in Fig.7.5. The
Tafel plots all seem to be non-linear, with apparent approaches to limiting currents in
the -1 to 0 decade of i. It is important to note that the data plotted are already the IR-
corrected overpotentials so that the behaviour observed here cannot be due to the

influence of uncompensated resistance effects in the measurement system,
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Therefore, an expelriment in which a RuQ,-TiO, electrode (#5) was rotated up to
6400 rpm (Fig.7.6), was conducted in order to establish if the approach to the limiting
currents was due to a concentration-overpotential effect (mass-transfer limited current
or supersaturation of Cl,). Since similar behaviour is found even in 4.1 M NaCl, a
possible concentration overpotential effect could hardly arise on account of a mass-
transfer limitation involving the Cl'ion itself. However, (ref.159) a supersaturation effect
arising on account of dissolved, anodically generated Cl,, could give rise to such
behaviour but such supersaturation should be spun away at a rotated electrode.

The results in Fig.7.4 show, however, only a rather small effect of electrode
rotation (up to 6400 rpm) on the curved shapes of the V vs log(i) relations, thus the
curvature must be attributed to an activation-controlled kinstic effect rather than to
either (or both) IR-drop and mass-transfer effects. This is an important experimental
conclusion for the subsequent discussion of the results and reaction mechanism.

In all the plots of Figs.7.4 and 7.5, and those also ci 7.6, there appears to be no
clear linear sections of the Tafel plots for anodic Cl, evolution at these electrodes of
the kind found for other types of RuQ, surfaces investigated e.g. by Krishtalik and
Erenburg®™® who found a linear Tafel region having a slope of ca. 42 mV. We believe
it should be stressed that it is unlikely that any definite or absolute value for the Tafel
slope for the anodic Cl, evolution reaction at RuQ, can be stated because it must
depend very much on the surface state ¢f the thermochemically or the anodically
formed RuQ, deposit, and its mic::oscopic structure and atomic surface composition.
For example, the real/apparent area ratio for various RuQ, materials prepared by
Trasatti '™° was shown to be dependent on the baking temperature, The surface
charge density associated with ionization or ion adsorption also depends on the
preparation history of the RuQ, materials. Indeed, anodically and thermochemically
prepared RuQO, fiims can behave in substantiglly different ways, so that the
electrocatalytic behaviour of the RuO, surfaces for anodic Cl, evolution reaction should

be related to the state and preparation history of the surface at which the kinetics are
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characterized. Furthermore, the adsorption of the reactant CI ion probably depends on
the state of the RuQ, anode surface but unfortunately this adsorption behaviour cannet
be so conveniently and accurately determined as that at a Pt metal anode, evaluated
in ref.80 by means of quantitative competitive surface oxidation experiments.

In general, the higher the concentration of Ru in the RuQ,-TiO, mixed films, the
better the electrocatalytic behaviour but the structure of the oxide film surface
sometimes also plays a significant role in the catalysis. It may give rise to the
behaviour of electrode #4 which does not have as good kinetic behaviour as
electrodes #2-and #3 (Fig.7.4). This may be due to the surface structure, as it can be
seen in the SEM photo (Fig.7.1d), that there are some big black areas which are
lower than the normal main surface area, which may be the result of some fault in the
RuQ,-TiO, film structure.

7.3.2. ExplVF/RT)i"®_vs Exp[VF/RT] Plots

Since there are evidently continuously curved relationships between V and log(i)

(Figs.7.4 and 7.5), tests were made by means of Conway-Novak plots®® to examine if
the kinetic behaviour was associated with recombination contrel (2CI -—-— ClI, T,
equation [Ill]) in the reaction mechanism. Such tests involve plotting exp[VF/RT}i"? vs
exp[VF/RT]; a resulting linear plot indicates recombination control and from the slopes
and intercepts of such plots, the recombination rate constant, k, and the quasi-
equilibrium constant, K,, for CI' === C!I' + e (equation [l]) can be determined as wés
described in the section on kinetics at the Pt electrode in an aq. ClI' solution. Such
plots, shown in Fig7.7 for the four electrode (#1 to #4) surfaces at 298 K, evidently
indicate the probability of recombination control under the present conditions, with
electrode preparations 2 and 3 exhibiting similar k, values. This conclusion is not
necessarily in conflict with that of Krishtalik and Erenburg®® since their preparation of
the RuQ, film was different from that in our experiments, as mentioned earlier.

Qualitatively, it is of interest that this implication of recombination control is also
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found®® for Pt electrodes and somewhat else reported by Fiata and Fiori®.
Further information on electrocatalysis in anodic Cl, evolution at these RuQ,
surfaces is afforded by analysis of the results of the potential relaxation experiments

(see section 7.4) and derived data, as well as a.c. impedance results (see section
7.5).

7.4. Potential relaxation behaviour

7.41. Loa(h and Log(-dV/dt) vs overpotential

Five sels of the digitally acquired, potential-relaxation data for the five electrodes

(#1 to #5) in 0.1 M HC! + 0.9 M NaCl solution are shown in Figs.7.8a-e. These
potential relaxation curves exhibit an interesting dependence on the initial polarization
overpotentials which cover a wide range of 100-500 mV. The observation of non-
straight lines implies that the decay behaviour does nct obey eqn.[4.6) or in other
words, egn.[4.6] is too simple to express the complicated decay behaviour associated
with the pseudocapacitance, C, arising in the generation of the Cl intermediate.

In order to make it more convenient for discussion, the decay curves are divided
into four regions as shown in Figs.7.8a-e,

Region | : for the electrodes #1 to #5, the first region starts from the beginning of
the decay curve and ends at about t = 10™ sec. This part is believed to be related to
the small dielectric capacitance due to the thermally formed oxide film itself. As
reported in reference 119, the same phenomenon appears in potential relaxation
curves for anodic O, evolution on a Co,0, film thermally deposited on a Ti substrate
electrode but not on a Ni substrate where a conducting NiO film is present. At Ti, the
TiQ, film is non-conducting. The oxide film may be represented by an R,.C,. parallel
circuit where R, is the resistance of the oxide film and C,, its dielectric capacitance.
When R, is small, the capacitance would discharge quickly, such as in the case of

electrodes #2 and #3.

Region |l : this starts from t = 10* and ends at t = 102 - 10" s. Normally, this
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region is due to the discharge of the double-layer capacitance. The decay slopes in
this part correspond quite closely to the respective Tafel slopes in the low
overpotential region {see Table 7.3).

Region lll: This can only be clearly distinguished in the cases of electrodes #2
and #3 which have the best electrocatalytic properties. It may be suggested that this
region Il of slow potential decay is an indirect result of the porosity of the oxide films
in the sense that some Cl, is formed in the pores from desomptive recombination of
previously adsorbed ClI atoms, giving rise to supersaturation and an enhanced local
positive potential. This slow region Il is then to be associated with relaxation of this
supersaturation, with diffusion of Cl, out of microscopic pores in the oxide film. This
may be the reason why a small but significant effect of electrode rotation arises in the
potential relaxation transients (Figs.7.8e and f) and the Tafel plot (Fig.7.6).

Region IV: this corresponds to the final decay of overpotential to the reversible
potential with a small decay slope, less than 13 mV per decade of time. After a long
time decay, the surface coverage, 6, of adsorbed intermediates approaches the
equilibrium value and this region is usually dominated by the CI desorption process.

Rotation of the electrode (#5) to 3600 rpm produces a small but significant effect
on the course (but not the shape) of the V(t) vs log(t) plots (Fig.7.8f). Correspondingly,
there is a small rotation effect in plots of V(t) vs log[-dV/dt] as seen in Fig.7.9f. In
Figs.7.9a-e are shown the V() vs log[-dV/dt] plots resulting from the application of
eqn.[4.14] to the results. Mainly, two straight regions are observed (ie. Il and V),
which qualitatively correspond to the interfacial capacitances involved.

Table 7.3 lists all slopes d(log(t))/dV and d[leg(-dV/dt)/dV] for the five electrodes:
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Figs.7.8a-f The potential relaxation data plotted as V vs log(t) relations for the Cl,
evolution reaction at RuQ, films in 0.1 M HC! + 0.9 M NaCl solution at 298K. (a) #1;
(b) #2; (c) #3; (d) #4; (e) #5 at zero rotation rate and (f} #5 with rotation at 3600
rpm. The numbers indicate the various initial polarization potentials: for electrodes #1
to #4, (1) 500 mV; (2) 450 mV; (3) 400 mV, (4) 350 mV; (5} 300 mV, and for
electrode #5, (1) 550 mV; {2) 500 mV; (3) 450 mV; (4) 400 mV; (5) 350 mV (6) 300
mV.
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Figs.7.9af The V vs log(-dV/dt) relations derived from the same data as in
Figs.7.8a-f.(a) #1; (b) #2; (c) #3; (d) #4; (e) #5 with zero rotation rate and (f) #5 with
rotation at 3600 rpm. The numbers indicate the various initial polarization potentials
as indicated in Figs.7.8.
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Table 7.3 List of slopes of d{log(t))/dV and d[log(-dV/dt)/dV] for the five electrodes.

Slopes - dV/dlog(t) / mV dV/d(log(-dV/dt))/mV
Electrode )1 oI v I jaes v
#1 52—41 - 10 S1-44 — 9.8
#2 38-2;1 7.2 12 41-29 6.0 9.6 )
#3 34-26 - 6.4 9.6 35-29 7.2 8.0
#4 47-38 | h— 9.6 48-43 - 8.0
#5 83-63 -—- 16 85-71 - 12

7.4.2. Pseudocapacitance Information

The pseudocapacitance behaviour of the adsorbed CI species, evaluated from C
= i{V)/(-dV/dt) (eqn.4.1) using the differentiated decay transients and current-potential
relationships for Cl, evolution at the RuQ,-TiO, electrodes, are shown in Figs.7.10a-f.
Unlike the single peaked C(V) curve for H species observed for the case of the H.
evolution reaction at Ni (refs.136,143), or the curves for "reduced” Pt surface with CI,
the C(V) profiles in Figs.7.10a-f have a hyperbolic shape over the potential range
studied.

These plots all show a rapid rise of C with decreasing V, below V = 50 mV,
corresponding to the flattening out and/or arrest in the V(t) vs log(t) plots of Figs.7.8a-

f. Results of similar experiments on the behaviour of the adsorbed intermediates in
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the H, and O, evolution reactions at Pt show quite different behaviour within 50 ~ 100
mV of the reversible potential, where the expected™ maximum in C is cbserved,
which is comparable to the overpotential-deposited H in the H, evolution reaction
(HERY) at active Pt. It is possible that a maximum in G for ClI- adsorption does exist at
lower V values, towards the reversible potential, but is not observable over the range
of potentials covered in the present experiments.

it may be thought that the rapid ascent of values of C which arise when V < 50
mV is an artefact due to the appearance of the baék—reaction current. However : (a) it
is the net anodic - minus-cathodic current that determines the potential relaxation
behaviour according to egn.[4.1], i.e. C(V) is determined by dV/dt and the net
observed current, which in¢ludes any back-reaction component; and (b) a similar
situation for the back-reaction current arises in the case of the HER at active Pt, for
which a maximum in G is actually observed™'®, Therefore, it is to be congluded that
the observed rapid rise of C with decraasing potential, V, for the five electrodes is a
true characteristic feature of the Cl, evolution reaction at the RuO, surfaces. For
surfaces #3 and #4 (see Figs.7.10c,d), the rise in C sets in at somewhat higher V
values, 0.07 ~ 0.1 V, than for surfaces #1 and #2.

Around V = 0.04 V, the apparent values of C rise to ca. 40 mF (per apparent
cm?)'. While it was not possible to obtain an estimate of the real area per apparent
cm?, previous estimates of the real/apparent area ratio, R, for commercial-type,
thermochemically formed RuO, films give a figure R = 300 ~ 400; then the above
value of C would be ca. 115 uF cm? Since the present electrodes (#1 to #4) are
SEM-visibly smoother (Figs.7.1a-d) than commercial DSA-type surfaces, a smaller R
value may reasonably apply, giving a C possibly of the order 500 ~ 1000 puF cm? in
the rising limit, i.e. in the range of pseudo-capacitance associated with appreciable
coverage by CI

Comparative experiments were also conducted at a lower temperature, 278 K.

The results are qualitatively similar to those at 298 K but the following differences in
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Figs.7.10a-e The C(V) vs V plots derived from the data in Figs.7.9a-e for electrodes

#1 to #5. (a) #1; (b) #2; (c) #3; (d) #4; (e) #5. The numbers represent the various
initial polarization potentials as indicated in Figs.7.9.
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detail are significant : (i} the current densities at a given V are smaller, as expected
(the activation energy effect); (ii) the potential relaxation transients, taken from different
initial potentials (exemplified in Figs.7.11a,b) do not tend to become superimposable at
longer times (say log(t) > -3) in the theoretically expected way, as actually observed
for the HER at Ni'®, This contrast is confirmed by the clearly non-coincident series of
plots of V(t) vs log{-dV/dt] for 278 K shown in Figs.7.12a,b corresponding to the
respective data in the plots of Figs.7.11 a,b. The corresponding derived C vs V plots
(Figs.7.13a,b) for 278 K also depend much more on the initial potentials at which
potentiai relaxation was initiated, than those for 298 K.

This type of behaviour suggests that the state of the RuO, surface determining
the kinetics of the Cl, avolution reaction, and particularly the adsomtion of Cl, depends
appreciably on the anodic potential from which the relaxation transient is initiated.
Such an effect could arise from a potential-dependent change of state of surface
oxidation of the RuQ,; for example, states of surface oxidation up to Ru(VI) are
possible'®, as indicated by ESCA experiments. We have mentioned that, for the HER,
no such effect arises at Ni or Pt; however, at Pd, a somewhat similar effect is found
and this must arise, we believe, because the stat: of the surface of Pd (for H
chemisorption and electrocatalysis in the HER) can depend on the history of the
electrode, in potential and time, depending on the extent of 3-dimensional somption of
H in the Pd'"®'s,

Comparing the various C(V) plots, they have some common features: (i) different
initial decay potentials gives significantly ditferent C(V) profiles. This may be because
the adsorption situation of Cl is not exactly the same for various polarization
potentials; e.g. the surface concentration of Cl" adsorbed ions and the extent of surface
oxidation of the oxide film (for example, the extert of RUOOH formation, etc.). This
phenomenon can also be seen in the V vs log(t) plots where curves from various
initial potentials never become coincident, especially at the lower temperature 278K;

(ii) for potentials higher than 50 mV, the capacitances have relatively small values that
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may be mainly attributed to the double-layer capacitance of the oxide interface since
this part corresponds to decay region I, and the C value is about 10 to 50 mF cm?
which is reascnable value for the porous electrodes that have relatively large surface
area; and (jii) in all the C(V) profiles, a very rapid rise of capacitance begins at 50 mV
or lower. This part corresponds to region IV of the V vs log(t) where the process
involves desorption of the adsorbed Cl species. Another basis for the explanation of
this behaviour is that, since the electrodes are porous, the desorption of Cl' species
may arise both from the top region of the film and also from deeper inside the pores.
In the other words, the adsorbed CI (surface) might diffuse out of these “pores” giving
a rapid change of charge with potential, leading to the rising region of the capacitance.
However, over the potential range covered, no actual peak in the capacitance is
observed. The roughness can also affect the a.c. impedance spectra and in the later

discussion, this question will be addressed further.

7.4.3. Relation of Cl Adsorption to the Indicated Recombination-Controlied Kinetics

It is always a matter of contemporary interest to understand the mechanism of
the Cl, evolution reaction at RuQ,-TiO, electrodes since they are of great importance
to the whole Cl, industry. Unfortunately, this is not easy because a number of factors
simultaneously influence, in various ways, the Cl, evolution mechanism at RuQ,-TiO,
electrodes. Such factors include : porosity, removal of the product Cl,, bubble
formation, morphology, composition of the active layer, the specific adsorption of the
Cl'ion, and even the hydration of the oxide film and competition with the Q, evolution
reaction.

However, a simplified mechanism model is used here in order to provide a basis
for discussion of the chemical ar}d catalytic aspects of the mechanism of the Cl,
avolution reaction at these oxide electrodes. Normally, the two accepted paths for the
Cl, evolution reaction in aqueous solution are the electrochemical desorption step (Il)

ard the "chemical” recombination desorption step (lII).
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Taking the competitive O, evolution reaction and hydration of the oxide fitm (M)

into account, in the general case the proposed mechanism would be represented by :

Mg + XHO - - M, (H.0), V1]
Mo(HO) ==== M, -OH +H' +e [Vl
My-OH ==== M0 +H +e (Vi)
My OH + CI' ==== M, HOCI + e [¥X]
My-HOCI + CI ----— M,-OH + CLT + e 2]
oMo HOG! ——— 2M,-OH + C,T - [XI]

where M, represents the RuO,-TiQ, film and M,OHCI represents a co-deposited state
of discharged OH* and Cl at the electrode surface rather then an hypochlorita
species. Step [VI] représents “hydration” of a pre-formed oxide film and happens as
soon as the electrodé is immersed in the electrolyte. Steps [VH) and [VIII]} are the
pathways for the O, evolution reaction but normally, in the presence of CI, this
process is not kinetically favoured, i.e. step [Vill] is relatively slow. Steps [IX], [X] and
[XI] are the pathways for the Cl, evolution reaction. It is to be noted that the
introductiori of thi: state M,,-HOCI is not to be confused with the HOCI mentioned by
Krishtalik®* but mnerely

represents a pos:ible state of co-deposition of the OH and CI species. Since the O,
evolution reaction is normally insignificant, the kinetically observed behaviour can
actually be represented by the mechanism proposed in section (2.3). In the present
treatment, the back reactions for steps [X] and [XI] are also taken into account. The

relevant rate equations for Cl, evolution are then:

Vo = ko(1-8)exp(BV¥) [7.2]

*At the Pt metal anode, the initial process, prior to Cl, evolution, is chemisorption of CI
ions in competition with initial stages of formation of an OH + O film, Cl, evolution then
proceeds on this anodically formed film as discussed earlier, In the RuO, case, CI

discharge takes place, of course, on the surface and in the pores of the already
thermochemically formed oxide film.
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Vo = Ko8Cc-exp(-(1-B)\VS) | [7.3]
Vio = KBexp(yVs) [7.4]
V.o = Kio1-8)Cerexp(-(1-9) V1) [7.5)
Vi = k8 (7.6]
V. = Ky, (1-6)° [7.7]

where f = F/RT, B, vy are symmetry factors for charge transfer. Taking 8 = y = 0.5, the
total net current density can be gxpressed in the form
i = 2F(vy, - ‘v:W}I{fv,, - V) [7.8]

and represents the situation of the recombination and the electrochemical desorption
steps being involved as parallel pathways. The contribution to the overall reaction rate
of each of the parallel pathways depends, of course, on the respective rate constants.
Fig.7.14 represents a simulated Tafel plot calculated for the parallel mechanism using
eqn.[7.8] combined with eqns [7.2] to [7.7). The circle points are the experimental data
while the solid lines result from the simulation. Curve (a) is for the rate constants
taken as: K, = 0.8; k; = 1x10™%; k; = 4.87x10%, and curve (b) for k, = 0 and (c} with k,
= 0. From the figure, one can see how the recombination pathway can be dominant
for the values of k's chosen which provide a best fit to the experimental behaviour.

The trend to possible recombination-controlled limiting currents in Figs.7.4 and
7.5 suggests that levels of full coverage by Cl are approached. According to the
derivation on the basis of the Conway-Novak plots of Fig.7.7, the approach to full
coverage should follow a Langmuir (g = 0) or Frumkin type (g = 0) isotherm :

6/(1-0) = K,Cerexp[VF/RT] expl[-g6] [7.9]

The corresponding pseudocapacitance relations for non-equilibrium conditions were
worked out by Gileadi and Conway™ for various values of g. The sharpness of the
ascent of the C value when V < 50 mV (at 298 K), albeit in the absence of an
observable maximum, suggests that g actually has negative values, so that 6 can
change from a small value to near 1 over a relatively small potential range { for

Langmuir conditions [g = 0], this range for 0.05 < 8 < 0.95 is ca. 200 mV). Fig.7.15
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shows the theoretical simulation of the C(V) vs V profile taking K, = 0.5; k, =10 k, =
4.87x10® mole s and q = 7 mC c¢m?. Curves (a), (b) and (c) represent the effect of
ditferent values of a g = 0, 2 and 5, respectively, on the C(V) maximum. The case for
g = 0 in Fig.7.15 gives the sharp C(V) peak; however, the potential corresponding to
the maximum of the. capacitance peak, in fact, depends on the values of K,, the
equilibrium constant of step 1. The potential of the maximum in C shifts to more
negative values as K, is increased. It should also be noted that the approach to the
limiting current condition depends very much on g and the actual limiting currents
attained increase rapidly with g (Fig.7.15).

7.5. A.C. Modulation Study of the Cl, Evolution Reaction at RuQ,-TiQ., Electrodes

One of the most useful techniques for the study of electrochemical interfacial
processes is impedance analysis. If the system is perturbed by a small amplitude
altemating signal, the resulting linear response may be analyzed to yield data on rate
and diffusion coefficients, and capacitances etc, as has been shown in earlier chapter.
However, a commoﬁ complication that restricts the usefulness of impedance analysis
is the non-trivial apparent frequency-dependence of the elements of the equivalent
circuit which causes dispersive behaviour in complex-plane impedance plots,

manifested as a depression of the diameter-chord of the semi-circle plots below the Z'
axis.

7.5.1. A.C. Impedance Spectra

The a.c. impedance spectra for the Cl, evolution reaction at RuQ,-TiQ, electrodes
used in the present work (#1 to #5) are given in Figs.7.16 a-e for three d.c. level
potentials in each case. All diagrams show only one distorted semi-circle observed in
the frequency range studied. The capacitance values were estimated, in the usual
way, from the top-point frequencies of the respective complex-plane impedance plot.

These values, listed in Table 7.4, show qualitatively that the electrode prepared with
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the highest concentration of Ru has the largest value of capacitance compared with
the others. The same tendency is revealed in the results from the potential-relaxation
method but not quantitatively, i.e. there are differences in the measured capacitances
by these two techniques. This is because, at a porous electrode, the surface condi-
tions corresponding to open-circuit and closed-circuit experiments are different.

Considering a porous electrode, the adsorbed species (Cl) would be formed
within the micro-structure of the oxide film, or in other words, the ClI' species would be
adsorbed inside the tiny "holes" of the oxide film. In the open-circuit potential
relaxation heasuréments. the diffusion of Cl, species under supersaturation out of the
"holes* in the oxide film will affect the form of the capacitance curve depending on the
diffusion time in relatioﬁ to the duration of the potential decay, so that the potential-
decay technique may {hen include the influence of diffusion effects. However, in the
a.c. impedance measurement, no open-circuit situation is involved, so that those Cl
which have been generated within the oxide film micro-structure will tend to remain
there. When a small amplitude sinusoidal signal is applied, the signal cannot totally
penetrate (even at low frequency) the micro structure of the oxide film, i.e. less
response will arise from capacitance associated with adsorbed Cl inside those "holes”.
Therefore, a.c. impedance only senses (in a frequency-dependent manner) those
adsorbed ClI' species on the outer surface region of the electrode, which can follow the

sinusoidal signal. However, the degree of "penetration” of the a.c. signai will depend

on frequency.
Table 7.4 The Estimated Values of Capacitance

Qverpotential Crpacitance (mFfem?) '
Electrode 10 mV 30 mV 50 mV
#1 S 345 | 336 3.00
#2 5.44 4.62 4.56
#3 9.20 8.25 '8.20
#4 23.1 20.3 20.2
#5 8.11 6.78 5.82
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Fig.7.16 The a.c. impedance spectra as complex-plane plots for the Cl, evolution reaction
in 0.1 M HC! + 0.9 M. NaCl solution at RuO,-TiO, electrodes for various polarization
potentials. (1), (2) and (3) represent the behaviour at overpotentials of 10, 30 and 50 mV,
respectively. (a) #1; (b) #2; (¢} #3; (d) #4; (e) #5 electrodes.
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Another factor can introduce some error into the evaluation of the capacitance.
Since the evaluation depends on the identification of the co-called top-frequency and
the diameter in Z' of the semi-circle, it is important that the semi-circle be well
developed; this means that no depression of the semi-circle on the Z' axis should
arise. Unfortunately, all the_a semi-circles observed in these experiments are depressed,
so this can bring some uncertainty in the evaluation of C but this is not significant in
comparison with thel possible influence of diffusion from the pores. The distorted semi-
circles may arise on account of the porous structure of the electrodes but the
significance of depression angles is still not clear in a quantitative way. It should be
mentioned that depression of complex-plane Z' vs Z" plots also arises for a number of
other processes, e.g. cathodic H, evolution at smooth solid metal electrodes and in a

related way in the dispérsive of dielectric relaxation times of dielectrics.

Table 7.5 List of the Depression Angles

Electrodcs Depression Angle ( degrees )
#1 11.5

#2 10

#3 13

#4 14.5

#5 . 12.5




227

7.5.2. Surface Roughness and Frequency Dispersion

The first attempt to calculate the effect of surface roughness on impedance was
by de Levie™*'™ who derived the impedance associated with V-shaped grooves in a
flat electrode surface, under the assumption that the grooves are straight and infinite
in length. Recently an attempt to calculate the impedance of a porous electrode using
a random network miodel, numerically solved the resulting set of Kirchoff's equations,
proposed by Nyikos and Pajkossy proposed, or so-called N-P model™'™®, 1t is a
general treatment of the effect of surface roughness on the behavicur. of ideally
polarized electrodes in terms of factual geometry, surface irregularity which is
characterized by the effective factual dimension, D. However, the N-P model has been
questioned by Wang'™"™ because it lacks experimental proof.

It is useful, at this point, to draw attention to the frequency-dependent impedance
following the general form :

Z{m) = A,0° - iA0*" [7.9]
where a is related to the factual dimension, D, according to o = 1/(D-1) in N-P's
model and its value is usually between 0.5 to 1. A, and A, are constants which
represent the contributions to the real and the imaginary parts of Z, respectively.
In the special case of A, = A,, then

Z, = A\(0" - iw) [7.10]
and when A, = 0;

Z, = - iAn" [7.11]
which is the empirical relationship widely used in treatments of porous electrode
impedance behaviour.

In order to simulate the a.c. impedance spectra, an equivalent circuit can be
proposed, taking the frequency-dependent element associated with roughness into
account, as shown in Fig.7.17. Perhaps surprisingly, the fitting results {exemplified in
Fig.7.18), for the Cl, reaction at RuQ,-TiO, electrodes at overpotentials of 30 and 50

mV, have an excellent overlay with the experimental data represented by small
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crosses. The solid line represents the numerical simulation taking the frequency-
dependent element into account, i.e. the total impedance in Fig.7.17, and the dashed
line illustrates the case (Fig.4.5¢) without the frequency-dependent element being
included. The required simulation parameters are listed in Table 7.6.

The interesting and important fact is that, by using the same set of paramsters,
the dashed line (without Z;) actually shows two semi-circles but the solid line (with Z)
corresponds to only one. This implies that, when a frequency-dependent element is
involved, the actual apparent a.c. impedance spectrum would, in some cases, not be
seen as expected, i.e. two semi-circles may not be actually observed. What is actually
seen is the apparent spectrum : a distorted semi-circle in the complex-plane plot.

However, identification of the causes of the frequency-dependent elsment is a
complicated problem. Mainly, two factors are to be considered : (i) the surface is
uneven or rough; this is believed to be the main cause of the depression of the
complex-plane impedance plots by various authors ™™ and as also considered by
present author as well; but (i) the adsorbed intermediates could a'so give rise to the
depression effect since the depression of an a.c. impedance complex-plane plot must
relate to the structure of the interfacial region which determines the interfacial
capacitances. Therefore, any factor that affects the surface structure would tend to
have effects on the surface capacitance, as revealed in the a.c. impedance spectrum;
ihus, the adsorption of intermediates can itself introduce a micro-heterogeneity that
could possibly lead to some influence on the depression of the impedance plots.
Additionally, as found in other work in this laboratory, ion size and specific adsorption

can also give rise to the depression effect even at an apparently smooth electrode but
not at Hg.
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Fig.7.17 The equivalent circuit taking the frequency-dependent element, Z, into
account.

Table 7.6 The parameters required for simulation of the behaviour in Fig.7.18. .

R
Case oo RT’ A A2 o Cdl CP v
Q t:m2 Q cm2 chm2 Flcm2 mV
a 053 | g70 40 150 095 3x104 | ax102 | 30
b | 06 034 40 150 095 3x104 | sx103 | so
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Fig.7.18 Examples of plots of simulated a.c. impedance behaviour using the

equivalent circuit shown in Fig.7.17. The sclid line illustrates the case with the Z,
and the dashed line that without Z,.
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7.6. Conclusions

(a) The determination of kinetic parameters for the Cl, evolution reaction at oxide
electrodes can be vitiated by the complicating effects of a number of variables which,
in previous work, have not always been taken adequately into consideration. In many
cases, the determination of Tafel slopes alone is insufficient to deduce the
mechanism.

(b) The mechanism of Cl, evolution on oxide electrodes is complicated by the
specific features of the surface of the materials such as morphology and the procedu-
re of preparation of the active oxide film.

(c) The formation of an higher local state of surface oxidation at some site, prior
to Cl"discharge, appears, as has been discussed in some papers, to be an important
featurs of the mechanism of the Cl, evolution reaction.

(d) The mechanism of the Cl, evolution reaction at the presently investigated thin-
film RuO, electrodes is dominated by Cl recombination-control, and does not appear
to change as the reaction rate is increased.

(e) The Cl adsorption behaviour has been determined by means of potential-
relaxation transients. The resulting potential-dependent pseudocapacitance has been
clearly observed at overpotentials of less than 50 mV.

(f} The a.c. impedance observations lead to only single semi-circles in the
complex-plane plots which, through numerical simulation, give information about CI
adsorption in the anodic Cl, evolution reaction.

(9) The behaviour associated with the depression of Z' vs Z" semi-circle in
complex-plane plots can be related to the porosity of the RuO, oxide films. Introduction
of a frequency-dependent impedance element, Z, can lead to significant change of the

Z' vs Z" plots, relative to the behaviour in the absence of distributed impedance effects
represented by Z,.
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Contribution to Original Research

1) By means of potential-relaxation method, the role of CI adsorption in the
mechanism and kinetics of the Cl, evolution' reaction, both in aqueous and non-
aqueous solutions, have been further studied. The results raveal new information
about the Cl adsorption and the predominant role of the Cl' recombination pathway in
the mechanism of.ancdic Cl, evolution at Pt and RuQ, electrodes.

2) A new procedure of data acquisition and processing by using a digital oscilloscope
and main-frame computer was developed. This method is able to fit entire open-circuit
potential-relaxation transients, and it has been used to evaluate the capacitative
components of an electrode reaction.

3) The behaviour of pseudocapacitance of the Cl, evolution reaction at the reduced,
pre-oxidized and oxide-free Pt electrodes, has been carefully investigated. It is
experimentally observed that the co-deposited OH or O species prevents further Cl or
Cl adsorption or/and desorption but does not changs the chlorine evolution
mechanism.

4) The information concerning the adsorbed Cl intermediate, at both reduce and pre-
oxidized and oxide-free Pt electrodes, was able to be observed by a.c. impedance
techniques. The theoretical analysis of the obtained data by applying a newly
developed kinetic constants and an equivalent circuit .model showed a agreement with
the information from potential-relaxation.

5) Some exploratory experiments have been made in a non-aqueous TFA solution for
the Cl, evolution reaction at noble metals, i.g., Pd, Ir, Ru and Rh. From their
corresponding capacitance curves, a second C maximum was observed, which may
be attributed by a Koble reaction.

6) Detailed kinetic studies of the Cl, evolution reaction at DSA electrodes, RuO,-TiO,,

has also been made by using potential-relaxation and a. ¢. impedance techniques.
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The results coupled with the polarization behaviour support the recombination
mechanism.
10) A interesting comparison of the simulation with and without taking the roughness
element into account shows that, in some cases, two semi-circles in complex-plane

may not be necessarily seen if the frequency dependent elements  involves.
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